
EXECUTIVE SUMMARY of “C-SMART: a wearable solution to cataracts” 

Cataracts is one of the leading causes of preventable blindness worldwide, resulting in an increased 

level of intraocular light scattering (see Fig. 1), reducing the contrast of retinal images impairing vision. 

Cataracts can develop at any age due to variety of causes such as falls, UV exposure, or smoking, and 

they can also be present from birth. However, most cataract cases are linked to the natural aging process 

of the crystalline lens. According to Statista, a trusted global statistics portal, about 70% of individuals 

over the age of 65 suffer from cataracts, affecting approximately 

700 million people worldwide. Left untreated, cataracts are 

responsible for approximately 51% of the cases of blindness 

globally, according to the latest study by the World Health 

Organization. Furthermore, this number is projected to rise in the 

coming years as life expectancy continues to increase, which 

makes ocular cataracts a major health issue.  

The ONLY treatment for eye cataracts is surgery, where the cataract-affected lens is removed, 

and then replaced with an intraocular lens. Currently, cataract surgery is typically a safe surgery, with a 

remarkable 97-98% success rate. However, it is the only, and invasive, solution. Due to this invasive 

nature, despite its effectiveness and ability to restore vision, cataract surgery is not universally 

recommended or available for all patients. This is particularly the case for infants with congenital 

cataracts, where surgery complications are common, being at a higher risk of blindness. It is not suitable 

either for patients with other ocular pathologies as corneal or retinal diseases, people with certain 

chronic diseases or medication, etc. Additionally, cataract surgery is not equally accessible to the 

world’s population. Especially in low and middle-income countries (88% of world’s population 

according to The World Bank), people might not have access to a surgeon who can operate cataracts or 

the financial means to do so. However, being the only existing solution means that people who cannot 

undergo surgery, will certainly become blind in the coming years. 

The goal of this proposal is the development of the technology and 

first prototype of the Cataract’s smart glasses (C-SMART), a 

wearable device capable of correcting vision for cataracts patients in 

an all-optical approach, thus avoiding surgery. This approach will 

be based on a similar concept to the Augmented Reality (AR) 

glasses. Here, the AR screen will display a real-time video of the 

exterior (as shown in Fig.2), wavefront-corrected for vision through cataracts by a miniaturized 

optical system on the glasses side, enabling a small form-factor for a definitive wearable solution 

for cataractous vision. If cataracts were corrected by smart glasses, it could revolutionize the lives of 

not only the community unable to undergo surgery but also of everyone who would prefer to avoid the 

surgery. Similar to the situation with myopia, where the success rate of surgery is quite high (around 

98%), a significant majority of myopic individuals (approximately 80%) opt for non-invasive options 

like glasses or contact lenses over surgical procedures. The intended outcomes of this project are the 

development of the first prototype of the Cataracts smart glasses, a wearable device for the optical 

correction of cataracts. A wavefront measurement desktop device will also be developed, for the high-

speed measurement of the cataract correction profile and glasses calibration.  

The feasibility of this approach is supported by previous proof-of-concept experiments detailed 

in the full proposal, where we examined light scattering in ex-vivo human cataractous lenses and 

performed the wavefront correction through such lenses, forming wide-angular images through 

cataracts. The signal-to-noise-ratio of the focus spot through the cataractous crystalline lens was 

improved by 80-fold, demonstrating the potential of this technique for controlling light in real human 

cataractous lenses. We also demonstrated that the wavefront measurement and correction can be done 

non-invasively, using light reflected from the eye as feedback. In parallel, we have successfully 

miniaturized the technology required for the wavefront correction, in the form of wearable devices. 

These proofs of concept demonstrate that there is no physical limitation to the non-invasive (all-optical) 

correction of cataracts. Now the open question is: Can Optics and Photonics with the existing 

technology handle this challenge to make it a practical solution? I am convinced that, if granted, 

this project will make this optical solution to cataracts a reality, becoming a global change of paradigm. 

Figure 2: Idea sketch on corrector 

glasses based on Augmented 

Reality platform. 

Figure 1: Schematic of light propagation 

in a healthy eye (left) and cataractous eye 

(right). Credit:   www.corkeyeclinic.com 



C-SMART glasses: a wearable solution to cataracts 

Cataracts – a global (and lifelong) visual condition 

Cataracts are a common eye condition characterized by lens degradation due to natural protein 

aggregation. This results in the clouding of the lens and increased light scattering, leading to blurry 

vision [1, 2]. Cataracts can develop at any age due to variety of causes and it can also be present from 

birth. However, most cataract cases are linked to the natural aging process of the crystalline lens, 

affecting approximately 70% of individuals over the age of 65, that is, 700 million people worldwide, 

according to Statista. As life expectancy rises, the number of people affected by cataracts is expected 

to rise globally, positioning ocular cataracts as a major health issue. When cataracts cause visual 

impairment, the only solution is a surgical intervention. Left untreated, cataracts are responsible for 

approximately 51% of the cases of blindness globally, according to the latest study by the World Health 

Organization. That is, if a surgical intervention is not possible, the only alternative is blindness.  

Nowadays cataract surgery is typically a safe procedure, with a remarkable success rate of 97-98%. 

After cataract removal, an Intraocular Lens (IOL) is injected through a small incision (1-3 mm). Yet, 

like any surgery, it is not free of risks (e.g. retinal detachment, corneal edemas) [2, 3]. Additionally, this 

surgery is not universally recommended nor accessible. This is especially true for children with 

congenital cataracts, with about 30% developing glaucoma and other issues like visual axis 

opacification soon after surgery [4]. Cataract surgery is not recommended either for those with 

preexisting ocular pathologies like corneal or retinal diseases or certain chronic conditions or 

medications. However, surgery is the only available solution, meaning that infants and individuals with 

these clinical conditions cannot benefit from this reliable yet invasive treatment. This places them at a 

significant risk of developing blindness if no action is taken. Furthermore, cataract surgery is not equally 

accessible to the global population. In low and middle-income countries, approximately 7% and 81% 

of the world's total population (according to the World Bank), many individuals may lack the financial 

resources or access to surgeons [5,6]. Nonetheless, as the sole existing solution, individuals with these 

conditions or from these countries may be unable to benefit from this single resource, condemning them 

to blindness in the years to come.  

The big challenge addressed by this project is the development of a non-surgical alternative to 

cataract surgery based on smart glasses, for the optical correction of cataracts. This alternative 

would help people who are unsuitable for surgery, or with limited access, to improve vision and 

avoid blindness. Furthermore, it will also offer an alternative to all those suffering from cataracts 

that would prefer a non-surgical solution to cataracts, avoiding potential complications that 

surgery might entail.  

To date, most cataract research has primarily focused on enhancing surgical techniques, improving 

the quality of Intraocular Lenses (IOLs), extending post-operative visual range, exploring new IOL 

materials, and related aspects [2,3]. Nevertheless, the challenges associated with surgery have prompted 

research groups worldwide to explore alternative approaches. These alternatives have predominantly 

concentrated on the development of novel pharmacotherapies, with the goal of chemically dissolving 

cataracts, albeit with limited success in human trials thus far [7]. It was not until recently that the concept 

of a non-surgical optical correction for cataracts emerged, pioneered by Professor Artal's group [8], 

which ingeniously merged two originally distinct domains: complex photonics and visual optics. This 

innovation now represents the state-of-the-art of the approaches developed in this proposal. 

State of the art: optical correction of cataracts 

Until recently, the optical correction of cataracts had been considered something close to science 

fiction. This was due to the historic difficulty in understanding light scattering behaviour, and above all, 

the control of light scattering. In fact, imaging through 

light-scattering media is still a challenge of big interest 

in different fields. In recent years, Wavefront Shaping 

(WS) techniques have emerged as an excellent tool to 

improve imaging through scattering media by 

spatially modulating the light wavefront, thus 

controlling the global propagation of light [9]. Any 

propagating light wave is characterized by the shape of 

Figure 1: Schematic of light propagation into a 

scattering media before (a) and after (b) WS techniques 

to focus light on the other side of the scattering medium. 



its wavefront, a two-dimensional surface connecting different positions of the wave with equal phase. 

The WS technique is based on the coherent control of the light wavefront incident on the scattering 

medium, where its local amplitude or phase can be modified (and thus light interference), to end up 

modifying the overall propagation of light macroscopically through such media (Fig. 1).  

In visual optics, the Point Spread Function (PSF) is used to evaluate the quality of eye’s optics. 

Any disturbance to the eye’s PSF will translate into a visual disturbance. Cataracts causes intraocular 

scattering in the eye lens, therefore affecting the eye’s PSF [1]. The retinal image (or any image in 

general) is given by the convolution of the real object and the eye’s PSF (or imaging system’s PSF). 

Equally, by improving the PSF, we improve imaging.  

When the eye’s lens develops cataracts, the eye’s PSF (a sharp peak for young and healthy eyes [1]) 

flattens, impairing vision. Given that the eye’s PSF is deteriorated by light scattering, it is possible 

to use WS techniques to control the scattered light, thus improving the eye’s PSF. It is important to 

note two aspects at this point: first, WS have demonstrated to be efficient at focusing light through 

scattering materials with optical densities 5 times those found in human cataracts [10], so it is expected 

to work even with the apparently fully opaque cataracts. Second, approximately after the age of 45, 

when presbyopia appears, the crystalline lens is rigid, so the scattering occasioned by cataracts in elder 

patients is static to a good degree, only changing over the period of months/years, as cataracts keep 

developing. These two factors facilitate the optical-correction approach, meaning that WS techniques 

would be able to correct cataracts of any opacity degree and that only a static cataract correction should 

be displayed by correcting smart glasses, making the wearable device easier to develop and calibrate.  

When the optimized wavefront leading to the optimal (sharpest) PSF is loaded on the spatial 

light modulator, the image of the object becomes sharper, consequently improving vision through 

cataracts. The use of WS to improve the eye´s PSF was initially simulated, obtaining promising results 

when optimizing the eye’s PSF through simulated cataracts [8]. I recently pushed this work forward by 

demonstrating for the first time how WS can improve the eye’s PSF in a cataract’s model in a double-

pass, that is, in a completely non-invasive configuration [11] using fluorescent feedback mimicking the 

lipofuscin protein at the retinal pigmented epithelium. We also 

characterized the behaviour of light scattering in ex-vivo 

cataractous human crystalline lenses. In particular we studied the 

optical scattering properties of cataracts, as their optical memory 

effect, transmitted-image contrast, or the objective straylight 

parameter to classify the scattering strength of cataracts [12].  

Further advancing in this direction and aided by the knowledge 

of cataract’s scattering, we combined the WS techniques with 

imaging using a raster-scanning approach for image display, 

demonstrating the imaging capabilities of the cataract-correction 

system, as shown in Fig.2. Here we demonstrated, for the first 

time, the possibility of optimizing the PSF and extended 

images through cataracts, using ex-vivo human crystalline 

lenses and wavefront shaping techniques. In this experiment, 

yet unpublished, we used highly opaque cataracts, unable to form 

a clear image (Fig.2a,b). We successfully optimized the PSF of 

this lens, with a focus SNR ~80 (Fig.2c,d), with its corresponding 

imaging improvement (Fig.2e,f), enabling image formation in an 

otherwise opaque lens, that would make the patient clinically-

blind. Although these results can be considerably improved in 

several aspects, this proof of concept demonstrates that retinal-

image restoration through cataracts is possible using WS. 

In practice, wavefront shaping is achieved using Spatial Light Modulators (SLMs) as 

wavefront correctors. These are electronic devices, typically working in reflection, that enable the 

spatial manipulation of both phase and/or amplitude of the wavefront. The wavefront manipulation for 

vision correction and simulation based on adaptive optics was developed long time ago [13], with the 

existence of commercial desktop devices for those purposes (VAO, Voptica SL, Spain). Common SLMs 

used for wavefront modulation include Liquid Crystal on Silicon (LCoS), Digital Micromirror Devices 

Figure 2: a) Object to be imaged through 

human lenses. b) Image of object in (a) 

through the cataractous human lens. Panels 

c) and d) show the PSF of the cataractous 

lens before and after wavefront 

optimization, respectively. Panels e) and f) 

show the image reconstruction with the non-

optimized and optimized PSFs, respectively. 



(DMD), and deformable mirrors. Two key considerations for our application are optimization speed (to 

be performed while the eye is stationary) and cost-effectiveness for wearable devices. For cost-

effectiveness, Vertical Aligned LCoS is the best choice, designed for LCD micro-displays, offering 

significantly lower prices than other LCoS alternatives. Although primarily not designed for phase 

modulation, we have demonstrated recent work has demonstrated their potential in phase modulation 

tasks, including vision correction [14,15]. Feedback-based wavefront shaping is one of the most robust 

approaches in low signal-to-noise conditions, as it will be our case. State-of-the-art methodologies for 

faster iterative wavefront optimization include the use of micro-electro-mechanical system (MEMS) 

based mirror arrays [16], obtaining up to 4.1kHz rates, the use of binary DMDs in phase modulation 

[17] or the use of Grating Light Valves [18], reducing the optimization time to 2.4 milliseconds.  

Project goal and work packages 

The goal of this proposal can be divided into three main Aims or Work Packages contributing to the 

global goal of the project: 

• Aim 1 (WP1): High-speed performance of cataract’s wavefront measurement, and wavefront 

corrector calibration, including high-speed hardware and software development.  

• Aim 2 (WP2): C-Smart glasses development, including pupil control and integrated software. 

• Aim 3 (WP3): Development of a desk-top device for real-time cataract’s wavefront 

measurement (WAMES) for patients measurement and C-SMART glasses calibration. 

Methodology and Workplan 

WP1: In this WP we will implement the complete cataract correction system on the optical 

bench focusing on high-speed performance. As per today, we have the system fully working on the 

optical bench for artificial eyes, however the measurement of the cataract’s wavefront phase takes too 

long, in the order of 10 minutes. Although for static eyes this speed is ok, when transitioning to real 

patients this speed needs to be drastically accelerated. As mentioned before, this is possible and has 

been done before in the literature [16-18], however, we need faster modulators, which will be purchased 

with the allocated budget of this project, if granted. Therefore, in this work package the optimization 

algorithm will be optimized in speed, to perform the cataract’s wavefront measurement in real-time.  

Currently the optical system is equipped with a Digital Micromirror Device as SLM, a green laser 

(532nm) and 2D fast steering mirror for image drawing by raster scanning. In this work package the 

laser and fast steering mirror will be substituted by a Maxwellian display based on three lasers 

(RGB), to display full-colour images, for which we will use the commercial augmented reality display 

RETISSA Display II from QD Laser (Japan), enabling us to optimize white images instead of 

monochromatic ones. Finally, a highly sensitive photodetector typically used for retinal imaging 

(H9305-02, Hamamatsu, Japan) will be integrated, for testing the system with real retinas and 

cataractous lenses, which will also help the speeding up of the wavefront optimization process.  

The last task on this work package will be to include a 

corrector module, integrating an extra modulator only used 

for correction in an auxiliary optical path, independent 

from the modulator performing the optimization 

measurement. This corrector modulator will be the same 

that later on will be used in the C-SMART glasses, an 

economical device without special speed requirements, 

since a static wavefront is required for the correction. We 

will study how to best perform the calibration of the 

phase wavefront between the different modulators (the 

high-speed and expensive modulator for measurement and 

the economical and low speed one for correction). The 

figure of merit for the calibration will be the optimized 

PSF, the SNR of the peak should be equal using the 

corrector module. 

WP2: In this work package we will develop the first 

prototype of the C-SMART glasses using economical 

components. These glasses will be based on a phase SLM 

Figure 3: a) Schematic of the C-SMART glasses 

appearance, highlighting the position of the front 

and pupil cameras. On the right side, a cartoon 

simulating the vision these glases, with the 

augmented reality screen showing the corrected 

video-see-through. B) Optical design of the the C-

SMART glasses, with two 4f systems conjugating the 

eye pupil plane with the SLM and display pupil. 



and an RGB laser-based Maxwellian display (RETISSA Display II, QD Laser, Japan) streaming a video-

see-through image of the outside, delivered by a small front camera (Fig.3a). The device will also be 

equipped with pupil cameras and infrared LEDs for pupil illumination, giving information about gaze 

direction to the system under any illumination condition.  

The optical correction of cataracts is carried out in several steps, first the front camera captures the 

outside world, which is displayed with no latency by the RGB display screen, as in schematic of Fig. 

3b. This light wavefront is then modulated by an SLM in the typical configuration of an adaptive optics 

visual corrector or simulator [13], inputting the cataract correction wavefront to the incident light 

(previously measured with a desktop/table top system). The SLM is optically conjugated with the eye 

pupil plane, finally sending to the eye the cataract-corrected-video image of the exterior. This image is 

finally delivered to the subject by a beam splitter (BS), which combines the direct see-through images 

and the corrected-video-image, as in Fig.3a. Different tests for evaluating the imaging and correction 

capabilities of the glasses will be performed. The case for the glasses will be 3D printed. A custom 

software integrating the information from the pupils, front camera, RGB display and SLM will be 

developed to have all these elements properly synchronized.  

If time permits, the beam splitter combiner will be substituted by an RGB waveguide from Dispelix, 

in particular the Dispelix Selva offering 40º of FOV display. Initially the system will only correct for 

far vision, and if time permits, an extra 1D MEMs mirror and compact translation stage will be placed 

for vergence control, enabling accommodation and correction at all-distances [19].  

WP3: In this work package, the high-speed measurement system will be integrated into a 

desktop mobile platform for the cataract’s wavefront measurement and scattering characterization 

(WAMES). This system will be equipped with a joystick and a chinrest, to enhance the measurement 

process for subjects, as shown in Fig.4. It will also serve as a platform for connecting the C-SMART 

glasses to perform wavefront correction calibration of the smart glasses. Calibration tests of the 

wavefront correction with the smart glasses will be performed. A gaze fixation light will be used for 

this task (FIX LED in Fig.4), to ensure that correction is performed for the same gaze direction than 

correction. The system will also have the same Maxwellian display 

(LBS: Laser Beam Scanning system) than the glasses, to ensure an 

efficient wavefront correction, which strongly depends on the laser 

wavelength. Scattering characterization will be carried out by using 

the Optical Integration Method [20], by using a camera imaging the 

retinal plane (PSF CAM in Fig.4). Initial measurements will be taken 

with ex-vivo human cataractous lenses and retinas, obtained by our 

long-term collaborators from Hospital “Virgen de la Arrixaca”. After 

the initial tests, the system will be moved to the Hospital to test real 

patients, evaluating the C-SMART glasses performance, as well as the 

perceived enhancement in visual acuity or contrast sensitivity. 

Main IMPACT and OUTCOMES of the project 

The main outcomes of this project, expected to cause a significant 

technical impact in the field’s state of art are: 

1) The development of the first optical system to ever correct vision through cataracts in real 

patients, paving the way for the optical correction of other ocular diseases based on light scatter. 

2) Development of the first working prototype of cataract’s smart glasses (C-SMART), setting the 

basis for a commercial device, becoming the first and only non-surgical alternative to cataract 

surgery. 

The potential social impact of the project is extremely significant, given that, if granted, with this 

project we will develop for the first time a non-surgical correction to cataract, with the potential of 

contributing with our work to the future eradication of preventable cataract’s blindness. Due to 

the high impact cataracts have worldwide, this project has the potential of changing the life of millions 

of people globally, when cataract surgery is not recommended or available and for those who prefer to 

avoid surgery. The technology development carried out in this project has the potential to be 

successfully transferred also to other visual affections as corneal opacification, opening new 

opportunities that had not been addressed yet due to the lack of appropriate technology and approaches.  

Figure 4: Schematic of WAMES 

system, with the glasses holder system 

for C-SMART glasses calibration. 



Risk contingency plan of the project 

Due to the innovative and multidisciplinary character of this proposal, which brings together state-of-

the-art smart glasses technology, complex photonics and visual sciences, risks are necessarily present. 

There are three principal risks to take care of: first, that the wavefront measurement and correction 

cannot be performed in real-time. We will devote 12 months to this task, to allow enough time for 

problem solving, as well as holding collaborations with expert personnel with expertise in computer 

engineering, physics and electrical engineering, which will minimize the risk. Even if that is not enough, 

the pupil tracking software will allow to pause and resume wavefront measurement, ensuring success, 

even with slow functioning. Second, the optimized PSF signal-to-noise ratio (SNR) is too small to 

improve imaging through cataracts. According to our simulations [11] a SNR of 80 significantly 

improves imaging, and we are confident of achieving SNR improvements much larger than that, as we 

have done preliminarily, and has been widely done in the literature. Third, the corrector modulator 

might be too slow for wavefront correction. The intended modulator has a refresh rate of 100Hz, and 

cataracts remain static for several months, meaning that the same correction should be valid for several 

months, after which a re-calibration should be done using the WAMES system.  
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Guiding cancer therapies with light 
Executive summary for health challenge 

Challenge. Even with modern therapies, patients with advanced stages of cancer often face 

drug resistance, a phenomenon in which cancer cells are intrinsically immune to anticancer drugs 

or acquire immunity during therapy. Hence, drug resistance renders cancer therapy futile. 

Unfortunately, since many cancers are detected and treated at advanced stages, drug resistance 

is a major contributor to the mortality of cancer patients. Cutaneous melanoma – a malignancy 

that accounts for over 80% of deaths related to skin cancer – not only epitomizes drug resistance 

but also exposes the lack of adequate methods for addressing it. The molecular testing (analysis 

of genetic material) of recurrent melanoma tumors is the clinical standard for identifying the genes 

that drive the malignancy and the mutations linked with drug resistance. Molecular testing guides 

targeted therapies against these oncogenes, effectively shrinking tumors during the early stages 

of therapy.  

However, despite apparent success, most melanoma patients develop drug resistance and 

succumb to cancer. By relying solely on the genetic mechanisms of drug resistance, the clinical 

standard for guiding therapies neglects the morphofunctional properties of the tumor 

microenvironment (TME) – a key driver of drug resistance. The clinical standard delivers 

incomplete information about drug resistant tumors, leading to ineffective treatments. This 

deficiency contributes to over 65,000 annual deaths of melanoma patients worldwide and 

highlights a global need for methods that fully elucidate the mechanisms of drug resistance. 

Biophotonics solution. By imaging the TME, nonlinear optical microscopy can identify the 

specific biochemical and structural properties of melanoma that support drug resistance. Yet, 

state-of-the-art systems face three main limitations that hinder their clinical success: i) Bulky, 

inefficient, and expensive laser infrastructure restricts them to specialized labs. ii) Narrowband 

detection schemes reduce the specificity of imaging platforms. iii) Limited contrast palettes fail to 

provide complementary signals, compromising the ability to discern pathological states.  

This project will overcome these limitations through two key technological innovations: a 

compact, cost-effective laser source capable of producing the necessary radiation for parallel 

excitation of all relevant nonlinear signals, and a novel multichannel detector that shifts the 

detection scheme from narrowband to broadband. These innovations are encapsulated in 

spectrally-resolved nonlinear optical microscopy (SRNOM), a translatable imaging platform that 

co-registers vibrational and emission spectra to achieve superior analytical power. Because these 

spectroscopic fingerprints are molecule-specific, SRNOM spatially resolves the composition of 

specimens in a label-free and non-destructive fashion, delivering images with intrinsic chemical 

contrast. SRNOM will identify the features that furnish drug-resistant tumors, reveal 

morphofunctional mechanisms that govern drug resistance, and enable effective guided therapies 

against melanoma in clinics.  

Impact. The success of this project has three implications on human health: i) SRNOM could 

establish a new clinical paradigm for guiding melanoma therapies. By interrogating the TME prior 

to treatment, SRNOM, in concert with molecular testing, could predict the response to therapy, 

pointing clinical oncologists to more effective drug combinations. ii) SRNOM could routinely 

assess melanoma tumors, evaluating the progress of therapy without biopsies. iii) SRNOM could 

quantify the effects of drugs on preclinical models, supporting drug discovery efforts. Therefore, 

by leveraging novel optical technology, this project could lead to cancer therapies guided by light. 
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Introduction and background 

Cutaneous melanoma is an aggressive form of skin cancer that efficiently metastasizes, 

leading to poor survival rates, becoming the deadliest skin cancer1. The incidence rate of this 

malady has consistently increased worldwide, with a 27% rise in the annual diagnosis of invasive 

melanoma cases over the past decade (2013 – 2023)2. While conventional cancer treatments fail 

to treat metastatic melanoma, targeted therapies hold potential by blocking the specific genetic 

and molecular mechanisms that support cancer growth. Sadly, most melanoma patients 

subjected to targeted therapies face drug resistance and suffer the deadly relapse of cancer3–5. 

Drug resistance is the main challenge of modern treatments for advanced melanoma. Current 

efforts for identifying resistance focus on the genetic and epigenetic mechanisms driving this 

phenomenon3. These efforts use molecular testing, including genomic, proteomic, and functional 

analysis of biopsies or body fluids (blood or urine), to reveal the genes and pathways that dictate 

the response of tumors to drugs6–8. Molecular testing determines the molecular signatures and 

genotypes underlying drug resistance. These predictive factors are crucial for defining treatment 

strategies, enabling targeted therapies to use drugs that block the specific genetic and molecular 

mechanisms supporting melanoma. Because molecular testing enables targeted therapies to 

extend the patients' lives or, in some cases, cure the disease, it is the clinical standard for guiding 

treatment decisions. Despite the success of molecular testing, the response of melanoma to 

targeted therapies is transient in over half of patients, leading to several deadly relapses. Hence, 

comprehensive assessment of drug-resistant melanoma is still missing in clinical oncology9–11. 

While genetic and epigenetic factors are relevant mechanisms of drug resistance, the tumor 

microenvironment (TME) plays an equally important role12. Consider, for example, the effects 

induced by the abnormally high acidity of the TME, a condition that leads to the trapping of drugs 

with basic pH before reaching their target. Another source of TME-induced drug resistance stems 

from the extracellular matrix, the structure that procures mechanical support to cells, which in 

tumors becomes so dense that it prevents drugs from diffusing into neoplasms. Additional 

properties of the TME that drive drug resistance include hypoxia, vascular irregularities, cellular 

heterogeneity, metabolic alteration, and soluble species within the tumor milieu that interfere with 

the intended effect of drugs13–15. Manifestly, the TME is a critical factor in drug resistance16.  

Problem statement and objective of the project 

The problem with established techniques for assessing resistance in melanoma is that they 

neglect the spatial properties of the TME, missing the microscopic heterogeneity of the chemistry, 

structure, and function of tumors17–20. By ignoring the TME, the clinical standard provides an 

incomplete picture of melanoma, preventing clinical oncologists from selecting drugs that arrest 

cancer progression without undergoing resistance. This limitation calls for methods capable of 

revealing the properties of the TME in real-time and directly from the skin of patients, methods 

that would deliver adjuvant feedback to molecular testing, leading to a holistic view of drug-

resistant melanoma. This feedback would steer targeted therapies toward the most effective 

drugs against melanoma, allowing treatments tailored to the current pathological state of the TME.  

Therefore, the objective of this project is to develop a clinically translatable optical technology 

for TME screening (Aim 1). From chemical images, this technology will identify the spectroscopic 

signatures related to the morphofunctional properties of melanoma cells and tumors in both 

resistant and non-resistant states (Aim 2), enabling the prediction of drug resistance in melanoma 

tumors (Aim 3). Thus, this project could clear the next hurdle of targeted therapies. 
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Implementation 

By analyzing the intrinsic spectroscopic signatures of the TME, imaging techniques can 

discriminate the pathological states of tumors, distinguishing resistant from non-resistant states21–

23.This discriminatory power would enable the prediction of drug resistance. Nonlinear optical 

microscopy, which merges spectroscopy and imaging, offers a powerful tool for screening the 

TME. This modality charts specimens using light originating from the nonlinear response of native 

biomolecules in tissues to ultrashort pulse lasers, allowing fast chemical imaging at subcellular 

resolution in a label-free and nondestructive manner. By simultaneously detecting these signals, 

a nonlinear microscope attains complementary contrasts that enable analytical chemical imaging.  

These contrasts include multiphoton and vibrational signals 24–31. The multiphoton signals are 

second harmonic generation (SHG), third harmonic generation (THG), and multiphoton-

absorption fluorescence (MPAF). SHG and THG reveal architectural features of tissues32–35, while 

MPAF uncovers key biochemical properties, notably metabolism and homeostasis36–41. The 

exemplary vibrational signal is coherent anti-Stokes Raman scattering (CARS), a process that 

relies on the vibration of chemical bonds to expose DNA, proteins, carotenoids, and lipids, thus 

mapping tissues with molecular contrast28,42–45. Therefore, nonlinear signals could reveal the 

spectroscopic profiles of the TME in drug-resistant and 

non-resistant states, elucidating the mechanisms 

underlying drug resistance.  

While nonlinear signals could predict drug resistance, 

state-of-the-art nonlinear microscopes exhibit three 

limitations that prevent this feat in clinical settings: 

i) Bulky and expensive infrastructure: Modern 

microscopes require various lasers or additional 

optical devices for driving all the contrasts. This 

requirement increases the cost, dimensions, and 

complexity of the systems, thus constraining the 

microscopes to specialized laser labs.  

ii) Narrowband detection: By capturing a few spectral 

bands, modern microscopes discard the information 

encoded in the spectra. This scheme (unchanged 

since the 1990s46,47) reduces the analytical power of 

nonlinear microscopy and its capacity to discern 

pathological states.  

iii) Lack of complementarity: Modern microscopes measure either multiphoton or vibrational 

signals, revealing only molecular or structural features, resulting in an incomplete profile. 

This project aims to overcome these limitations by developing spectrally resolved nonlinear 

optical microscopy (SRNOM). This translatable and cost-effective platform features a novel laser 

source and a broadband detection scheme to drive and measure the spectra of all the nonlinear 

signals, enabling investigations of drug-resistant melanoma with full analytical power (Figure 1). 

The execution of this project will take place at the Beckman Institute for Advanced Science 

and Technology and the Cancer Center at Illinois (CCIL). As a Beckman fellow, I have access to 

all the necessary resources, equipment, and infrastructure for the successful implementation of 

the project, including state-of-the-art imaging systems, computational tools, and animal facilities. 

Figure 1. Concept of SRNOM: breaking the 
narrowband paradigm of nonlinear 
microscopy to exploit the spectroscopic 
power of the nonlinear signals. The insets 
show data from mouse kidney. 
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Technological outcomes 

This project will deliver SRNOM along with the two 

technological innovations driving it: i) the LAser source 

for VIbrational and Multiphoton analytical contrasts 

(LAVIM) and ii) the MultiChannel Detector of spectral 

nonlinear Signals (MCDS). LAVIM eliminates the need 

for bulky and expensive lasers, while MCDS enables 

broadband detection, enabling a comprehensive and 

synergistic contrast palette suited for clinical 

applications. Figure 2 shows the scheme of SRNOM. 

Laser source for vibrational and multiphoton analytical contrasts (LAVIM) 

SRNOM will use LAVIM, a compact and cost-effective source. LAVIM – a system that I 

devised, built, and tested – provides the spectral support and power needed for driving all the 

signals of the nonlinear contrast palette (Figure 3 (a)). LAVIM builds on a solid-state oscillator, 

leveraging supercontinuum generation48 and Type 0 (quasi-) phase matching49. This simple 

design results in a laser source with almost four times less cost and size compared to current 

solutions.  

LAVIM exhibits excellent noise performance. It 

matches the noise level of commercial solid-state 

optical parametric oscillators (OPOs) and easily 

outperforms fiber-based systems. Evidence of this is 

the relative intensity noise (RIN) of LAVIM and other 

laser sources used in nonlinear microscopes (Figure 

3 (b)). The RIN is a metric for how noisy a laser is at 

a given modulation frequency (the closer to zero, the 

noisier the source50). LAVIM’s low noise enables the 

fast acquisition required for high-speed imaging. 

Upon tuning the position of a crystal, LAVIM also 

delivers radiation within 1200 to 1700 nm (Figure 3 

(c)), light that suffers less tissue-scattering, enabling 

deep tissue explorations51. Finally, due to its versatile 

spectral capabilities, LAVIM can provide the 

frequency detuning for probing molecular vibrations in 

the full Raman spectrum52. My preliminary data 

validates the capacity of LAVIM to drive nonlinear 

signals (Figure 3 (d-e)), demonstrating its potential to 

revolutionize the field of nonlinear microscopy. 

By delivering several spectral bands with a single 

laser, LAVIM enables the parallel excitation of all the 

relevant nonlinear signals, offering an unprecedented 

contrast palette for observing the TME with new 

colors. This potential can help me establish a new 

research niche and propel me toward an independent 

career, applying this source to investigate cancer. 

Figure 3 a) Lower spectral range of LAVIM for driving 
SRNOM. b) RIN traces at 1030 nm. c) Higher spectral 
range of LAVIM for deep tissue imaging. d) 
Hyperspectral CARS of a DMSO-Oil mixture. e) 
Multiphoton imaging of mouse testis. 

 

Figure 2 SRNOM schematic. DM: Dichroic. 
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Multichannel detector of spectral nonlinear signals (MCDS) 

Nonlinear optical microscopes have been operating with a narrowband scheme for over 30 

years46,47. This scheme, which hinders the specificity of nonlinear microscopy, stems from a lack 

of detectors sensitive enough to capture the weak nonlinear signals at high speeds. While 

CCD/CMOS30,53 chips can detect the spectra of these signals, their low transfer rates prevent fast 

hyperspectral imaging. To address this obstacle, SRNOM will use MCDS, a system that combines 

arrays of photomultiplier tubes, a multichannel high-speed digitizer, and the lock-in technique. 

MCDS will allow spectral acquisition of nonlinear contrasts, breaking the narrowband paradigm 

and enabling the full analytical power and complementary nature of nonlinear microscopy. 

MCDS adapts an analog lock-in amplification technique I previously used to detect pump-

probe and stimulated Raman29,54,55 signals into the digital domain for homodyne multiphoton and 

vibrational detection. This approach, facilitated by the low noise of LAVIM, will detect even the 

weakest spectral signals, resulting in a fast and ultrasensitive spectrometer for nonlinear optical 

microscopy. This stage of the project will capitalize on the vast expertise of scientists in my home 

institution, the Beckman Institute for Advanced Science and Technology, including researchers 

developing biophotonics (Prof. Stephen A. Boppart) and ultrasound technology (Prof. Michael 

Oelze). Serendipitously, the latter has extensive experience with ultrafast multichannel detection. 

Because it transcends the narrowband paradigm and enables the investigation of tissues with 

unprecedented chemical specificity, MCDS, along with LAVIM, will not only establish me as a 

leading developer of imaging technologies but also drive new discoveries in cancer research. 

Cancer research outcomes – predicting drug resistance in 
melanoma animal models in vivo. 

This project will explore the potential of SRNOM for predicting drug resistance in melanoma. 

Upon successful completion, it will shed new light on the still obscure role of the TME in drug-

resistant melanoma and provide a new tool to predict it. Thus, this project will deliver fundamental 

insights into drug resistance mechanisms and the means to anticipate them. Therefore, the most 

relevant outcome of this project is the prediction of drug resistance in melanoma tumors. By 

developing and validating the SRNOM technology, this project lays the foundations for clinical 

experiments, i.e., predicting melanoma drug resistance in humans, and paves the way for a new 

paradigm in determining treatment choices, choices that could improve the survival of patients. 

To achieve this predictive capability, mice with melanoma tumors in resistant and non-

resistant states will receive targeted therapy56. SRNOM will image the tumors sprouting on the 

animals, producing time-dependent maps of the TME in both states. This imaging will reveal the 

impact of therapy on the tumors by recording the structural transformation, alongside the 

biochemical and dynamic changes of the TME.  

SRNOM will identify the spectral and spatial 

profiles of resistant and non-resistant states, 

delivering data that will train a deep neural 

network (DNN)57,58 to recognize these 

characteristic profiles. Once trained, the DNN 

will be able to discriminate between tumors in 

these states (Figure 4), enabling the prediction 

of drug resistance by optically screening the TME.  

Figure 4 A DNN will use SRNOM data to identify resistant 
and non-resistant tumors, predicting drug resistance in 
melanoma.  
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This stage of the project will leverage the infrastructure of the CCIL and the expertise of 

researchers, including Profs. Erik R. Nelson and Chitra Subramanian, who specialize in cancer 

therapies. Their teams will oversee the melanoma models and treatments, as well as advise me 

on the biological interpretation of the data. The support from the CCIL will sustain the cancer 

research component of the project, ensuring the resources and guidance to execute it. 

Finally, these experiments and their outcomes will give me skills in preclinical practices along 

with the credentials for establishing myself as a relevant scientist in the field of cancer research. 

Impact 

This project will supply unprecedented imaging technology to support the fight against 

melanoma, a cancer that causes several deaths worldwide every year. While the main goal is to 

address a global health challenge, this project will achieve it by advancing optical technologies. 

Therefore, this project would have technological and human health implications, simultaneously 

impacting my professional life. Below, I describe the anticipated impacts in each of these domains. 

Technological impact. SRNOM encapsulates the technological impact of the proposal. On 

the one hand, its novel laser source (LAVIM) produces the radiation needed for simultaneously 

driving all the nonlinear contrasts, generating this light in a compact and cost-effective platform. 

Contrary to conventional systems, this source permits both parallel excitation of the nonlinear 

signals and clinical translation. On the other hand, its detector (MCDS) shifts the detection 

scheme from the narrowband to the broadband regime, not only driving forward a stagnated 

nonlinear microscopy field but also harnessing the full spectroscopic nature of the nonlinear 

signals. These innovations take SRNOM beyond the state-of-the-art in nonlinear microscopy, 

endowing it with the analytical power and portability required for predicting resistance in clinics.  

Health impact. This project aims to address the next hurdle of clinical oncology against 

melanoma: drug resistance. SRNOM will reveal the pathological state of the TME, providing. the 

missing piece of information to fully characterize this phenomenon. The preclinical approach 

proposed paves the way for clinical applications, where a comprehensive view of resistance prior 

to treatments will allow oncologists to choose the best drugs to treat melanoma, thus maximizing 

therapy efficacy. Since SRNOM enables routine assessments of tumors, oncologists will no 

longer wait until the patient is cured or succumbed to cancer to evaluate the intervention. The 

possibility to repeat screenings would provide feedback to tailor the therapies to the ever-evolving 

state of the TME, enhancing the effectiveness of interventions and improving patient survival. 

Thus, this project could establish a new clinical standard for guiding cancer therapies with light.  

Career development impact. The Optica Foundation Challenge could be a catalyst for my 

career. The program prize would give me the economic means to develop the proposed 

technology, thus establishing my research niche. The execution of the project would give me 

cancer research skills and the chance to produce work that could be published in top-tier journals 

– the SRNOM implementation in Optica and the prediction of resistance in Nature Cancer. 

Therefore, this project could give me credentials in both biophotonics and cancer research, 

propelling me toward an independent research career. Finally, receiving the Optica Foundation 

Challenge award would be an extraordinary honor that would galvanize my career, supporting 

advances in nonlinear microscopy and cancer research for a lasting impact. 
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Optica Foundation Challenge 24: Executive Summary

TerRaman - A Raman Scattering Tool for Depth-Resolved Soil Monitoring

For millennia, it has been understood that poor soil health precludes a bountiful harvest.
However, it wasn’t until the start of the First World War that human civilization appreciated the
dire need for synthetic fertilizers. Even after Fritz Haber won the 1918 Nobel Prize for the
process of ammonia distillation, efficient distribution of synthetic fertilizers was sparse due to
inconsistent or unavailable soil monitoring practices. Today, nearly half of Earth's population
depends on synthetic fertilizers for agriculture, yet soil erosion, pollution, and drought still plague
the industry. Additionally, a large portion of carbon credits and other economic incentives are
capriciously awarded to companies and communities despite a lack of evidence for tangible
results such as soil carbon capture (C-fix) and methane reduction. As sustainability efforts
abound, accurate measurement and identification of soil conditions will become critical
to the efficient allocation of resources, whether biochemical or monetary.

Despite the recent globalization of many crops, the majority are still only feasible in
certain climates and soil conditions. Therefore, a single standard soil composition does not
exist. Accurate monitoring requires several measurements such as moisture level, inorganic
nutrient content, and organic content, including microorganisms or pollutants.Current methods
rely on separate modalities for moisture, mineral, and organic content, many of which require
consumables, processing, and analysis at centralized facilities. Wide-field measurements using
drones, such as UV or reflectance spectroscopy, capture only surface-level information or, at
best, low-resolution information about irrelevant minerals. Furthermore, drone assessment is
infrequent and inaccessible to most small farms. By harnessing the power of inelastic scattering
of monochromatic light (Raman Scattering), we can quantitatively assess water absorption and
organic and inorganic vibrational modes using only optical tools.

The TerRaman platform is a conceptualized spinout of previous successful work in the
biomedical space. Our group has recently made tremendous strides in analyzing drug
constituents, small metabolites, and living tissues with this platform. Given its versatility and
ability to separate and quantify a wide range of molecular moieties, the TerRaman has the
potential to analyze all of the most pertinent compounds in soil, such as carbon content,
mineral nutrients, microplastics, oils, pesticides, and water. There are three inherent
barriers for the application of Raman scattering in this space: depth-resolved real-time
measurements, fluorescence-background removal, and multi-component quantitation. To
overcome these barriers, we seek funding to prototype a multi-level fiber-optic stake capable of
assessing spatial distributions of soil components in the field, as well as a multi-wavelength
laser source and iterative discrete wavelet transform (IDWT) based deep learning models to
generate fluorescence-free Raman spectra. We are currently in the process of translating this
technology to the environmental space by securing lab and prototyping facilities at
ClimateHaven, an environmentally focused incubator for research and discovery. If we are
successful, the TerRaman holds significant potential for ensuring the efficient use of biochemical
and monetary resources. Whether improving agricultural productivity or enhancing carbon
capture, biochemical and economic inputs are essential. By providing accurate, continuous
soil monitoring ensures that these inputs are used judiciously, enhancing their efficacy
and reducing waste. Successful translation of basic biomedical Raman scattering
research can support sustainable farming practices and environmental stewardship,
ultimately benefiting the global community.
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TerRaman - A Raman Scattering Tool for Depth-Resolved Soil Monitoring  

The need for accurate, continuous soil monitoring has become increasingly critical in 

modern agriculture and environmental management. Soil health is the foundation of agricultural 

productivity, and its monitoring is essential for crop yield optimization and sustainability. Accurate 

soil monitoring allows for the precise application of fertilizers, pesticides, and other biochemical 

resources, leading to cost savings and reduced environmental impact. Studies have shown that 

tailored nutrient management, based on real-time soil data, can significantly increase crop yields 

while minimizing the overuse of fertilizers 1. This precision agriculture approach not only improves 

the economic returns for farmers but also mitigates the adverse effects of nutrient runoff, which 

can lead to water pollution and eutrophication in nearby water 2. 

Carbon capture is another area where accurate soil monitoring is essential. Soil acts as a 

significant carbon sink, and practices such as no-till farming, cover cropping, and organic 

amendments can enhance soil carbon sequestration 3,4. By accurately measuring soil carbon 

levels, farmers and land managers can implement practices that maximize carbon storage (C-fix), 

thereby contributing to climate change mitigation. Moreover, accurate soil carbon measurement 

is crucial for verifying carbon credits, which are traded in carbon markets as part of global efforts 

to reduce greenhouse gas emissions 5.The ability to provide verifiable data on soil carbon levels 

can unlock substantial monetary incentives for farmers, making sustainable practices 

economically viable. 

Table 1. Summary of soil analysis methods. Recent developments in basic Raman Scattering research 

are highlighted. 

 Traditional 
Soil Sampling 

and Lab 
Analysis 

Soil 
Testing 

Kits 

Electrical 
Conductivity 

Meters 

Moisture Sensors 
(Electromagnetic 

or Neutron Based) 
TerRaman 

Cost Efficiency ✘ ✔ ✔ ✔ ✔ 

Time Efficiency ✘ ✘ ✔ ✔ ✔ 

Specificity and 
Sensitivity 

✔ ✘ ✘ ✔ ✔ 

Effective Depth 
Profiling 

✔ ✘ ✘ ✔ ✔ 

Fluorescence 
Background 

Removal 
✘ N/A N/A N/A ✔ 

High Multi-
parameter 
Capability 

✔ ✔ ✘ ✘ ✔ 

      



There are already several methods of soil assessment, but as shown in Table 1 above, 

each carry their own disadvantages such as requiring separate tests for different soil parameters 
6–9. These can be time-consuming and require contractor analysis. In contrast, Raman scattering, 

a technique based on the inelastic scattering of monochromatic light, remains underutilized in this 

space. When a laser interacts with molecules, especially the easily polarizable carbon-based 

particles of interest, it induces vibrations in the molecules, which scatter the light at different 

wavelengths (Fig. 1) 10,11. This scattered light, known as the Raman spectrum, provides a 

molecular fingerprint of the soil's composition. Raman scattering can detect various soil 

components, including organic biota, inorganic nutrients, and contaminants, with high specificity 

and sensitivity in a single analysis12.  

 

Fig. 1 Illustration of Raman Scattering concept, applied to biological samples. Raman Scattering can 

be applied both chemometrically, in the form of a spectrum, and spatially, in the form of a selective image 

of a specific rho-vibrational mode. Taken with permission from Fung, A. et al. Front. In Onc. 2022 10. 

A significant advantage of Raman scattering is its ability to provide detailed molecular 

information without the need for extensive sample preparation or the use of consumables. This 

makes it an efficient and cost-effective method for continuous soil monitoring. Recently, Raman 

spectroscopy was integrated with water testing devices, enabling real-time detection of 

microplastics in water 13. Additionally, Raman scattering can enhance the verification of carbon 

credits, with an estimated market size of USD $800B, by providing accurate measurements of 

soil carbon content 14. This can facilitate the efficient and transparent trading of carbon credits, 

promoting sustainable land management practices and contributing to global carbon reduction 

goals. 

Problem Statement/ Objective 

As highlighted in Table 1, three key developments in Raman-based soil evaluation that 

may bridge the inherent gap between Raman Scattering and the environmental domain are: depth 

resolved measurements, fluorescence background removal, and multi-component signal 

decomposition. Recent publications from our group have demonstrated early success in biological 



tissues, however more work must be done to establish this method in the field. Through this 

translation and development of optical Raman Scattering technology, we aim to develop a 

robust, real-time, and comprehensive soil monitoring tool that can significantly enhance 

agricultural productivity, facilitate efficient resource allocation, and support global 

sustainability efforts. 

Outcomes 

 

Fig. 2 Summary of problem statement and objectives. (A) Development of a fiber optic stake to asses 

multi-level depth-resolved Raman Spectral measurements to assess vertical stratification of soil content 

including organic biota and related carbon fixation, microplastic and oil pollution, water band absorbance, 

fertilizer and pesticide penetration. (B) Development of fluorescence background removal algorithms. (C) 

Signal decomposition to unmix critical components quantitatively. Created with license in BioRender. 

The successful completion of this project will address the critical challenges of depth-

resolved measurements, fluorescence background removal, and signal decomposition in Raman 

spectral analysis. First, understanding the vertical distribution of soil components such as top-soil 

nutrients, water-level, and pollutants is crucial for optimizing crop yields, especially in varying 

agricultural conditions. This knowledge is crucial to the efficient application of resources and 

irrigation practices. To tackle this, we will prototype an optical fiber stake that can be driven into 

the earth to capture multi-level spectral measurements (Fig. 2A). Necessary components are an 

optically clear protective sheath, and Gradient-index (GRIN) lenses to slightly extend the working 

distance 15–17. This stake will enable depth-resolved analysis, providing comprehensive data on 

soil composition at various depths. Such detailed insights are essential for managing soil health 



and optimizing resource use, ultimately supporting better crop management and sustainable 

farming practices. 

Next, some soils contain a high fluorescence background, which can obscure the Raman 

signal and complicate analysis. To address this, we are developing background-removal 

algorithms that will process the Raman spectra in real-time, eliminating fluorescence interference 

and enhancing the clarity of the measurements (Fig. 2B). In addition, we aim to test far UV 

wavelength lasers to avoid excitation of native fluorescent compounds and therefore 

contaminating quantum yield. This innovation will ensure that the Raman signal is accurately 

interpreted, leading to precise quantification of soil components. 

Signal decomposition is another vital aspect of Raman spectral analysis. Accurate 

assessment of compounds of interest, such as minerals, nutrients, and pollutants, depends on 

the ability to unmix complex spectra into their constituent components (Fig. 2C). Our novel 

unmixing method, Penalized Reference Matching (PRM), offers a significant advancement over 

current algorithms 18. PRM is computationally faster and more robust than pseudo-inverse matrix 

multiplication-based or multivariate curve resolution-based algorithms, providing more reliable 

results in less time (Fig. 3) 18. This method will allow us to isolate and quantify various soil 

components, enhancing the overall effectiveness of our soil monitoring technology. This capability 

is particularly valuable where timely and accurate soil information is crucial for making informed 

decisions on resource allocation, whether surrounding arable land, polar ice caps, or 

extraterrestrial bodies. It is also practical because this algorithm allows for any Raman spectrum 

to serve as a reference standard, including complex mixtures of chemicals such as pesticides.  

 

Fig. 3 Summary of PRM concept, as applied to biological specimens. (A) A lipid subtype standard is 

analyzed by spontaneous Raman spectroscopy and preprocessed to generate a reference spectrum. (B) 

A sample is imaged using SRS to generate a HSI. (C) Each pixel of the HSI is a vector of intensity values 

that represent the Raman spectrum at that pixel. These spectra are compared using spectral angle mapping 

and illustrate how dissimilar spectra have a lower cosine similarity. (D) An example of a mouse brain sample 

with thresholded similarity scores with respect to sphingosine, cholesterol, and TAG. Pixel intensities are 

scaled to their similarity scores. Taken with permission from Fung, A., Zhang, W., Li, Y., et al. Nat. Methods. 

2024. 

Much of this basic research has been successfully developed for the biomedical space, 

where Raman Scattering has been used to analyze drug constituents, small metabolites, and 

living tissues. While the theoretical foundations are solid, translating this technology into a viable 

prototype for environmental applications poses unique challenges and opportunities. Unlike 

biomedical research, which often attracts significant funding from entities like the NIH, 

environmental applications require specific adaptations and targeted support to realize their full 

potential. Therefore, this proposal seeks critical funding to bridge this gap and translate our 

advanced Raman Scattering technology into a practical, field-deployable tool for soil monitoring. 



In summary, the integration of Raman scattering into soil monitoring systems holds 

significant potential for ensuring the efficient use of biochemical and monetary resources. By 

addressing these challenges and achieving these outcomes, this project will significantly enhance 

soil monitoring capabilities, leading to more efficient resource use, improved agricultural 

productivity, and greater environmental sustainability. The TerRaman platform will provide 

farmers, environmental scientists, and policymakers with a powerful tool to manage soil health 

and contribute to global sustainability efforts. Whether  improving agricultural productivity or 

enhancing carbon capture, biochemical and economic inputs are essential. By providing accurate, 

continuous soil monitoring ensures that these inputs are used judiciously, enhancing their efficacy 

and reducing waste. Successful translation of basic biomedical Raman scattering research can 

support sustainable farming practices and environmental stewardship, ultimately benefiting the 

global community. 
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Executive Summary 
 
 

• Title: Breaking Reciprocity of Thermal Light Through Nanophotonics for Solar Harvesting at the 
Thermodynamic Limit 
 

• The pertinent global challenge we are seeking to address using optics and photonics belongs to the 
environmental challenge category.  

 
• Solar energy represents a renewable resource with enormous potential to reduce greenhouse gas 

emissions. However, as a global challenge, their current efficiencies are still far from their 
thermodynamic limit. The proposed project aims to address the photonic challenge associated with 
pushing the efficiency of solar energy harvesting to their thermodynamic limit. The high efficiency 
will bring tremendous environmental and economic benefits.  
 

• As an effective approach to harvesting solar energy, solar thermophotovoltaics (STPVs) promise 
theoretical efficiency higher than the Shockley-Quiesser limit of single-junction solar cells by 
utilizing the full spectrum of solar energy. Despite the attractive high efficiencies, existing STPV 
systems all suffer from exergy destruction resulting from unavoidable back emission from the 
intermediate layer to the sun caused by reciprocity. Here, we propose to break the reciprocity of 
thermal light transport to enable nonreciprocal STPV systems that can completely eliminate the 
back emission and funnel all emission coming from the sun to the cell. In doing so, the efficiency 
can be improved to as high as 93.3%, significantly higher than traditional STPVs. We propose to 
study the required nonreciprocal radiative properties to realize a high-performance system in 
practice. We plan to design a photonic crystal structure with time-reversal breaking materials to 
create the nonreciprocal properties. With perimetric optimization, we propose to eventually show 
the first-ever experimental demonstration of nonreciprocal thermal light transport effect. Our 
results will demonstrate unrealized possibilities for thermal radiation control and pave the way for 
a new high-performance energy harvesting technique for solar energy. 
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a. Problem Statement and Objective 
This project aims to demonstrate for the first time a reciprocity-breaking effect for thermal light, a 

technology enabler for single-junction solar cells to achieve record-breaking efficiencies. Solar cells 
represent the most popular way to utilize sunlight. However, its conversion efficiency is limited to the so-
called Shockley-Queisser limit1 because only the above-bandgap photons can be absorbed and converted 
to electricity in solar cells. Solar thermophotovoltaics (STPV) is an attractive technology that overcomes 
these limitations by utilizing the full spectrum of sunlight. As depicted in Fig. 1a, instead of letting the 
sunlight illuminate the solar cells directly, full-spectrum sunlight is firstly absorbed by a black intermediate 
layer to heat up the layer to a high temperature. Thermal radiation from the backside of the intermediate 
layer is absorbed in a TPV cell and converted to electricity. In doing so, one can significantly improve the 
conversion efficiency2. STPVs are actively being commercialized as the next-generation solar energy 
harvesting technology3,4.  

However, traditional STPVs have a detrimental 
disadvantage since the intermediate layer in 
conventional STPVs is reciprocal. Reciprocity 
guarantees that, while the intermediate layer receives 
the sunlight, there is unavoidable thermal emission from 
the top side of the intermediate layer towards the sun, as 
shown by the purple arrows on top of the emitter in Fig. 
1a. This is the well-known Kirchhoff's law of thermal 
radiation5,6. Since the emission towards the sun cannot 
be harvested and is essentially lost, this back emission 
represents a primary intrinsic loss mechanism7. 

Recently, we proposed a novel nonreciprocal 
thermal light transport effect that allows one to break 
Kirchhoff's law and enable a nonreciprocal solar 
thermophotovoltaic (NSTPV) system that eliminates 
the back emission of the intermediate layer towards the 
sun8,9, as depicted in Fig. 1b. In NSTPVs, all the 
emissions from the intermediate layer can be directed to the cell. Such nonreciprocal functionality, 
therefore, brings a higher photon flux to the thermophotovoltaic cell, resulting in more electric power and 
higher efficiency. The PI's group introduced this concept in a recent work8, which is reported by 
numerous news media worldwide as a breakthrough for solar energy harvesting. We have shown that 
the nonreciprocal STPV system can reach the ultimate efficiency of solar energy harvesting, the Landsberg 
limit (93.3%). More interestingly, when a single-junction solar cell is used as the TPV cell, our 
nonreciprocal STPV system can have an amazingly high record-breaking efficiency beyond 60%6 (the 
current record is held by NREL's GaAs cell with an efficiency of 30.8 %10). Therefore, demonstrating the 
required thermal light transport provides a clear pathway to revolutionize the traditional wisdom of how 
single-junction solar cells are used. In this project, we propose to fabricate the nonreciprocal 
intermediate layer and provide direct experimental evidence of the nonreciprocal thermal light 
transport effect for the first time, paving the way for solar energy harvesting at the thermodynamic 
limit.  

 
b. Significance and Impact 

Nonreciprocal thermal radiative transport has a direct impact on achieving the urgently needed solar 
energy harvesting technologies with the ultimate efficiency that can generate tremendous economic and 
environmental impacts. The codes and experimental metrology method gained through this research can be 
expanded to facilitate benchmarking a broader class of photon-mediated energy harvesting and conversion 
systems. The results point out the pathway to use topological and magnetic materials for energy applications 
and pave the way to bring super-efficient solar energy harvesting technologies to the industry.  

 

Fig. 1. (a) Traditional STPV with a reciprocal 
intermediate layer. (b) Proposed NSTPV with a 
nonreciprocal intermediate layer. In both plots, the 
intermediate layers consist of an absorber facing the 
sun and an emitter facing the STPV cell.  
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c. Literature Review and Preliminary Results 

Recently, the PI demonstrated a pathway to break Kirchhoff's law and achieve strong nonreciprocal 
thermal emission through periodic grating structures made of magneto-optical materials11,12. The key is to 
use gratings to create strong confinement effects that are sensitive to the applied B-field. The PI conducted 
a thermal emitter design11 shown in Fig. 2a, which consists of a Si grating atop an InAs substrate. The 
evanescent tail of the guided optical mode, which represents a highly confined mode in the dielectric 
grating, extends to the InAs layer. When B-field is applied, the evanescent tail of the guided mode is 
perturbed, resulting in a strong nonreciprocal response. As shown in Fig. 2b, the directional emissivity (e) 
and absorptivity (a) spectra are completely not overlapped with each other, indicating a violation of 
Kirchhoff's law. Based on this design, the PI demonstrated a strong nonreciprocal effect in experiment9 
using neodymium permanent magnets (Figs. 2c and 3). We directly measure the emissivity and 
absorptivity of the structure using reflection and emission spectroscopy. When B = 0, the structure is 
reciprocal and the emissivity and absorptivity contour in Fig. 3a are essentially the same. However, when 
B = 1T, reciprocity is broken and the emissivity and absorptivity show a contrast which is enhanced by the 
excitation of the guided modes (the red bands in Fig. 3b). 

 
d. Applicant Expertise 

The PI Dr. Bo Zhao has authored over 40 publications in the thermal radiation field, including 
book chapters for Annual Review of Heat Transfer13 and Handbook of Thermal Science and 
Engineering Radiative Heat Transfer14 and one patent on near-field photon transport15. Several of his 
works were recognized as "highly cited" or selected as journal covers16-19. Zhao is among the authors 
who pioneered the early works on nonreciprocal thermal radiation, including showcasing the pathway 
for achieving nonreciprocal thermal emission using only 0.3-T magnetic field11,12, strong nonreciprocal 
thermal emission from topological magnetic Weyl semimetals20, and multiport nonreciprocal thermal 
emitters21. Zhao also has extensive experience in nanophotonics for enhanced photon transports, 
including absorption enhancement17,22, coherent thermal radiation16,23-25, and photon tunneling 

Fig. 2 PI’s preliminary work11,12: (a and b) A nanophotonics-enhanced nonreciprocal thermal emitter and (c) its 
experimental demonstration. In (a), the orange material is silicon (Si) and the field distribution is for the electric field 
(E-field). In (c), the grating is amorphous Si (a-Si).  

Fig. 3. PI’s preliminary work9: (a) emissivity and absorptivity contour with no B field applied, i.e., reciprocal. (b) the 
contrast between emissivity and absorptivity with B = 1T, which breaks the reciprocity of the system.  
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enhancement26-28. The PI’s experience will serve as the foundation for studying nonreciprocal thermal 
radiation in this project.   
 
e. Approach  

Proposed Work 1: Design and fabricate the nonreciprocal intermediate layer. In order to realize 
nonreciprocal thermal light transport, we propose to design and experimentally measure the needed 
wavelength-selective nonreciprocal radiative properties. Building on our previous successes11,20, we 
propose to use magneto-optical materials and apply an external magnetic field to do so. In Fig. 4a, we show 
the desired nonreciprocal properties: when light is incident from the top, the layer can totally absorb it, but 
light is only emitted toward the bottom. We have published a preliminary design of a photonic structure 
that can achieve this function near 10 µm infrared range29. In the design, only one type of magneto-optical 
material is used, and therefore, the effect does not have a wide wavelength range. Here we propose to use 

multiple magneto-optical materials with different doping levels to extend the wavelength range of the 
nonreciprocal behavior. Our design is shown in Fig. 4b, which is a design based on our preliminary results. 
The rationale behind this design is that each layer of the magneto-optical material can provide the desired 
nonreciprocal effect in a desired narrow wavelength range. By changing the doping levels, the 
nonreciprocal effects provided by each layer can be coupled and expanded to a broad wavelength range. 
Such extension of effect in wavelength range has been shown to be feasible both theoretically and 
experimentally30. Through geometric optimization, we aim to design a structure with radiative properties 
shown in Fig. 4c, which is the wavelength range most of the thermal emission from a near-room-
temperature hot body falls within. We will fabricate and characterize the device using the facilities fully 
available at the University of Houston and the PI's lab.  

Proposed Work 2: Experimentally demonstrate the nonreciprocal thermal transport effect. Using 
the fabricated nonreciprocal layer, we propose to do a proof-of-concept demonstration of the nonreciprocal 
thermal light transport effect. Our proposed experimental setup is shown in Fig. 5. A blackbody at an 
elevated temperature slightly above room temperature is used to provide the thermal emission, which is 
captured by the intermediate layer. While receiving the emission from the blackbody, the intermediate also 
emits thermal emission to the light detector, a InAs cell. Our control experiment is shown in Fig. 5a, where 
the intermediate layer does not experience a magnetic field. In this case, the layer behaves as a conventional 
device with back emission to the blackbody, as indicated by the dashed arrows. When the magnetic field is 
turned on, as shown in Fig. 5b, the intermediate layer becomes nonreciprocal, and the back emission from 
the layer to the blackbody can be suppressed. Therefore, we expect to observe an increase in temperature 
of the intermediate layer due to the nonreciprocal effect and a higher photocurrent in the InAs cell. For 
better comparison in the experiments, the intermediate layer will be put into a vacuum chamber to eliminate 
the heat transfer due to convection. Thermometers will be attached to the intermediate layer to monitor its 
temperature. A spectrometer will be used to monitor the electrical detection from the deuterated triglycine 
sulfate (DTGS) detector, which has excellent detectivity in the mid-infrared. We expect to see higher 

Fig. 4. (a) Nonreciprocal properties the intermediate layer has. (b) Proposed device to achieve the desired nonreciprocal 
properties in the infrared range of thermal light. The arrows show the magnetic field. (c) Expected nonreciprocal 
properties.  
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temperature readings and higher power detected from the DTGS detector in the setup shown in Fig. 5(b) 
compared to (a). 
 

f. Expected Outcomes and Products 
We summarize our expected outcomes and products with the following two milestones. The 

timeline of all activities is detailed in the timeline document. 
Milestone 1 Design and demonstrate nonreciprocal radiative properties (ms 1.1) design 

nonreciprocal intermediate layer based on magneto-optical materials with high emissivity and absorptivity 
contrast > 0.9 (ms 1.2) numerically demonstrate the pathway to achieve bandwidth-tunable nonreciprocal 
radiative properties using magneto-optical materials (ms 1.3) experimentally characterize the nonreciprocal 
radiative properties in the magneto-optical nanophotonic structure  

Milestone 2 Experimentally demonstrate the nonreciprocal thermal transport effect (ms 2.1) 
calibrate the current-voltage response of the InAs cell (ms 2.2) test the reciprocal system and nonreciprocal 
system (ms 2.3) optimize the system to highlight the nonreciprocal effect 
 
g. Risk Migration 

In case that magneto-optical material cannot provide a satisfying nonreciprocal effect, we will then use 
magnetic Weyl semimetals such as Co2MnAl31 with different doping levels from our collaborators (Prof. 
Ziqiang Mao at the Pennsylvania State University) to provide the broadband nonreciprocal effect.  
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with a magnetic field applied by magnets. The temperature of the intermediate layer and the power produced in the InAs 
cell are monitored in both cases as a direct justification of the nonreciprocal effect. 
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The proposed project addresses a fundamental problem in nowadays society, universal health 

access. Specifically, dental health costs limit its access to low-income population and 

countries, resulting in reduced well-being, sickness, and even death. Implants, crowns, and 

dentures costs still represent a barrier for their extended employment. One of the sources of 

the high costs comes from the necessity of fabricating custom dental prosthetics for each 

patient, not allowing serial production. To overcome this limit, a photonics-based 3D printing 

technique as stereolitography (SLA) is proposed to produce dentures with complex custom 

geometries and low production costs.  

Another problem linked to dental prosthetic is the proliferation of bacterias and the risk of 

infection. Dentures represent a reservoir of microorganisms that can derive into stomatitis or 

infections. In fact, 70% of dentures wearers suffer from denture stomatitis. To treat infection 

problematics, antibiotic protocols are developed. However, this solution is limited due to the 

emergence of antibiotic resistant superbugs. To address it, the employment of laser 

irradiated Ag2WO4 particles to provide bactericidal properties to dentures is proposed. 

Overall, in the current project a complete photonics based approach is designed to produce 

dentures with bactericidal properties by the formulation and SLA printing of resins containing 

laser generated Ag2WO4 particles with enhanced bactericidal properties.  

The proposed methodology can be explained in three steps, represented in the scheme below. 

First, the irradiation of Ag2WO4 particles dispersed in the dental resin, a commercial 

flexible resin to produce dentures. The irradiation is carried out by laser fragmentation in 

liquids (LFL), it enhances the Ag2WO4 bactericidal effects and facilitates the particle 

dispersion. Then, the Ag2WO4-resin is employed for SLA after detailed characterization of 

the Ag2WO4 particle stability in the resin, the viscosity and wettability. Finally, the produced 

dentures are characterized by tensile, hardness, bactericidal, and biocompatibility tests 

to evaluate their suitability for in-vivo applications.  

The proposed approach aims to overcome the current main drawbacks of dental prosthetics. 

On the one side, high costs that difficult general population access to basic dental health 

treatments. On the other side, infection and bacteria proliferation and the subsequent loss of 

patient well-being and extra dental health treatment costs. 

 



OPTICA Foundation Challenge   

1 

 

Project Proposal Optica Foundation Challenge 

Applicant:  Junior Prof. Carlos Doñate Buendía, University Jaume I, Spain  

Category: Health Anticipated total duration of the project: 24 months 
 

Stereolitography 3D printed custom and low-cost bactericidal dentures 
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1     Literature review and problem statement 

Photonics and nanotechnology are considered strategic areas for research and innovation in 

advanced materials by the European Commission. The development of new technologies 

based these fields is key for the development of human society lifestyle in the following 

decades. For instance, improving imaging and treatments in medicine, material fabrication 

and processing, or green energy harvesting systems and other fields, are essential for 

facilitating a sustainable human growth. Laser-irradiation is one of the most active frontiers in 

the development of optics. It combines the frontier achievements of photonics and 

nanotechnology to be a powerful tool for the fast synthesis of nanomaterials for 

electrochemical applications due to the advantages of low cost, high accuracy, easy 

preparation, and high yield [1]. It can realize many new functions on the basis of local 

electromagnetic interaction, being an indispensable key science and technology in the 21st 

century. Laser as synthetic and microfabrication technique and provide the advantages of fast, 

scalable, environment friendly, and cost effective approach permitting in situ processing [2]. 

Compared with the traditional synthesis and microfabrication techniques, laser-assisted 

processing techniques enable direct synthesis of nanomaterials in both gas and liquid media 

with environment friendliness and less energy loss. Pulsed laser ablation in liquids (PLAL), is 

located at the intersection of photonics and nanotechnology, representing a green synthesis 

technique of advanced materials from metallic, ceramic, organic, and alloy nanoparticles [3]. 

A focused laser beam with high energy directly irradiates a precursor sample, allowing for 

rapid heating, melting, reacting, and cooling to generate a new active material. The high-power 

pulsed laser-assisted synthesis of nanomaterials in liquids provides many degrees of 

parameter control (i.e., pulsed laser power, wavelength, reaction time duration, laser pulse 

repetition rate, and solvent) and numerous advantages over traditional physical and chemical 

synthetic methods, such as simplicity, high purity, avoid by-products and toxicity, and no need 

for surfactants and reducing agents. This is an appropriate approach to produce cost-effective 

smart materials for effective applications such as health, energy and environmental processes 

[4]. This versatility is a key feature for the development and technological applications of 

advanced materials. 

Among metal oxides that confer antimicrobial characteristics, Ag-based materials have gained 

prominence, including Ag-based semiconductors [5,6]. Particularly noteworthy is silver 

tungstate (Ag2WO4), owing to its versatility, easy fabrication, high stability, and potent 

antimicrobial activity [7]. Its robust antimicrobial capacity is attributed to the semiconductor’s 

ability to generate reactive oxygen species (ROS), even in the dark, and the gradual release 

of Ag+ ions [8]. Specifically, the formation of Ag nanoparticles on Ag2WO4 with bactericidal 

properties has been demonstrated, as well successfully produced composite materials 

comprising Ag2WO4 and chitosan by electron beam and femtosecond irradiation, 

demonstrating high antimicrobial efficacy against fungi, and bacteria, and viruses [9,10]. 

Oral diseases are considered by the World Health Organization (WHO) as a major health 

burden for many countries that affect people throughout their lifetime, causing pain, 

discomfort, and even death [11]. Diseases as dental caries, periodontal, or dental trauma can 



OPTICA Foundation Challenge 

 

2 

 

lead to tooth loss or gums degradation, reducing the affected person wellbeing, and requiring 

the employment of prosthesis or implants. This worldwide problematic further affects low- and 

middle-income countries and society sectors [12] due to the costly access to dental care [13]. 

The impact of dental implants can be assessed in few numbers, its annual global market is 

estimated at around 12-18 million implants, with more than 200 million patients having 

received an implant in the last two decades [14]. However, implants, and dentures costs still 

represent a barrier for their extended employment in several countries and parts of society 

[13]. One of the sources of the high costs comes from the necessity to fabricate a custom 

implant for each patient, not allowing serial production. To overcome this limit, photonics-

based 3D printing techniques have been employed to produce dentures, achieving complex 

geometries and low-cost custom parts [15]. Within the broad spectrum of 3D printing 

techniques, stereolitography (SLA) provides key advantages for prosthetic manufacturing cost 

reduction. SLA is based on the photopolymerization of a liquid resin that turns into a solid 

under UV light illumination. The low energy photopolymerization threshold of the resins allows 

the employment of low cost UV sources such as LEDs. The light modulator used to spatially 

control the layer-by-layer photopolymerization of the resin can be a LCD display, reaching 

resolutions of 20 μm. The employment of general consumer technology reduces the overall 

cost of standard SLA devices to hundreds of dollars. Besides, there already exist commercial 

dental resins suitable for dentures [16]. Overall, SLA printing offers an excellent perspective 

to reduce production costs of dental parts, prospectively facilitating access to such essential 

goods to a broader worldwide population percentage.  

An additional problem arising after incorporation of the dental pieces to the patient are 

infections resulting in peri-implantitis. It occurs in 3% of the patients [17,18], which results in 

approximately 6 million people affected in the last two decades. As another example, 70% of 

dentures wearers suffer from denture stomatitis [19]. To prevent infection problematics, 

antibiotic protocols have been developed [18]. Nevertheless, this solution presents also 

limitations when the emergence of antibiotic resistant superbugs is considered. To address it, 

the employment of inorganic particles exhibiting bactericidal properties such as Ag or Cu has 

been proposed [10]. However, when incorporated into dentures, the elemental metals can 

suffer from leaching, increasing their concentration in the media to toxic levels [19]. To control 

the release of the bactericidal Ag, the employment of Ag3PO4 has been proposed, proving that 

the composite can be integrated in a scaffold providing bactericidal properties without 

cytotoxicity, and even allowing cell proliferation [21]. Hence, inorganic particles have been 

shown effective as bactericidal agent [22]. However, the addition of bactericidal particles to 

SLA dental resins has been only recently tested for elemental metals, and oxides, mostly 

focusing on their effect over the mechanical properties of the printed parts and not providing 

extra bactericidal properties [23]. Preliminary work from the applicant [5,24] confirmed that 

high intensity laser irradiation of Ag2WO4 microparticles in air leads to the formation of Ag 

nanoparticles bonded to the original composite [7]. The Ag nanoparticles formed, provide 

bactericidal, antifungal, and antitumor properties to the irradiated material, with specificity and 

biocompatibility with healthy human cells (BALB/3T3) [9]. Even SARS-CoV-2 deactivation has 

been demonstrated by the applicant employing a laser irradiated chitosan/Ag2WO4 composite 

[5]. Consequently, laser irradiated Ag2WO4 represents an interesting material to provide 

antiseptic properties to denture manufacturing dental resins employed in SLA.  

Overall, a complete photonics based approach is proposed to produce dentures with 

bactericidal properties by the formulation and printing of new SLA resins containing laser 

generated Ag2WO4 particles. This approach aims to overcome the current main drawbacks of 

dental parts. On the one side, high costs that difficult general population access to these dental 
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health treatments. On the other side, infection and bacteria proliferation and the subsequent 

patient well-being and health treatment costs.  

2 Objectives 

Photonics related additive manufacturing (AM) techniques provide the required design 

freedom and represent a growing industrial market. In this context, the focus of the present 

project is the development and application of photopolymer dental materials modified by the 

addition of laser generated Ag/α-Ag2WO4 nanoparticles to provide the AM printed custom 

dentures with enhanced bactericidal properties towards mitigation of oral disease 

complications.  The specific objectives are intended to provide broader worldwide access to 

dental parts by reducing production costs and to address human wellbeing and resources 

losses arising from bacteria development and infections in dentures: 

1) The adaptation of nanoparticle additivated resins as base materials in SLA, 

allowing the production of custom dentures with novel functionalities at reduced 

costs, making them more accessible for low-income countries. 

2) The production of bactericidal and biocompatible dentures by the formulation of 

new Ag2WO4-resins printed by SLA. 

3 Outcome 

WP1 – Dental resin additivation with laser generated Ag2WO4 nanoparticles 

A laser based procedure to prepare Ag2WO4 nanoadditivated dental resins will be studied. The 

process will be compared with direct mixing of the Ag2WO4 micropowder with the resin, and 

direct mixing of air irradiated Ag2WO4 with the resins. The effect of Ag2WO4 laser fragmentation 

on the stability and the bactericidal response of the particles will be evaluated. 

WP1.1 – Laser fragmentation (LFL) of Ag2WO4 microparticles 

Direct addition of Ag2WO4 powders to the SLA resins could result in agglomeration of the 

material and sedimentation before printing. This would affect the homogeneous distribution of 

the particles in the printed part, generating local variations of the mechanical and bactericidal 

properties that can result in the fracture of the part or infection risk increase in specific areas. 

The novel procedure proposed in this project is based on the initial mixing of Ag2WO4 

microparticles with the dental resins, Fig. 1a. The mixture is ultrasonically dispersed, and 

irradiated in a liquid flow configuration, Fig. 1b. The irradiated particles with increased 

bactericidal properties will gain stability in the resin due to surface coverage with the 

photopolymer functional groups. To avoid degradation of the resin (printed at 405 nm) during 

laser irradiation, the laser source employed will be a 1064 nm ps laser (4 MHz, 10 ps, 60 W).  

WP1.2 – Ag2WO4 additivation of the dental resin 

The in-situ laser irradiated Ag2WO4-resins in WP1.1 will be compared in terms of particle 

stability, and viscosity (WP1.3), as well as mechanical, bactericidal, and biocompatibility 

properties (WP3), with 1) the base Ag2WO4 microparticles added to the resin, and 2) the 

Ag2WO4 powder irradiated in air and mixed with the resin. The mixing process for the initial 

and irradiated in air Ag2WO4 will be performed by direct mixing and ultrasonic dispersion. 

WP1.3 – Optical and rheological characterization of additivated resins 

The effect of Ag2WO4 particles addition to the resin will be evaluated by the influence on its 

optical and flow properties. The measurements described will be performed to the Ag2WO4-

resins prepared in WP 1. 1) Denture resin with Ag2WO4 particles; 2) Denture resin with Ag2WO4 

particles irradiated in air; 3) Laser irradiated Ag2WO4-resin. 
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The optical properties will be characterized by UV-Vis spectrophotometry (StellarNet Inc.). 

The stability of the optical properties, absorption peaks wavelengths, and intensity, provide 

information of the laser interaction on the resin and the dispersed Ag2WO4 particles.  

To evaluate the influence of the Ag2WO4 particles and laser irradiation methodology on the 

flow properties of the resulting additivated resins, contact angle (sessile drop method) and 

viscosity measurements (rotational rheometry) will be conducted. These parameters are 

especially relevant for the processability of the resulting resins by SLA keeping the maximum 

spatial resolution, process reproducibility, and mechanical performance of the printed parts. 

WP2 – Photonics based 3D printing (SLA) of additivated dental parts 

Within this work package, the prepared Ag2WO4 resins will be processed by SLA (Elegoo Mars 

2) to produce test samples for characterization, WP 2.1. In WP 2.2, tensile tests, disks, and 

dentures will be printed employing the Ag2WO4-resins produced in WP1, Fig. 1c. 

WP 2.1: SLA printing of tensile tests and disks for optimization and characterization 

The influence of the 405 nm LED light employed in the SLA system on the Ag2WO4-resins will 

be evaluated in WP 3.2 to confirm that bactericidal enhancement of the Ag2WO4 particles can 

be achieved in-situ during SLA. A strong synergy with WPs 1.3 and 3 will be required at this 

point to optimize the processing parameters and achieve simultaneously high printing spatial 

resolution, repeatability of the process, and maximum bactericidal effect. 

Figure 1. a) Ag2WO4 commercially available 

micropowder and dental resin mixed for laser 

irradiation in b). b) Laser fragmentation setup 

in a flow jet configuration to ensure uniform 

irradiation of the particles and promote a 

homogeneous bactericidal effect 

enhancement. c) Stereolitography (SLA) 

setup with a 405 nm LED and LCD employed 

to process the laser irradiated Ag2WO4-

resins, bottom image reproduced from [25]. 

WP 2.2: SLA printing of additivated flexible dentures  

The flat geometries proposed in WP 2.1 will be replaced by the intended denture models for 

the additivated flexible resin. Different complete and partial dentures from open 3D 

repositories will be printed to confirm the advantage that SLA provides for the production of 

custom parts with complex geometries.  

WP 3: Bactericidal and mechanical characterization of the printed dental parts 

To quantify the effect of the Ag2WO4 particles and the laser irradiation over the performance 

of the printed dental parts, mechanical and bactericidal characterization is required. 

WP 3.1: Hardness and tensile testing of the printed parts 

Tensile test (DIN 53504:2017-03) and hardness tests (DIN ISO 48-4:2021-02) will be 

performed. The samples exhibiting values below (<20%) the provider specifications will be 

discarded. The LFL samples are expected to exhibit better performance due to the Ag2WO4 

size reduction and dispersion, contributing to a reduced part porosity and density increase. 

WP 3.2: Antimicrobial and biocompatibility tests 

The antimicrobial tests will be performed for C. Albicans, E. Coli, and MRSA, the most 

common bacteria present in dentures. Besides, to be able to prospectively qualify the 

produced parts for in-vivo employment, biocompatibility with oral cells is required. Hence, 
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alamarBlue™ assay and an MTT assay will be performed to ensure that the printed parts 

exhibit no toxicity that could damage the denture user. 

4 Impact 

The funds required to develop the project include the purchase of the necessary Ag2WO4 

micropowders, the dental resins, and a SLA processing station fully dedicated to the printing 

of dental resins. Furthermore, material for analytics and optics are included in the budget. The 

UV-Vis, contact angle, viscosity, mechanical, bactericidal and biocompatibility tests can be 

performed with the already available devices in the group and close groups at the University 

Jaume I. The technician full time contract and part-time contract is envisioned to produce 

major evidences of the project outcomes and setting up the printing and characterization 

methodologies proposed, representing a fundamental advance in the applicant’s current early 

career stage to start his independent career. The proposed project cannot be currently funded 

by any funding scheme within Spain due to the preliminary state. The results achieved within 

the Optica challenge project would allow to apply for European funds after finishing the project. 

The expected outcomes of the project can be summed up as: 

1) Qualification of laser fragmentation in liquid approach for the in situ nanoparticle 

additivation of SLA resins with enhanced bactericidal properties. 

2) Establishment of a photonics-driven printing protocol for the generation of custom 

dentures with bactericidal properties and reduced cost. 

The project outcomes address a fundamental problem in nowadays society, universal health 

care access. Specifically, dental health costs limit the access to low-income population and 

countries, resulting in reduced well-being, sickness, and even death. The photonics-driven 

qualification of lower cost approaches to generate dentures offer a possibility to improve dental 

health for the general population. Furthermore, the bactericidal properties of the generated 

dentures are envisioned to further reduce health risks as infection, and bacteria proliferation. 

Overall, it represents a strong benefit for a situation that a significant part of the population 

faces during their lives, the requirement of a denture.  
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Executive summary 

Wildfires are one of the most destructive natural disasters worldwide. They alone caused 150 
billions in US$ losses in 2022 throughout the Americas, but more importantly, losses in human 
lives, irreversible damage to ecosystems, and health threats due to poor air quality. The USA and 
Colombia (country of origin of the PI) accounted for ~26% and 12% of the wildfires, respectively. 
Some due to natural disasters and unvoluntary accidents, but others, like in the case of Colombia, 
due to the deliberate destruction of the Amazon Forest for illegal farming. Regardless the cause, 
early detection enables a fast reaction to suppress fires when still manageable.  

Detecting wildfires has inspired the development of novel technologies, yet several open 
challenges remain ahead towards finding accurate and cost-effective solutions—the 2024 XPrize 
Wildfire challenge is an example of how imperative is to find solutions. While artificial 
intelligence combined with the internet of things have provided novel software tools to improve 
the detection of fires, several challenges remain on the hardware side given the complex task of 
monitoring vast extensions of land in a timely, efficient, and accurate manner.  

This program tackles this challenge as part of the Optica Foundation Challenge in the category 
Environment. We aim to pioneer a lightweight, low-cost, and wide field-of-view (FOV) metalens 
for efficient and reliable detection of early-stage wildfires. Moreover, we aim to develop a thin-
film narrow-band filter to, in addition, image only at 3.9 µm wavelength to avoid false positives 
that arise from Earth’s and humans’ radiation and parasitic reflections (e.g. from bodies of water). 
Our approach combines innovative optics and fire protection engineering to optimize the area that 
an unmanned aerial vehicle (UAV) can scan in a single flight, and the accuracy of mid-infrared 
detection of fires. Upon success, this optical system will significantly facilitate the detection of 
wildfires in early stages and thus, support fast suppression protocols.  

Our approach is a hardware solution to wildfire detections and could enhance the artificial 
intelligence initiatives on the software counterpart by providing more data per deployed UAV. 
Moreover, our approach will provide a single solution to all the reasons why glass-based fisheye 
lenses are not commonly used in UAVs: size, weight (of special importance in small UAVs), and 
cost. Lastly, a mid-IR camera with wide FOV can be broadly used in other contexts, such as remote 
chemical sensing, robotic control, automotive sensing, and consumer electronics. 
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Overview and Objectives 
In this program, we aim to pioneer a lightweight, low-cost, and wide field-of-view metalens for 
efficient and reliable detection of early-stage wildfires. Moreover, we aim to develop a thin-film 
narrow-band filter to, in addition, image only at 3.9 µm wavelength to avoid false positives that 
arise from Earth’s and humans’ radiation and parasitic reflections (e.g. from bodies of water).1 Our 
approach combines innovative optics and fire protection engineering to optimize the area that an 
unmanned aerial vehicle (UAV) can scan in a single flight, and the accuracy of mid-infrared 
detection of fires. Upon success, this optical system will significantly facilitate the detection of 
wildfires in early stages and thus, support fast suppression protocols. Our approach is a hardware 
solution to wildfire detections and will enhance the artificial intelligence initiatives on the software 
counterpart by providing more data per deployed UAV. 

While we focus on tackling an environmental challenge, our approach is broadly 
compatible with other applications, such as remote chemical sensing, robotic control, automotive 
sensing, and consumer electronics. This proposal responds to the Optica Foundation Challenge in 
the category Environment. 
  

 

Problem statement 
Wildfires are one of the most destructive natural disasters worldwide.2,3 They alone caused 150 

billions in US$ losses in 2022 throughout the Americas, but more importantly, losses in human 
lives, irreversible damage to ecosystems, and health threats due to poor air quality.3–5 The USA 
and Colombia (country of origin of the PI) accounted for ~26% and 12% of the wildfires, 
respectively. Some due to natural disasters and unvoluntary accidents, but others, like in the case 
of Colombia, due to the deliberate destruction of the Amazon Forest for illegal farming.6 
Regardless the cause, early detection enables fast reaction to suppress fires when still manageable. 

Detecting wildfires has inspired the development of novel technologies, yet several open 
challenges remain ahead towards finding accurate and cost-effective solutions —the 2024 XPrize 
Wildfire challenge is an example of how imperative is to find solution.7 While artificial 
intelligence combined with the internet of things have provided novel software tools to improve 

Fig. 1. Traditional detection including several coordinated UAVs to image a large area vs. our approach 
with a single UAV with wide FOV. Right: Schematic design of the flat fisheye metalens, filter, and 
camera. Image adapted from Ref. [2]. 



  

the detection of fires,4 several challenges remain on the hardware side given the complex task of 
monitoring vast extensions of land in a timely, efficient, and accurate manner.  
 
Background 

Current approaches to monitor wildfires include satellite 
imaging, which can cover vast areas from continents to 
countries with Geosynchronous Earth Orbit (GEO) or Low-
Earth Orbit (LEO) satellites, respectively3. The main 
disadvantages of this technology are the cost and spatial 
resolution, thus, not spotting wildfires in early stages. Another 
common technology uses mid-infrared (mid-IR) cameras on 
drones, at the cost of efficiency, given the limited flight 
autonomy and restrictions in the use of the space (e.g., the US 
has a limitation of 400 ft flying altitude for drones.)  In this 
proposal, we tackle the challenge of expanding the area an UAV can image, and thus, the amount 
of data it collects in a single flight. We do so by expanding the vision of typically 20°-30° in 
commercial forward-looking infrared (FLIR) cameras (or up to 80° with $25k+ cameras8) to a 
target of 150° (although, virtually near-180° is possible) using fisheye metalens technologies.9 
Wide field of view metalens: Metasurfaces are artificial planar (or 2.5D) platforms with sub-
wavelength thickness and elements called meta-atoms that perform unprecedented optical 
modulation.10,11 A metalens is a specific metasurface design to mimic the behavior of conventional 
“bulky” lenses, but more interestingly, to surpass their response in terms of aberration corrections 
and multiple functionalities in a single lens.12,13 Ours is a specific case of a metalens extending on 
what conventional optics can do by achieving arbitrary FOV with no coma aberration. Fig. 1 shows 
the baseline configuration of the fisheye lens, which comprises a single piece of flat transparent 
substrate with an input aperture positioned on the front surface and a metalens positioned on the 
back surface. Light beams incident on the input aperture at different angles of incidence (AOIs) 
are refracted to the backside metalens and then focused. When the metalens phase function 𝜙 
fulfills the following closed-form solution all focal spots across the entire panoramic FOV will fall 
on the same image plane while minimizing coma aberration14: 

                                      ,   (1) 

where r, 𝜆, n, L, and f denote the radial position from the lens center, wavelength, substrate 
refractive index, substrate thickness, and effective focal length, respectively. h is the image height 
(focal spot position) at AOI = 𝜃  and it can be given in a differential form: 

                                        .               (2) 

This finding is significant because it indicates that a flat substrate, when decorated with a single-
layer metalens, can be transformed into a fisheye lens with near-180˚ diffraction-limited FOV. 
Moreover, the planar focal surface enables considerably simplified optical system architectures.  

Our collaborators at MIT (Prof. Juejun Hu) and the startup 2Pi Optics have extensive 
experiences with the proposed metalens fabrication process. Fig. 2 shows one example of a-Si 
metalens indicating excellent pattern fidelity with outstanding wide FOV, shown in Fig. 3. 
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Fig. 2. a-Si metalens fabricated by 
2Pi Optics. 



  

Thin-film optical filters: Narrow band wavelength filters have been widely researched and 
applied in optical technology.15 Thin-film approaches are of particular interest given their simple 
fabrication with conventional deposition methods, such as sputtering. Bragg structures and Fabry-
Perot cavities are examples of such filtering thin-film coatings. More recently, Fano-resonant 
optical coatings have gained space in the field given the simplicity and compactness of the 
multilayer stack, which achieves narrow-band transmissive modes with just four ultra-thin layers 
(three of which are absorptive), in a task that Bragg-like structures need several more layers to 
achieve.16,17 Such structures achieve Fano resonances by 
coupling two resonating cavities: a typical Fabry-Perot 
cavity, and an absorptive cavity comprising a thin lossy 
material (see Fig. 4). One of the outstanding aspects of 
such a technology is the simple fabrication process that 
allows integration to virtually any substrate. Moreover, by 
careful material selection, Fano resonances can be 
achieved in different optical windows, from UV to mid-
infrared, with conventional, cheap, and easy to deposit 
amorphous materials and metals. In this proposal, the PI 
will leverage his previous demonstrated experience 
developing both tunable Fabry-Perot 18 and Fano-
resonant optical coatings17 to achieve a high transmission 
and narrow band (~50nm) filter center at 3.9 µm 
wavelength. 3.9 µm is chosen given that all fires emit at 
this wavelength, while no other significant source of noise 
is present, i.e. black body radiation from planet Earth, 
humans, and-or animals, and reflections from bodies of 
water or other common materials on the surface.1,3 
Measurements with controlled fires:  The Department of Fire Protection Engineering at UMD 
counts with a variety of unique facilities to perform measurements with fires of different powers 
and sizes in controlled environments. Fig. 5 shows a fire hood capable of housing fires with heat 
release rates up to 700 kW (continuous) or 1.5 MW (peak, 30 second duration) and footprints of 
up to 2 m × 2 m. This facility has been used in the past for commercial partners researching fires 
in enclosures (up to 3.5 cubic meters), fire whirls, pool fires, and combustion + firebrand 

 
Fig. 3. Experimental demonstration of a fisheye metalens at 940 nm. (a) setup and (b) an image captured by a 
metalens + camera system. (Courtesy of 2Pi Optics). 
 

 
Fig. 4. Tunable transmissive filters 
demonstrated by PI.17a. Sb2Se3/Ag/ITO/Ag 
stacks with varying ITO thickness t. b. 
Spectra of devices in a, for the amorphous 
and crystalline states of Sb2Se3. 
 

 



  

generation from trees, among others. Fig. 5b 
shows a 1.8 m Fraser Fir tree tested in the 
facility (peak heat release rate ~ 1 MW). 
Importantly, such facilities count with ample 
space to host optical characterization 
experiments, which this proposal will leverage 
to image fires from different angles to test the 
FOV of our metalenses. 
 
Work Plan 
The project will support a PhD student, who 
will design and fabricate the metalens, as well as performing the experimental measurements. We 
will leverage the PI’s group’s expertise in nanofabrication and nanophotonics, but also 
collaborations with experts in the different areas to articulate this multidisciplinary project and 
guarantee its success. Specifically, we will leverage an existing collaboration with 2Pi Optics—a 
startup pioneering fisheye metalenses, and Prof. Juejun Hu (MIT), who will support our design 
efforts and inform our nanofabrication processes. Moreover, we will harness the unique facilities 
of the University of Maryland (UMD), which hosts one of the few Fire Protection Engineering 
Departments in the USA. We will collaborate with Prof. Fernando Rafán Montoya to perform 
experiments in controlled environments. The project will be divided in three thrust areas that we 
will pursue in parallel during a period of 12 months (see separate timeline file): 
Thrust 1: Design and fabrication of wide FOV metalens: In this task, we will build the flat 
fisheye metalens operating at 3.9 µm, a wavelength that is critical in detection the first instances 
of fire. We will design a metalens following the principles of a technology exclusively licensed to 
2Pi Optics19 but never demonstrated at this wavelength.  The metalens prototype will be fabricated 
in shared university cleanroom facilities at UMD’s NanoCenter. We will use amorphous silicon 
(a-Si) or PbTe as platforms for high-index meta-atoms. To do so, we will deposit a-Si films via 
plasma enhanced chemical vapor deposition or PbTe using thermal evaporation and then patterned 
using electron beam lithography and plasma etching. After metalens patterning, a layer of SU-8 
epoxy will be spin-coated to enhance ruggedness of the nano-post meta-atoms. SU-8 is chosen 
here since our collaborators have found that it can completely fills in the spacing between meta-
atoms without leaving any residual air pockets, and produce a flat, fully planarized top surface 
suitable for subsequently bonding integration. The fabricated metalens samples will be 
systematically characterized to assess their performances and provide insights on improvements 
to be made in subsequent fabrication iterations. The tests to be performed on the metalens include 
bulk transmission and focusing efficiency measurements, point spread function (PSF) profiling, 
Strehl ratio quantification, and modulation transfer function (MTF) evaluation. All these tests will 
be performed at different angles of incidence (AOIs) throughout the FOV using small fires as light 
sources at UMD’s Fire protection facilities.  

Risks and mitigations: the main risk in our approach is achieving the correct high aspect ratio 
meta-atoms for the metalens. While we count on vast cleanroom experience, if the metalens is not 
achieved, we will rely on our collaborators to perform the fabrication with their proven techniques 
but following our design. Another aspect to consider is the image “accumulation” at the edges of 
the camera sensor (see Fig. 3). However, our main goal is detecting the wildfires, not necessarily 
to get a high-resolution image of them. In addition, once detecting a signal from fire, the camera 
can be rotated to point towards that direction for a clearer image.  

  
Fig. 5. UMD’s Fire hood and example of a burning tree.  



  

Thrust 2: Design and fabrication of thin-film optical filter:  we will buy a modified FLIR 
camera with direct access to the sensor, to which we will attach our metalens and filter. We will 
follow previously demonstrated alignment and integration protocols by our collaborators. With the 
complete camera setup, we will use the facilities at the Department of Fire Protection Engineering 
at UMD to perform the experimental testing of our optical device. We will use small, controlled 
fires with varying powers and a rotational stage to capture images from different angles. The 
response of our optical systems and provide feedback for the design optimization of our metalens. 

Risks and mitigations: the main risk identified in this task is attaching the filter to either 
the metalens or the mid-IR camera, we will mitigate this risk by fabricating several samples and 
testing their integration without compromising the system’s performance. In the worst scenario, 
we can test our approach without the filter.  
Task 3: Integration to a FLIR camera and controlled-environment tests: We will buy a 
modified FLIR camera with direct access to the sensor, to which we will attach our metalens and 
filter. We will follow previously demonstrated alignment and integration protocols by our 
collaborators at 2Pi Optics. With the complete camera setup, we will use the facilities at the 
Department of Fire Protection Engineering at UMD. Where we will set up and experiment where 
small, controlled fires can be imaged from several moving angles and thus, characterize the 
response of our optical system.   

Risks and mitigations: The biggest risk is damaging the sensor during the metalens 
integration. Given the high cost of FLIR cameras, we will first test our approach on second hand 
visible CCD cameras with the goal of finding the correct integration method while guaranteeing 
that the CCD works as intended.  

Expected Outcomes 
Our expectations for a one-year seed funding are ambitious, given our accumulated experience in 
this type of device. We anticipate: 
• Demonstrating a wide field-of-view metalens, advancing conventional 20°-30° FOV to a target 

of 150° (our approach has previously demonstrated field-of-view of over 170°). 
• Demonstrating and integrating a 3.9 µm wavelength filter to avoid false positives. 
• Integrating the metalens and filter to a modified commercial mid-IR camera. 
• Developing a characterization method for mid-IR cameras plus metalens in controlled fire 

experiments. 
Moreover, we expect insightful exchanges and fruitful collaborations from other scientists in the 
OPTICA network and pursuing further funding opportunities to take our approach to a full-scale 
field demonstration.  

Impact 
This project pursues a unique cross-disciplinary approach spanning nanophotonics and fire 
protection engineering, which will boost the performance of conventional mid-IR imaging sensors 
in UAVs. Upon success, this optical system will significantly facilitate the detection of wildfires 
in early stages—when they are easier to suppress—by maximizing the area an UAV can image 
during its short fly time. Moreover, our approach will directly tackle all the reasons why glass-
based fisheye lenses are not commonly used in UAVs: size, weight (of special importance in small 
UAVs), and cost. Lastly, a mid-IR camera with wide FoV can be broadly used in other contexts, 
such as chemical sensing and also in other unmanned vehicles for autonomous navigation.   
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Name of Challenge Project: Next-Generation holographic imaging for in situ detection of 

Autofluorescent Microplastics in water 

 

The global challenge of microplastic (MPs) pollution poses significant threats to ecosystems 

and human health, necessitating innovative solutions for accurate assessment and mitigation. 

In recent years, the pervasive presence of MPs in the environment has emerged as a pressing 

global concern. These tiny plastic particles, ranging from a few millimeters to nanometers in 

size, have been found in various ecosystems, including oceans, rivers, and even in the air we 

breathe. The potential detrimental impacts of MPs on marine life, terrestrial ecosystems, and 

human health underscore the urgent need for effective monitoring and mitigation strategies. 

This proposal addresses this challenge by leveraging lensless holographic imaging 

technology to develop the required tools for autofluorescent MPs underwater detection in situ. 

Detecting MPs with intrinsic fluorescence offers numerous advantages. Firstly, it eliminates 

the need for exogenous labels or external dyes, simplifying sample preparation and reducing 

potential artifacts. This approach is cost-effective and minimizes interference with biological 

samples, ensuring accurate results. Moreover, the long-term stability of intrinsic fluorescence 

ensures consistent and reliable results over time. These advantages yield a promising solution 

for MPs underwater assessment in situ where controlled laboratory settings cannot be 

guaranteed. 

 

This solution involves the development of what will be the first high-sensitivity holographic 

microscope tailored specifically to address the challenges of in situ assessment of underwater 

autofluorescent MPs. This Next-Generation approach, characterized by its high sensitivity to 

weak autofluorescent signals, a wide field of view (>20mm²), and submicrometer spatial 

resolution, aims to significantly enhance the microscope's detection capabilities beyond 

current performance levels. Achieving this improvement entails optimizing sensing 

instruments, refining the optical path, adjusting lensless configurations, and enhancing the 

signal-to-noise ratio. Furthermore, the project will explore excitation light sources and optical 

filters to maximize sensitivity while minimizing background noise across various in-field 

conditions. Validation and calibration procedures will be conducted, involving extensive testing 

in both controlled laboratory settings and real-world environmental conditions, such as water 

bodies used as sources for human consumption. The overarching goal of this project is to 

provide an alternative solution for MPs assessment, empowering researchers and 

environmental authorities with a potent tool to combat the threat of plastic pollution. 

 

This project intersects with both the "Health" and "Environment" categories of the OPTICA 

Foundation Challenge call, addressing the need for advanced technologies to monitor MPs 

pollution in water. The project is poised to have significant impacts across multiple domains: 

(1) In the short term, the project aims to enhance the detection and quantification of MPs, 

providing accurate and timely assessments for environmental monitoring programs. 

This solution offers an additional and complementary approach to MP assessment, 

augmenting existing methods. 

(2) Looking towards the long term, the implemented instrument holds the potential to 

revolutionize global environmental monitoring practices. By enabling more widespread 

and effective detection of MPs, it has the capacity to significantly reduce the overall 

environmental and health impacts of plastic pollution on a global scale. 

(3) The data generated by the instrument developed in this project will equip policymakers 

and regulatory agencies with the information and insights necessary to craft more 

precise and targeted regulations and policies aimed at mitigating plastic pollution. This 

aligns with the overarching goal of addressing the identified global challenge of MP 

pollution. 



Name of Challenge Project: Next-Generation holographic imaging for in situ detection of 

Autofluorescent Microplastics in water 

 

Literature Review 

 

Microplastics (MPs), plastic particles ranging in size from a few millimeters (5 mm) to 

nanometers, have become a global environmental concern [1]. In 2019, approximately 368 

million metric tons of plastics were manufactured worldwide [2]. MPs can originate from 

primary sources, such as microbeads in personal care products, or from secondary sources, 

resulting from the breakdown of larger plastics [3] They have been found in various 

ecosystems, including oceans and rivers [3]. Given the critical role of water bodies in the 

ecosystem, focusing research on MPs in aquatic environments is essential for understanding 

the extent of this pollution. Researchers estimate that there are approximately 24.4 trillion MPs 

in the world’s upper oceans [4]. Human exposure to MPs has also been detected, with tiny 

plastic fibers found deep inside the placenta [5] and in peripheral blood lymphocytes [6], 

among other cases. While the health implications are still uncertain, addressing this planetary 

pollution requires collective efforts and informed action. 

 

Detection and quantification of MPs are complex due to their diverse origins, sizes, shapes, 

and chemical compositions. Traditional methods such as visual sorting, density separation, 

and chemical digestion are often labor-intensive and lack sensitivity for smaller particles [7]. 

Advanced analytical techniques like Raman spectroscopy [8], Fourier-transform infrared 

spectroscopy (FTIR) [9], and pyrolysis-gas chromatography/mass spectrometry (Pyr-GC/MS) 

[10] are employed to identify and quantify MPs. However, these methods require sophisticated 

equipment and extensive sample preparation, making in situ measurements often impractical. 

Therefore, there is a pressing need for more efficient, sensitive, and reliable methods to 

enhance the proper assessment of MPs, especially for small and complex particles that evade 

detection by conventional means [9]. Targeting MPs in water bodies specifically is crucial, as 

it represents a major pathway through which MPs spread and impact various ecosystems and 

human health. 

 

One promising approach involves leveraging the intrinsic fluorescence properties of certain 

MPs. Polymers such as polyethylene (PE), polypropylene (PP), polyethylene terephthalate 

(PET), and polystyrene (PS) exhibit intrinsic (auto) fluorescence when exposed to specific 

wavelengths of light (see Table 1) [11]. By relying on this inherent fluorescence, several 

benefits emerge, including the potential detection of MPs without the need for exogenous 

labels or external dyes, thereby simplifying sample preparation and reducing potential artifacts 

in the implemented systems [12]. This approach is particularly beneficial for analyzing water 

samples, where simplifying the detection process can significantly enhance the accuracy and 

efficiency in underwater conditions. 

 

Polymer Excitation Wavelength  Emission Wavelength  

PET 325 nm - 305 nm 345 nm - 365 nm 

PP 265 nm - 265 nm 285 nm and (main maxima) 

PS 265 nm 315 nm (most intense) 



Polymer Excitation Wavelength  Emission Wavelength  

PE 285 nm 305 nm 

 

Detection of MPs using intrinsic fluorescence has been demonstrated in controlled laboratory 

settings [12]. Techniques such as fluorescence microscopy [7] and spectroscopy [8] are 

employed to identify and quantify these MPs based on their unique fluorescence signatures. 

In these environments, some reports use high-sensitivity cameras and specific excitation and 

emission filters to detect and analyze the weak fluorescence signals emitted by MPs [11]. 

Calibration with known standards and the use of appropriate controls are essential to 

differentiate MPs from background fluorescence and other artifacts. These methods provide 

valuable insights into the distribution, concentration, and types of MPs in various samples, 

paving the way for improved pollution assessment and mitigation strategies. 

 

However, translating laboratory-oriented methods to in situ detection of MPs presents 

significant challenges. Water samples in in situ conditions are often complex, containing a 

mixture of organic matter, sediments, and other particulates that can interfere with 

fluorescence signals [13]. Additionally, external conditions such as varying pH, salinity, and 

temperature can affect the fluorescence properties of MPs, leading to potential inaccuracies 

in detection and quantification. In situ underwater detection requires robust, portable, highly 

sensitive and efficient systems capable of operating in diverse conditions.  

 

Problem Statement/Objective 

 

As previously mentioned, MPs are widespread in the environment, especially in aquatic 

ecosystems, raising concerns about their impact on both ecosystems and human health [3]. 

Accurately assessing and characterizing MPs, particularly in underwater in situ conditions, 

presents significant challenges [9]. One promising solution to address these challenges is to 

detect MPs with intrinsic fluorescence. By relying on this inherent fluorescence, several 

benefits emerge [12]. First, there is no need for exogenous labels or external dyes, simplifying 

sample preparation and reducing potential artifacts. Second, it is cost-effective since no 

additional fluorophores need to be purchased or applied. Third, intrinsic fluorescence 

minimizes interference with biological samples, ensuring accurate results. This is achieved 

through the specificity of fluorescence spectra, which allows for precise identification and 

differentiation of microplastics. Fourth, this approach aligns well with environmentally friendly 

practices when assessing MPs in underwater samples. Finally, the long-term stability of 

intrinsic fluorescence ensures consistent results over time. Therefore, detecting MPs by 

measuring their intrinsic fluorescence promises the implementation of in situ systems, 

addressing the need for accurate assessment and characterization of MPs. 

 

Conventional microscopy systems, while effective in controlled laboratory settings, fall short 

when deployed in the field due to their bulkiness, complexity, and vulnerability to 

environmental conditions [3]. Hence, a primary technical challenge is to design a portable 

system capable of seamless transportation and deployment across diverse environmental 

contexts. Such a system would enable timely in situ analysis, eliminating the need for sample 

transportation. Additionally, another significant challenge is that conventional 2D imaging 

methods, like brightfield or fluorescence microscopy, offer limited insights into the 3D 

distribution of MPs [14]. Understanding their spatial arrangement within complex samples, 

such as water, soil, or sediments, is crucial for comprehensive analysis and accurate 

quantification. Therefore, a technique that enables volumetric assessment, capturing the true 



3D nature of MPs, is imperative. From a technical standpoint, obtaining 3D information allows 

for precise localization and characterization of MPs within the sample volume, facilitating a 

more thorough understanding of their distribution and interaction with the surrounding 

environment. 

 

Holographic microscopy (HM) [15] presents a solution for addressing the challenges of MP 

assessment. By capturing both amplitude and phase information from the samples, HM 

enables precise plane-by-plane volumetric information recovery. The advantages of HM are 

twofold: firstly, certain configurations of these systems offer large field-of-view imaging which 

is crucial for assessing MPs in field samples [16]. Secondly, properly configured holographic 

systems achieve submicrometer resolution, facilitating detailed imaging of MPs [17]. However, 

there is a notable gap in the literature regarding holographic microscopes with fluorescence 

sensitivity. The proposed methods suffer from bulkiness and impracticality for fieldwork due to 

their large optical components and complex setups, making them cumbersome to handle 

outside controlled laboratory environments [18]. Additionally, they tend to be expensive, 

further limiting their accessibility and widespread use. Consequently, there an urgent 

necessity for a more agile solution that upholds high sensitivity while being portable and 

adaptable to various field conditions. 

 

In this context, Lensless holographic microscopy (LHM) emerges as an intriguing and 

promising alternative [19]. These systems eliminate the need for lenses, resulting in a compact 

and lightweight implementation. LHM systems are inherently portable, making them ideal for 

in situ measurements [20]. Furthermore, Lensless approaches, being holography-based 

methods, as stated before, provide volumetric information, crucial for assessing MPs within 

complex matrices. Additionally, LHM systems are simple and require fewer optical 

components, thereby reducing costs and making this approach practical for widespread 

deployment [21]. However, a scientific challenge persists in the proper utilization of LHM for 

the recovery of weak autofluorescence signals from MPs: the limited sensitivity of the methods 

remains a hurdle. 

 

To achieve the required high-sensitivity capability of LHM methods, three primary issues must 

be addressed. First, enhancing the sensitivity of the detectors is crucial to maximize signal 

detection. By exploring innovative approaches, the performance of the sensors must be 

optimized, ensuring they capture weak autofluorescence signals emitted by MPs effectively. 

This optimization process will involve experimenting with different sensor configurations and 

employing techniques to boost sensitivity. Secondly, optimizing the optical path is essential 

for minimizing losses and maximizing light collection. Efficient light transmission through the 

system ensures that the maximum amount of signal reaches the detectors, contributing to 

improved sensitivity. Finally, noise reduction is paramount to maintaining a high signal-to-

noise ratio. By minimizing background noise and other sources of detrimental artifacts, the 

system can effectively distinguish weak signals from unwanted noise, further enhancing its 

sensitivity to MPs. Addressing these challenges collectively will pave the way for the 

development of Next-Generation LHM systems for microplastic detection. 

 

This project aims to create a portable, high-sensitivity holographic microscope customized for 

in situ autofluorescent microplastic underwater assessment. By integrating LHM with 

fluorescence sensitivity, and addressing the techniques sensitivity challenges, the project’s 

aim is to engineer a versatile tool proficient in volumetric imaging, achieving submicrometer 

resolution, and ensuring the reliable detection of autofluorescent MPs in acoustic ecosystems. 

 

Outcome(s) 



 

Development of a lensless holographic system for autofluorescent MPs measurement: This 

project will provide the first LHM system with optical sensitivity tailored for the detection of 

autofluorescent MPs. This system will provide critical insights into the required optical filters 

for fluorescent detection, appropriate light excitation sources, and their integration into the 

system. Additionally, it will establish optimal optical configurations to balance the trade-off 

between field of view and spatial resolution. The findings will be reported in an OPTICA open-

access journal (as required by the call guidelines) and presented at an OPTICA-organized 

event. 

 

Novel proposal for in situ MP underwater assessment: This outcome includes the development 

of a novel in situ assessment method for MPs that complements existing detection and 

quantification techniques. It involves a high-throughput screening method using microfluidic 

systems and customized lab-on-a-chip technology. The project will also produce a mechanical 

design for in situ measurements that guarantees optical performance, mechanical stability, 

and reliability under underwater conditions. The findings will be reported in an OPTICA open-

access journal (as required by the call guidelines) and presented at an OPTICA-organized 

event. 

 

Comprehensive dataset of MP images in real case scenarios: The project will generate a 

dataset of intensity and phase images of MPs present in actual water bodies, focusing on 

water collection and treatment processes before human consumption. The local company 

handling the water supply and sanitation in Medellín, Colombia, will provide access to their 

water bodies for the project.  The generated dataset will facilitate the detection of MPs at 

different stages of water treatment in a real experimental scenario, enhancing the 

understanding of MP distribution and behaviour in natural water systems. 

 

Training of graduate students: As outlined in the work plan, two graduate students will be 

involved in the proposed research projects. They will receive training in both the scientific 

aspects of the technology and its application, thereby contributing to the development of highly 

trained professionals in this field and addressing the global challenge of MP pollution. 

 

Impacts 

 

Short-term impacts: The development of a portable, high-sensitivity holographic microscope 

for in situ autofluorescent MP underwater assessment will enhance MP detection and 

quantification, benefiting environmental monitoring programs with accurate and timely 

assessments. By integrating LHM with fluorescence sensitivity, the project will advance 

ecosystem monitoring technology, with findings published and presented to foster further 

research and innovation. Involving graduate students will provide hands-on experience and 

training in cutting-edge technology, producing skilled professionals to address MP pollution 

and contributing to workforce development in this critical area. 

 

Long-term impacts: The implementation of the proposed system has the potential to transform 

environmental monitoring practices worldwide, enabling more widespread and effective 

detection of MPs and thereby reducing the overall environmental and health impacts of plastic 

pollution. Furthermore, the data generated by this project can inform policymakers and 

regulatory agencies about the extent of MP contamination and the effectiveness of existing 

mitigation strategies, potentially leading to the development of more stringent regulations and 

policies aimed at reducing plastic pollution. The success of this project could also spur further 

innovations in LHM and related fields, inspiring advancements in other areas of environmental 



science and technology. Additionally, by demonstrating the feasibility and benefits of detecting 

MPs through intrinsic fluorescence without the need for exogenous labels, the project 

promotes more sustainable and environmentally friendly research practices, aligning with 

global efforts to minimize the environmental footprint of scientific activities. Finally, the 

enhanced environmental monitoring facilitated by this technology will directly contribute to 

several Sustainable Development Goals (SDGs), including SDG 6 (Clean Water and 

Sanitation) and SDG 14 (Life Below Water), among others, by addressing the threats posed 

by plastic pollution to marine and terrestrial ecosystems. 
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Quantum-entangled Photon-pairs On-chip based on Layered Integrated Semiconductors  
(q-POLIS) 

What are entangled photons? The importance of quantum technologies and their impact on 
scientific research and society are growing at an impressive pace. As the 20th century technology has 
been shaped by electronic and photonic devices (the first quantum revolution), a completely new class 
of applications based on our ability to detect and manipulate single quantum objects (the second 
quantum revolution) will characterize the 21st century. Many applications of quantum technologies, 
including quantum information, computing, cryptography, spectroscopy and sensing, require the use 
of entangled photon pairs. One of the most efficient approaches for entangled photon pair 
generation is via the parametric second-order nonlinear process known as spontaneous parametric 
down-conversion (SPDC), in which a high energy pump photon annihilates into the sum of signal 
and idler photons in a nonlinear crystal. The quantum superposition of signal and idler states 
generates entangled states of light, which constitute the basic building block of a quantum processor. 

Entangled photon sources currently have macroscopic size. The maximum efficiency of a 
nonlinear process is achieved by minimizing the wave vector mismatch, achieving the so-called phase 
matching condition. Typical phase-matched nonlinear crystals, e.g., β-barium borate and 
periodically poled lithium niobate, have moderate second-order nonlinearities (χ(2)=1-30pm/V) but 
can reach high nonlinear efficiencies due to their large thickness (millimeter/centimeter). However, 
such macroscopic thickness required to reach useful efficiencies limits further technology 
development and on-chip integration. 

What role can two-dimensional materials play in the miniaturization paradigm? The 
miniaturization and on-chip integration paradigm, which has dominated the world of electronics, is 
now shifting to the field of photonics. The discovery of graphene, a one-atom-thick sheet of carbon 
atoms, opened research on other two-dimensional materials, like semiconducting transition metal 
dichalcogenides (TMDs), e.g., MoS2. TMDs are van der Waals layered materials which are having a 
transformative impact on nonlinear optics, because of their huge optical nonlinearity 
(χ(2)~100-1000 pm/V). From the first report of second harmonic generation from monolayer TMDs, 
many other parametric nonlinear processes have been observed, e.g., sum-frequency, optical 
parametric amplification, third and higher order harmonics, four wave mixing and, very recently, also 
the generation of entangled photon pairs via SPDC. 

Despite the giant nonlinearity, the nonlinear efficiency (∝[χ(2)]2z2) of monolayer TMDs is still 
limited by their sub-nanometer thickness z. Such efficiency can be boosted by increasing the 
propagation length through the medium, i.e., by increasing the TMD thickness z. However, the most 
studied 2H polytype is centrosymmetric in crystals with an even number of layers, resulting in a 
vanishing second-order nonlinearity. Recently this limitation has been circumvented using a 
different crystalline phase, the non-centrosymmetric 3R polytype. Using 3R-MoS2 flakes, 
nonlinear efficiencies have been increased by ~104-105x compared to monolayers.  

Pushing towards even higher conversion efficiencies, however, requires phase-matching the 
nonlinear interactions. Very recently the realization of periodically poled 3R-stacked TMDs 
(PPTMDs) has enabled quasi-phase-matched second harmonic generation and SPDC. Thanks to their 
superior nonlinearity, PPTMDs finally provide (i) similar conversion efficiencies as standard bulk 
crystals but within micron thicknesses and (ii) SPDC coincidence-to-accidental-ratio (CAR)>350, 
outperforming any SPDC source based on bare van der Waals flakes reported to date. 

On-chip entangled photon sources. Despite efficient, ultracompact, broadband and programmable 
entangled photon sources based on layered semiconductors are now finally available, integrating 
them on chip is essential for new photonic quantum technologies required to address rising demands 
for fast and energy-efficient quantum processing, and it still remains an open challenge.  

q-POLIS wants to solve this challenge, implementing entangled photon pair sources based on 
nano-engineered 3R-TMDs directly onto universal silicon photonics circuitry. Producing photon 
pairs directly on chip will be an enabling technology for next-generation quantum photonic devices, 
bypassing the loss associated with coupling each photon onto the chip, which scales exponentially 
with the number of photons produced. Thus, integrating TMD-based entangled photon sources 
could address a major bottleneck in photonic quantum computing, impacting the future of secure 
quantum operations, creating entirely new digital protocols and technologies, and enabling 
significant advances in computing speed, with drastically lower energy dissipation.
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Quantum-entangled Photon-pairs On-chip based on Layered Integrated Semiconductors  
(q-POLIS) 

Many applications of quantum technologies, including quantum information, computing, 
cryptography, spectroscopy and sensing, require the use of entangled photon pairs[1]. One of the 
most efficient approaches for EPP generation is via the parametric second-order nonlinear process 
known as Spontaneous Parametric Down-Conversion (SPDC), in which a high energy photon, i.e., 
the pump, annihilates into an entangled photon pair, i.e., signal and idler photons[2]. 

Typical nonlinear crystals employed for the generation of EPPs have moderate second-order 
nonlinearities (χ(2) = 1-30 pm/V) but can reach high nonlinear conversion efficiencies due to their 
large thickness (millimeter/centimeter). However, such macroscopic thickness does not easily allow 
on-chip integration of these materials. Generating entangled photon pairs via SPDC on-chip is 
indeed a goal not feasible with the existing bulk crystal systems. The miniaturization and on-
chip integration paradigm, which has dominated the world of electronics, is now shifting to the field 
of photonics, with the development of all-optical integrated circuits[4], essential for new photonic 
technologies required to address rising demands for fast and energy-efficient quantum processing[5]. 

My project “Quantum-entangled Photon-pairs On-chip based on Layered Integrated 
Semiconductors” (q-POLIS) aims at bridging this gap, realizing integrated entangled photon 
sources based on van der Waals layered materials, like transition metal dichalcogenides 
(TMDs), which have recently emerged as promising platforms for integrated nonlinear optics, thanks 
to their huge second-order nonlinearity (χ(2) = 100-1000 pm/V)[6]. TMDs indeed promise similar 
conversion efficiencies as standard bulk crystals but within micron thicknesses. Producing 
photon pairs directly on chip will be an enabling technology for next-generation photonic quantum 
devices, bypassing the loss associated with coupling each photon onto the chip, which scales 
exponentially with the number of photons produced. Thus, integrating TMD-based entangled 
photon sources could address a major bottleneck in photonic quantum computing, impacting the 
future of secure quantum operations, creating entirely new digital protocols and technologies, 
and enabling significant advances in computing speed, with drastically lower energy dissipation. 

The importance of quantum technologies and their impact on scientific research and society are 
growing at an impressive pace. As the 20th century technology has been shaped by electronic and 
photonic devices (first quantum revolution), completely new applications based on our ability to 
detect and manipulate single quantum objects (second quantum revolution) will characterize the 21st 
century. Many applications of quantum technologies, including quantum information, computing, 
cryptography, spectroscopy and sensing, require the use of entangled photon pairs (EPPs).  

One of the most efficient approaches for EPP generation is using SPDC, a parametric second-
order nonlinear optical process in which a photon with energy  (pump) is annihilated in two 
photons with energies  (signal) and  (idler), satisfying energy conservation 
( )[2]. SPDC is the time-reverse process of sum-frequency generation, in which two 
photons  and  are annihilated and a photon at higher energy  is generated. Second 
harmonic (SH) generation is the particular case of sum-frequency generation, in which the two 
photons have the same frequency ω and generate a new photon at the SH frequency 2ω. In all these 
nonlinear processes, the efficiency is maximized by minimizing the wave vector mismatch 

, where  are the wave vectors of the interacting fields[3], achieving the 
so-called phase matching condition ( ). In the following we consider the case for SH, but 
identical considerations apply for SPDC. 

In a second-order nonlinear process under non-phase-matched conditions, the SH intensity 
periodically oscillates with the crystal thickness, with a semi-period equal to the coherence length 

, due to constructive/destructive interference between pump and SH fields, which 
propagate inside the nonlinear crystal with different refractive indexes, thus different speeds (Fig.1). 
Under birefringent phase-matching conditions the interacting fields have orthogonal polarizations and 
propagate along a suitable direction that guarantees [7], allowing for the SH intensity to grow 
quadratically with the thickness z of the nonlinear medium. While birefringent phase matching is 
simple and effective, it can only be applied to a limited number of nonlinear crystals, such as the 
prototypical β-barium borate, which display comparatively low χ(2) values of the order of a few pm/V.  
   An alternative to birefringent phase matching is quasi-phase matching, which introduces periodic 

ℏω3
ℏω1 ℏω2

ℏω1 + ℏω2 = ℏω3
ℏω1 ℏω2 ℏω3

Δk = k3 − k2 − k1 k1, k2, k3
Δk = 0

Lc = π /Δk

Δk = 0
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phase shifts of π between the pump and the second-harmonic every 
coherence length Lc (Fig.1) to re-establish the proper phase 
relationship and restore the quadratic growth of the the SH intensity 
with the propagation length (∝z2)[8]. Quasi-phase matching is 
typically achieved in ferroelectric crystals, like lithium niobate, by 
the so-called periodic poling, which consists in inverting the sign of 
the nonlinearity χ(2) every coherence length Lc (Fig.1). The invention 
of quasi-phase matching has represented a breakthrough in 
nonlinear optics because it has enabled the use of nonlinear 
crystals with higher χ(2), of the order of 20-30 pm/V, for which 
birefringent phase matching cannot be achieved[9]. Periodically 
poled lithium niobate enabled the highest SH efficiencies[10], optical 
parametric amplifiers and oscillators, and entangled photon pairs via 
SPDC, representing the current gold standard for nonlinear frequency conversion. 

Typical phase-matched nonlinear crystals, like β-barium borate or periodically poled lithium 
niobate, possess moderate nonlinearities (χ(2) = 1-30 pm/V) but can reach high conversion 
efficiencies due to their large thickness (millimeter/centimeter). However, such macroscopic 
thickness limits further technology development and integration, making the generation of entangled 
photon pairs via SPDC on-chip not feasible with the existing bulk nonlinear crystals. 
  

The discovery of graphene, a one-atom-thick sheet of carbon atoms, opened research on other van der 
Waals materials, like semiconducting TMDs, e.g., MoS2. Similar to graphene, TMDs can be thinned 
down, e.g., by mechanical exfoliation, to the 2D monolayer limit[11,12]. Mono- and few-layer 
crystals can then be stacked into vertical heterostructures with tailored optical properties and arbitrary 
twist-angles, leading to the emergence of new physics and unlocking new technological 
applications[13]. Van der Waals materials are also having a transformative impact on nonlinear 
optics, because of their huge optical nonlinearity (χ(2)~100-1000 pm/V), up to 1000x higher than 
standard bulk crystals[14]. From the first report of second harmonic from monolayer TMDs[15], a 
plethora of nonlinear processes have been observed, e.g., sum-frequency, optical parametric 
amplification[16], third and higher order harmonics, four wave mixing and, recently, also SPDC[17]. 

Despite the giant nonlinearity χ(2), the SH conversion efficiency ( ) of 
monolayer TMDs is still limited by their sub-nm thickness z. Such efficiency can be boosted by 
increasing the propagation length through the medium, i.e., by increasing the TMD thickness z. 
However, the most studied 2H polytype is centrosymmetric for crystals with an even number of 
layers, resulting in a vanishing second order nonlinearity. Recently we have circumvented this 
limitation using a different crystalline phase, the non-centrosymmetric 3R polytype[18]. By 
measuring thickness-dependent SH in 3R-MoS2, we have shown that its coherence length at 1520nm 
is Lc~500nm[19]. Additionally, at Lc we have reported record enhancement of the conversion 
efficiency: 104-105 higher than a monolayer, resulting in an overall conversion efficiency 

[19,20]. The generation of entangled photons from 3R-MoS2 via SPDC has also 
been demonstrated, with polarization-entangled Bell states with fidelity as high as 96%[21]. 

Pushing towards higher SH conversion efficiencies, comparable to bulk nonlinear crystals 
( ), requires phase-matching the nonlinear interactions. Very recently I 
conceived, designed and realized engineered stacks of 3R-stacked semiconductors to demonstrate 
quasi-phase-matched SH and SPDC in periodically poled 3R-stacked transition metal 
dichalcogenides (PPTMDs)[22], illustrated in Fig. 2.  

I2ω /Iω ∝ [ χ (2)]2z2

I2ω /Iω ∼ 10−6

I2ω /Iω ∼ 1 − 10 %
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Figure 1 | Thickness-dependent SH in 
quasi-phase-matching (∆k=0) and no 
phase-matching (∆k≠0) conditions.

Figure 2: Procedure schematics used to fabricate periodically poled transition metal dichalcogenides (PPTMDs)  
by etching a 3R-MoS2 flake, followed by pick-up, twisting and release. Sample micrographs below, scale bar 10 µm.



In PPTMDs we achieve (1) SH conversion efficiencies close to , over only 3 µm 
thickness, and (2) coincidence-to-accidental-ratio (CAR) >350, i.e., two-orders of magnitude larger 
than any other SPDC source based on bare van der Waals flakes[17,21]. This work has extraordinary 
consequences from both fundamental and applied viewpoints, as it initiates the field of phase-
matched nonlinear optics with layered semiconductors and finally bridges macroscopic and 
microscopic nonlinear optics, providing macroscopic efficiencies over microscopic thicknesses. 

Despite efficient, ultracompact, broadband and programmable entangled photon sources based on 
layered semiconductors are now finally available[22], integrating them on chip is essential for new 
on-chip photonic quantum technologies required to address rising demands for fast and energy-
efficient quantum processing, and it still remains an open challenge. q-POLIS wants to solve this 
challenge, implementing entangled photon pair sources based on nano-engineered 3R-TMDs 
directly onto universal silicon photonics circuitry. 

As periodically poled lithium niobate crystals enabled the largest efficiencies over millimeter-thick 
lengths, 3R-TMDs will represent another breakthrough for nonlinear optics, as they will unlock 
macroscopic efficiencies over micrometer thicknesses, directly on chip. Beyond PPTMDs for 
quasi-phase-matched SPDC, also programmable metastructures with 3R-TMDs will be realized. 
Leveraging on the local field enhancement metastructures could achieve similar efficiencies of 
PPTMDs, but this time pushing it down to sub-wavelength thicknesses. The operating frequency 
can be easily tuned in the visible or near infrared range, simply by changing the slab thickness and 
the metastructure geometry, enabling next-generation on-chip integrated low-dimensional and 
frequency tunable EPPs. Producing photon pairs directly on chip could address a major bottleneck 
in quantum photonics, as it would bypass the loss associated with coupling each photon onto the chip 
(scaling exponentially with the number of photons produced). In turns, it would shrink the size of 
quantum processors from tens of centimeters down to the size of optical chips, i.e., few millimeters.  

The term ‘q-POLIS’, from the greek ‘πόλις’ (‘city’), represents the project ambition of creating a 
quantum city. Like in a real city essential amenities and services are located close to each other for 
efficiency and accessibility, q-POLIS aims at integrating on-chip entangled photon pairs, i.e., the 
missing on-chip building block of a quantum processor, mirroring the organization and convenience 
of a city but in the quantum technology realm.  

q-POLIS is a multidisciplinary project with well-defined and quantifiable goals: to design and realize 
integrated entangled photon sources based on nanoscale-engineered van der Waals materials. Its main 
outcomes, which reflect the logical development steps, are:  
1. Design and realization of nano-structured TMD-based entangled photon sources using two 
main platforms: periodically poled structures and metasurfaces.  
2. On-chip integration of TMD-based entangled photon sources on silicon photonics platforms 
using thin claddings, directional couplers and tapering. 
This proposal represents a disruptive innovation in integrated nonlinear and quantum optics, which 
will result in the first implementation of fully integrated entangled photon sources, leveraging on 
the extreme nonlinearity of TMDs. 
  

Outcome 1 — Design and realization of nanostructured TMD-based EPP sources.  
Periodically-poled 3R-stacked transition metal dichalcogenides (PPTMDs). q-POLIS will start off by 
tackling the controlled nanoscale engineering of 3R-TMDs, the go-to materials in view of their unique 
nonlinear and quantum properties. I will focus on operation wavelengths in the relevant telecom band 
(i.e., 1550 nm), designing crystals that are ready to be integrated into standard on-chip silicon 
photonics platforms based on silicon oxide (SiO2) and silicon nitride (SiN) circuitry. Since SH and 
degenerate SPDC photon energies are identical and time-reversible, modeling and initial 
characterization will focus on the experimentally more straight-forward SH process. To design 
PPTMDs, q-POLIS will benefit from the collaboration with Prof. A. Marini, from Università 
dell’Aquila (Italy), a leader in the field of analytical calculations of the nonlinear response of low-
dimensional crystals, and specifically TMDs. Following the methodology that I developed[22], to 
realize PPTMDs operating at 1550 nm, the coherence length Lc will be first measured by 
thickness-dependent SH in multilayers of 3R-MoS2. Like the conventional 2H phase, 3R-TMD flakes 
can be exfoliated from their bulk counterpart following the well-established scotch-tape technique. 
High quality bulk 3R crystals are now commercially available from several companies, e.g., HQ 

I2ω /Iω ∼ 0.1 %
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Graphene. q-POLIS will benefit the collaboration with Prof. P. J. Schuck and Prof. J. Hone, who lead 
worldwide recognized laboratories for 2D material processing at Columbia University (USA). The 
sample preparation will be carried out in their cleanroom facilities, equipped with optical and atomic 
force microscopes, electron beam lithography systems, etching systems and probe stations that will 
allow us to exfoliate, search, characterize, pattern and stack TMD flakes into PPTMDs (Fig.2). I have 
a proven expertise at fabricating/characterizing TMDs, having worked on 2D materials since 2016. 

3R-metasurfaces. A complementary strategy to enhance light-matter nonlinear interaction 
includes the possibility to pattern nano-structured metasurfaces, to enable local field enhancement 
for more efficient nonlinear processes [23]. q-POLIS also aims at designing and realizing nonlinear 
3R-metasurfaces. For the metasurface design (for both SH and SPDC), q-POLIS will benefit from the 
collaboration with Prof. A. Alù, from City University of New York (USA), a worldwide recognized 
scientist in the field of metamaterials. I will then imprint the optimum calculated design directly on 
3R-MoS2 flakes, by direct patterning and etching. Leveraging the high refractive index of 3R-MoS2 
(ranging between 4 and 5.5) to squeeze the mode volume, and the periodic trenches to maximize the 
mode overlap between the pump and the SH/SPDC, I aim at fabricating sub-diffractive nanostructures 
directly on 3R-MoS2 flakes using a modified CMOS-like scalable process, to achieve at least two 
orders of magnitude nonlinear enhancement compared to the unpatterned flake. Starting from 3R-
MoS2 slabs which already provide 104-105 stronger nonlinear emission compared to a monolayer, the 
further two-order of magnitude enhancement provided by the patterned metasurface will enable 
macroscopic conversion efficiencies but this time over sub-wavelength-thick active metamaterial. 

To fully characterize SPDC from PPTMDs and metasurfaces and prove polarization entanglement 
[21] between signal and idler photons, I will perform quantum tomographic measurements. In 
quantum state tomography the entangled photons are projected onto various polarization bases using a 
combination of quarter waveplates, half waveplates and linear polarizers. Photons are detected using 
single-photon detectors and coincidences obtained via photon-counting electronics. By performing 
projections on different basis states, the density matrix of the quantum state can then be determined. 

Outcome 2 — Integration of TMD-based EPPs on silicon photonics chips. 
q-POLIS will be concluded by tackling the core objective of 
the proposal: integrating on chip the optimally designed and 
nano-engineered 3R-TMD platforms. I aim at integrating 3R-
MoS2 crystals on standard silicon photonics chips, for 
mainstream compatibility and straight forward extension to 
large-scale all-optical on-chip processing, establishing new 
protocols for TMD integration.  

I will first perform and optimize coupling with individual 
3R-MoS2 flakes. I aim at coupling TE modes [19,20] from the 
silicon waveguide to the TMD through evanescent field 
coupling, i.e., by placing the TMD crystal on top of the 
waveguide. Since SiO2/SiN waveguides are typically cladded 
with a >1 µm fused silica protection layer, with a thickness 
comparable to or higher than the mode size supported by 
the waveguide, we aim at thinning the cladding down to 
~50 nm via controlled deposition and etching, in order to 
achieve efficient light coupling (>20%) into the flake. To 
improve coupling even further, prior to the flake transfer on-chip we also aim at tapering the flake via 
lithography and etching. To selectively in- and out-couple different frequencies we will introduce 
tailored grating couplers, with optimized pitch, as well as directional couplers. To design, realize and 
optimize the silicon photonic circuit on top of which perform the TMD integration, q-POLIS will 
benefit the collaboration with Prof. M. Lipson at Columbia University, a worldwide leader in the field 
of integrated photonics. Following efficient integration of individual 3R-MoS2 flakes, I will then 
proceed integrating PPTMDs (Fig.3a) and metasurfaces (Fig.3b). Once on-chip integration has been 
achieved, to fully characterize the generated polarization quantum state, I will perform quantum 
tomographic measurements out-coupling the SPDC emission in free-space. This measurement will 
allow full monitoring and optimization of the quantum state, generated by PPTMDs and 
metasurfaces on the chip. Achieving successful integration of 3R-TMD platforms will represent a 
milestone in the field on integrated optics, as it will enable the first on-chip, programmable, 
micrometer long/thick classical and quantum light source. 
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Figure 3: Scheme of the integrated entangled 
photon sources based on periodically poled 

crystals and metasurfaces made of 3R-TMDs.



Exploiting the concepts of quantum superposition, quantum interference and quantum 
entanglement, quantum technologies hold the promise of disruptive conceptual and technological 
advances in computation, communications, sensing and simulations. Several groundbreaking 
applications are already beginning to appear: quantum computers, based on either superconducting 
circuits[24] or photonic circuits[25], have demonstrated a quantum advantage in accomplishing 
specific operations, and promise to solve key societal problems, e.g., design of new drugs, weather 
forecasting, modeling of financial markets; quantum key distribution enables two parties to 
exchange a secret key while detecting an eavesdropper, allowing secure communications, and has 
already been demonstrated over satellites[26]; quantum sensing can be used in a variety of 
metrological applications, from biomedical imaging to mineral prospecting to precision navigation; 
quantum squeezing is used in the LIGO interferometer to detect gravitational waves[27]. In view of 
this huge untapped potential, many governments have launched billion-worth research programs such 
as the European Quantum Flagship and the Quantum Leap efforts from the US National Science 
Foundation. At the same time, an increasing number of quantum start-ups are appearing on the 
market, aimed at providing commercial solutions for the essential building blocks of quantum 
technologies as well as complete systems for quantum computing, key distribution and sensing. 

Several platforms have been proposed to implement quantum states, including 
superconducting junctions, trapped ions, trapped neutral atoms and spins in semiconductors. Among 
these solutions, light stands out due to its unique properties: it exhibits quantum effects at room 
temperature, exceptionally low noise, and strong entanglement between the photons. Quantum 
photonics has therefore become a key player in the quantum revolution. Like classical photonic 
technologies, which started with discrete optical components and rapidly evolved towards photonic 
integrated circuits (PICs), integrated quantum photonics will come more and more into the spotlight. 
Quantum PICs (qPICs) will offer several advantages with respect to their discrete counterparts, such 
as small footprint, high stability, portability, and enhanced light-matter interactions due to the strong 
spatial confinement of light. Standard passive integrated optics components, such as waveguides, 
splitters, directional couplers and resonators, can be readily fabricated in qPICs using established 
material platforms such as silicon nitride and lithium niobate, leveraging the advanced manufacturing 
technologies developed for the semiconductor industry, which enable large-scale, low-cost and 
reproducible fabrication. However, a key outstanding challenge is the integration of quantum light 
sources. Producing photon pairs directly on chip could address a major bottleneck in quantum 
photonics, as it would bypass the loss associated with coupling each photon onto the chip (scaling 
exponentially with the number of photons produced). In turns, it would shrink the size of quantum 
processors from tens of centimeters down to the size of optical chips, i.e., few millimeters. q-POLIS 
precisely addresses this gap by developing on-chip integrated entangled photon sources.  

Layered semiconductors, and particularly TMDs, will revolutionize opto-electronics and 
nanotechnology by enabling completely novel functionalities. In view of their quantum properties, 
TMDs will provide access to new products that will confer information and communication 
functionalities to traditionally non-electronic products. In addition to a scientific and technological 
impact, the implementation of quantum technologies with TMDs, that do not require cumbersome 
low-temperature experimental conditions to operate, could also be key to bringing energy efficient 
quantum technology to the market. The reduction of energy consumption on large-scale devices can 
lead to significant cuts in CO2 emissions. 

As an Early Career Scientist, I aim to advance my academic career, gaining independence and 
leadership as PI by establishing my own research group. I envision to initiate a novel nonlinear 
quantum nano-optics branch based on engineered layered materials, with q-POLIS serving as a 
cornerstone of this new chapter in my career. Although its goals are ambitious, q-POLIS is also 
founded on solid grounds, and I believe my proven expertise in the field of nonlinear optics and 
layered materials perfectly fits the ideal profile to lead this project and solve this Challenge. q-POLIS 
will be instrumental in helping me to achieve research independence and to foster excellence in my 
scientific profile. The Challenge resources provided by the Optica Foundation will be essential to 
achieve these interdisciplinary scientific goals, independently, and to enhance my success in securing 
future projects. In addition, the professional relationships I will cultivate with the other Challenge 
Awardees of 2024 and of the past years will enrich my international network with a diverse and young 
community of scientists. Building such a solid support ground among one another will create more 
opportunities for us, collectively, to become successful young group leaders in the near future. 
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Executive Summary: 

In-situ nanoparticle monitoring and analysis using modulated light patterns. 

Our environment contains a multitude of micro and nano-sized particles, from man-made particulate 
matter such as microplastics to smoke and exhaust pollutants as well as air- and water-borne pathogens. 
Depending on the type of particle and its concentration, this can greatly affect human health, especially 
in densely populated areas. Standard measurement methods rely on concentration of particulate matter 
via filters and measuring optical transparency, weight, or mechanical resonance. However, their 
resolution is limited to micron sized particles. Dynamic light scattering based methods and 
photoacoustic methods have been able to measure size distributions in the nanometre scale. However, 
these rely on ensembles of nanoparticles and only measure size distributions or only target certain 
materials. Condensation particle counters can measure single nanoparticles and combined with a 
differential mobility analyser provides size discrimination. They can also be bulky and require 
consumable working fluids with related high operation costs. In all cases, discerning nanoparticle 
materials properties requires laboratory analysis. 

The goal of this project is to develop a method for in-situ measurement of single nanoparticles at low 
concentration, including the detection of single nanoparticles, measurement of their size in the range of 
10’s of nm to 100’s of nm, and spectroscopic characterisation. Developing such a method will fill an 
urgent need to better understand and monitor the types of nanoparticles present in our environment, to 
identify pollutants, for early detection of pathogens, etc., in an economical manner. The innovations 
being explored to achieve this goal are based on using modulated light patterns to measure nanoparticle 
velocity, position, and size, with methods adapted from single molecule localisation microscopy as well 
as techniques from x-ray beam monitoring and flow cytometry. Further, infrared absorption 
spectroscopy on single nanoparticles will be employed using a novel, compact, and simple spectrometer 
within the same optical system that is robust to vibrations. This will allow not only size measurement, 
but also basic materials characterisation and classification, such as the identification of air- and water-
borne viruses. The device will integrate microfluidic systems to control nanoparticle distribution and 
flow rate, while recent developments in fabrication techniques for rapid prototyping of micro-optical 
systems will be used and incorporated into the system for optical illumination and measurement as well 
as microchannel integration. 

Current technologies can only count and measure nanoparticle size distributions. Being able to not only 
measure single nanoparticle sizes more precisely but also their spectral absorption will allow better 
nanoparticle classification and identification, leading to breakthroughs in environmental monitoring by 
providing us with real-time understanding of the nano-world surrounding us. Such an in-situ 
measurement device will find applications in, for example, monitoring water sources for nano-plastics, 
monitoring transit hubs such as airports for airborne pathogens, monitoring industrial processes for 
pollutants such as soot, etc. By adapting and synthesising latest developments in micro-optics 
fabrication and compact spectrometer design, such a method for in-situ nanoparticle monitoring and 
analysis will be realised, helping us detect and prevent diseases transmitted by environmental 
nanoparticles in order to safeguard our health. 
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Proposal name: In-situ nanoparticle monitoring and analysis using modulated light patterns. 
 
Literature review:  
 Micro and nanoparticles surround us, and can be found in our environment in the air we breathe 
and water we drink [1]. These nanoparticles can be a cause of concern for human health, both directly 
via ingestion or inhalation, and indirectly by affecting the ecosystem [2]. Mitigating this risk requires 
understanding the type of nanoparticle and its origins, for example whether they are biologically active 
(such as airborne viruses) or inorganic but toxic (such as heavy metals) or increasingly common (such 
as certain nano-plastics) [1,3,4]. Nanoparticle size is particularly important in the context of human 
health as toxicity is correlated with surface area [5,6]. Furthermore, a nanoparticle’s materials 
properties, such as whether it is an inorganic compound or a bioactive pathogen [7–9] will inform the 
required response necessary to mitigate health risks. 
  In-situ and on-line detection and monitoring of nanoparticles (< 1 µm size) with size 
discrimination typically rely on electrical charging for size separation followed by detection. For 
example, a scanning mobility particle sizer, the gold standard for aerosol counting, relies on a 
differential mobility analyser to separate nanoparticles based on their electrical mobility followed by a 
condensation particle counter which grows each nanoparticle via nucleation in a supersaturated vapour 
to be counted optically. However, this method can involve bulky equipment and consumable working 
fluids, driving up operational costs [10]. Impactors and filters are used for particles larger than a few 
microns while dynamic light scattering can be used for nanometre sized particles, however, both require 
a large ensemble of particles and cannot measure single particles. For in-situ nanoparticle 
characterisation, time-of-flight aerosol mass spectroscopy can be used, however the equipment can be 
bulky and expensive [11,12]. 
 Recent developments in microsystems engineering have resulted in new concepts for single 
nanoparticle detection, sizing, and analysis. Mechanical resonances of cantilevers were used to detect 
single nanoparticles and measure their mass [13,14]. Plasmonic [15,16] and dielectrophoretic [17] 
trapping have been used to trap nanoparticles within a sensing region (e.g., for surface enhanced Raman 
spectroscopy). Further, confinement of nanoparticles within a small volume was used to enhance 
nanoparticle tracking analysis measurements [18] while optical confinement was used to enhance light-
matter interactions to improve signal-to-noise ratio [19,20].  

Meanwhile, in the field of microscopy, structured illumination microscopy [21] and super-
resolution microscopy using patterned illumination [22] have improved imaging resolution 
significantly, down to a few nanometres. By using modulated light patterns, single fluorescing emitters 
have been tracked at nm resolution [23]. Similarly, developments in 3D printing of optical components 
has allowed production of customised structured light fields for point-spread-function engineering [24]. 
This presents an opportunity to synthesize these cross-disciplinary ideas and apply them to 
environmental nanoparticle monitoring. By using state-of-the-art 2-photon lithography for micro-
optical component fabrication integrated with microfluidic channels, a compact design for nanoparticle 
sizing and spectroscopy will be explored. This is based on aerodynamic particle sizing [25] and 
conventional flow cytometry [26] where a nanoparticle traverses a region with two light beams, giving 
both size and velocity information. The novelty is that by using an interference pattern the size can be 
determined with greater accuracy, while by using broadband illumination and measuring velocity, 
spectroscopy can be performed to enable nanoparticle characterisation. 
 
Problem statement/objective: 

The aim of the project is to measure, in-situ, the size and absorption spectrum of single 
nanoparticles. This will involve a) the use of modulated light patterns in a confined microfluidic channel 
with controlled flow rates to measure the size of single nanoparticles and b) the use of light-fields with 
custom wavelength distribution in space to perform absorption spectroscopy on a nanoparticle moving 
at a measured speed. In order for in-situ measurements, the device must be able to operate in the field 
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with a simple concept to keep costs low and measurements robust. To achieve this, the latest methods 
in micro-fabrication and 3D printing of micro-optics and micro-fluidics will be used. 

Consider a single nanoparticle moving with a 
constant velocity (Fig. 1a). By illuminating it with a 
sinusoidal light pattern, for example via the interference 
pattern from counterpropagating coherent light beams, some 
of its properties can be measured. If the nanoparticle 
movement direction is known, such as via a continuous 
laminar flow inside a long microfluidic channel with a 
sheath fluid, the speed of the nanoparticle as it traverses the 
interference pattern can be measured based on the 
modulated scattered light, similar to aerodynamic particle 
sizing. Detection limits depend on the speed of the 
nanoparticle compared to the detector/camera speed. For a 
nanoparticle speed of ~1 m/s, an avalanche photodetector 
with MHz response is sufficient to measure a signal and 
determine speed [27].  

For fast moving nanoparticles and/or relatively 
slow photodetectors, the interference pattern itself can be 
moved. By tracking the phase of the light pattern, e.g. via 
electro-optic modulators or relatively inexpensive thermo-
optic modulators, such that the known light pattern travels 
near the speed of the nanoparticle, the modulated scattered 
light signal can be measured easily, and the speed calculated 
from the scattered signal frequency (Fig. 1a). This is 
analogous to single molecule tracking with patterned 
illumination, used in super-resolution microscopy to 
triangulate the location of single emitters [22,23,28]. 
Furthermore, the scattered light’s modulation contrast (Fig. 1a) and average light intensity (Fig. 1b) can 
indicate Rayleigh scattering cross-section and thus nanoparticle size [27]. Following [27], the 
modulation contrast, M (denoted M.C. in Fig. 1a), is given by: 

𝑀 =
1

1 − (2𝑑 𝑝⁄ )ଶ
cos(𝜋𝑑 𝑝⁄ ) (1) 

where p is the periodicity or pitch of the illumination interference pattern and d is the nanoparticle size. 
Similarly, the Rayleigh scattering cross-section, σS, which is related to the scattered light intensity, is 
given by: 

𝜎ௌ ≈ 90
𝑑ଶ

𝜆ସ
𝛿𝑛ଶ (2) 

where λ is the illumination wavelength and δn is the refractive index difference between the nanoparticle 
and the fluid medium. Following the equations above, and for illumination light in the visible 
wavelength, nanoparticle detection size ranges from tens of nm to hundreds of nm [27]. This method 
has previously been used for in-line monitoring of x-ray beam sizes in synchrotron facilities [29]. The 
benefit of using modulated light is that measurement sensitivity and signal-to-noise ratio can be vastly 
improved via filtering and lock-in amplification, and hence fluorescence labelling might be avoided. 
Without the need for specimen preparation, in-situ measurements can thus be taken. 

For the production of counterpropagating waves inside a micro-fluidic cavity containing the 
specimen, various methods can be used, such as high-NA microscope objective or prism-based light 
illumination [27]. Recently, fabrication methods for rapid prototyping of micro-optical elements have 
been developed, allowing miniaturisation of optical systems [30]. By using miniaturised micro-mirrors, 
waveguides, or Bessel beams (Fig. 1c), precise interference patterns can be produced, with phase control 
via electro-optic or thermo-optic modulators. For example, axicons can be used to produce long, non-

Figure 1: a) Nanoparticle inside a modulated 
light pattern produces a modulated intensity 

signal with frequency and modulation contrast 
(M.C.)  indicating speed and size. b) Average 

intensity can also be measured. c) One way to 
produce intensity fringes using a Bessel beam. 
d) Broadband Bessel beam acts like calibrated 

wavelength source for spectroscopy. 
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diffracting Bessel beams with a modulating intensity pattern in the core (Fig. 1c). The contrast of this 
modulated pattern can be increased by counterpropagating another beam via a mirror or a second 
axicon. By then using broadband illumination light, the interference pattern can be engineered such that 
different wavelength components are diffracted to specific regions along the path of the nanoparticle 
(Fig. 1d). If the nanoparticle velocity and initial position are known (such as via measurements using 
the modulated light patterns above) and on-axis and off-axis detectors are used to record the absorbed 
and scattered light signals respectively, the absorption spectrum of the nanoparticle can be recovered 
via deconvolution. The benefit of this arrangement is not only simplicity but also due to a smaller 
number of moving parts, such as reference mirrors, and smaller micro-metre distances between optical 
elements the system is more robust to vibrations, making it suitable for field spectroscopy. Of particular 
interest is short-wavelength infrared spectral region as many molecular transitions and absorption 
features occur in this range for organic and polymeric materials. 

Micro-optics fabrication 
processes have been developed by the 
applicant using 2-photon lithography, 
allowing production of modulated light 
beams integrated with miniaturised 
systems. Fig. 2a shows scalar 
diffraction simulations [31] of optical 
propagation of axicon produced Bessel 
beam (top), where the length of the 
beam can be extended by a precisely 
angled axicon (middle) or encasing the 
axicon in a second refractive-index-
matched resin (bottom) allowing 
relaxation of fabrication tolerances [24] 
from a 1° axicon to a 20° axicon. Fig. 
2b shows simulation and experimental 
results of using this technique to 
fabricate a 2 mm diameter 3D printed 
spiral phase plate producing a vortex 
beam (unpublished), while fig. 2c 
shows a 3D printed micro-optical 
mirror facet at the end of a fibre ferrule 
(unpublished). This micro-optics 
fabrication technology can be adapted 
to produce the modulated illumination 
patterns within an integrated miniaturised device necessary for this proposal. Apart from the Bessel 
beam configuration mentioned above, and in order to mitigate project risks, a waveguide/micro-prism 
system will also be designed and evaluated (Fig. 3), with the advantage of better integration for micro-
fluidic flow at the expense of more complicated optics design. The same concept of multi-material high-
resolution 2-photon lithography will be used to produce precise waveguides and prisms to generate the 
required interference patterns. 

In summary the concept relies on using a microfluidic channel to impart a constant velocity on 
a nanoparticle specimen via a sheath fluid. Because of its constant velocity, and the fact that the 
nanoparticle will pass through regions of defined wavelengths and modulated light patterns, its size and 
absorption spectrum can be measured. By miniaturisation using state-of-the-art micro-optics 
fabrication, costs can be kept low, and a compact device be realised for field use. The specific milestones 
set to achieve this aim are demonstration of a tabletop system for size and velocity measurement, 
translation into a miniaturised device, and finally integration of spectroscopy (see Timeline). To mitigate 
risks, multiple designs will be evaluated, and the scheme demonstrated first on a tabletop system. 

Figure 2: a) Simulations of axicon producing a Bessel beam. The 
beam length can be extended by fabricating a multi-material axicon. 

b) Simulation and experimental result of m = 1 spiral phase plate 
producing a vortex beam (scale bar = 200 µm). c) Micro-optic mirror 
with attached lens printed on the end of an optical fibre ferrule. The 

element has approximate dimensions of ~100 µm x ~200 µm. 
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Nanoparticle tracking using widefield microscopy will be used to ensure microfluidic system produces 
constant flowrates. Miniaturisation will be based on existing microfabrication processes developed by 
the applicant. In case scattered signal is insufficient, fluorescent markers will be used to troubleshoot 
the system while cavity mirrors will be used to improve modulation contrast of the illuminating 
pattern [27]. For spectroscopy, in case scattered signal is insufficient, instead of a broadband light-
source, a tunable light-source with sufficient temporal coherence to produce interference patterns will 
be used and swept in wavelength, allowing combination of both pattern modulation and multiple 
wavelength excitation. 

  
Outcomes: 

This project will explore a novel synthesis of microfluidic flow and patterned light to monitor 
and analyse nanoparticle properties. A tabletop system will first be designed and constructed as proof-
of-principle, followed by translation of the concept into a chip-based miniature device using state-of-
the-art microfabrication. Outcomes will include a prototype device for measuring single nanoparticle 
size and materials properties at technology readiness levels (TRL) 4/5, in preparation for systems 
integration at TRL 6. The developed prototype will allow measurement of calibration nanoparticles such 
as plastic nano-beads, metallic nano-spheres, and nanoparticles coated with various biological materials 
such as proteins, in a laboratory setting. By demonstrating the robustness of the concept, future 
integration into a field-ready prototype (including pre-filtering and automated fluid handling) can be 
explored possibly with industrial partners under industry linkage schemes and funding opportunities. 
This might include international air-monitoring or air-conditioning manufacturers as well as system 
integrators such as building and infrastructure engineers. Such a prototype can also lead to custom 
instruments for a range of scientific and industrial projects such as water-quality monitoring and flow 
cytometry in the pharmaceutical sector. 

Currently, in-situ nanoparticle analysis is very challenging, where specimens must typically be 
collected and analysed in a laboratory using bulky and expensive tools such as mass spectrometers, 
electron microscopes, and chemical analyses. The outcomes of this project will lead to a breakthrough 
in how single nanoparticles can be identified in-situ and in real-time, in a variety of environments. This 
will open the door to real-time monitoring of the nanoparticles in our environment, ranging from 
pollutants to pathogens, organic matter, nano-plastics, soot, and so on. 

Another outcome is the development of a laboratory platform for microfluidic handling of 
nanoparticles integrated with modulated illumination and microscopy imaging. This platform will allow 
further concepts for nanoparticle analysis to be explored. For example, using the sheath fluid at a 
different refractive index as a light-guide, light can be confined within the nanoparticle stream, 
enhancing light-matter interactions for improved scattering intensities allowing the tracking of sub-10 
nm particles [18,19,32]. 

Figure 3: Alternative concept for in-situ nanoparticle size measurement and absorption spectroscopy. 
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State-of-the-art microfabrication techniques will be used to fabricate the devices in this project. 
Some of those methods, such as multi-material printing for refractive-index-matched optical elements, 
micro-lens elements, and integration with miniature systems such as optical fibres have been developed 
or used by the applicant. New related methods will form part of project outcomes, such as micro-optics 
for short-wavelength infrared spectroscopy, micro-optics/micro-fluidics design integration, and 
incorporation of thermo-optic resistive heating elements for light phase control. The applicant has over 
10 years’ microfabrication experience and is in an excellent position to develop novel fabrication 
processes that could be useful in a variety of applications. 

This seed funding will also provide the applicant, as an early-career researcher in applied optics 
and nanoscience who recently returned to Australia despite several career interruptions, to establish an 
experimental laboratory and solid track-record for independent research. This will allow the applicant 
to further explore their interests in multidisciplinary research at the intersection of applied optics, 
nanotechnology, and imaging and spectroscopy for foundational challenges of the future. 

 
Impact: 

Much of our environment is invisible to us. This includes the myriad of microparticles and 
nanoparticles that surround us both in air and water, with both natural and man-made origins. These can 
include viruses and pathogens such as Zika and SARS, inorganic micro/nanoprecipitates originating 
from industrial processes, and naturally occurring nano-particulates. Detecting these nanoparticles in-
situ is possible but classifying them requires laboratory analysis of their chemical composition and size, 
which can be time-consuming. With the increasing concern over polluting microparticles in our 
environment such as microplastics and incidental nanoplastics [3], industrial byproducts such as 
engineered nanomaterials, as well as concern over active pathogens that spread illness as highlighted 
by the recent pandemic, there is an urgent need for in-situ real-time measurement, analysis, and 
classification of the nano-objects in our environment. 

In order to solve this problem, this project will explore a method for in-situ characterisation of 
nanoparticles including their size and absorption spectrum. The innovations to achieve this aim will be 
applying miniaturised micro-optical and micro-fluidic systems together with control over illumination 
patterns and nanoparticle flowrates to measure velocity, size, and absorption within a compact, robust, 
and inexpensive device suitable for field measurements. It is envisaged that such low-cost devices will 
permit spatially dense measurement coverage and provide real-time data on environmental 
nanoparticles. This will allow a breakthrough in how we quantify and measure the nano-environment 
surrounding us, warning us about potential hazards that could impact human and ecological health. 
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Optically guided intraoperative assessment of surgical margins in cancer 

One in every three people will develop cancer in their lifetime, meaning almost every person 

in the world has been affected either directly or indirectly by the disease. In 90% of cancer 

cases, solid tumors are responsible, for which the most common method of treatment is 

surgical excision. Unfortunately, however, it is estimated that up to 20% of these procedures 

do not result in full removal of the tumor, leaving the cancer free to continue to grow and 

lowering the odds of survival for the patient. In this challenge, we would like to imagine what 

could happen if the surgeon was able to leave the operating room confident that they 

had removed the entirety of the tumor, every time. 

We propose to build a multimodal polarization-sensitive optical coherence tomography (PS-

OCT) system with microscope-level resolution, specifically for the purpose of intraoperative 

cancer cell detection. The system will be cart-based, capable of sitting within the operating 

theater so that specimens can be imaged immediately following excision. If the surface of the 

excised tissue still contains cancer, the surgeon can then go on to excise further until negative 

margins are found. In the long term, we envision that this method of intraoperative imaging 

will replace the current gold standard of post-operative histopathology, where patients must 

currently wait a week on average for the results. 

While optical imaging more broadly is increasingly demonstrating its power in diagnostics, we 

believe that our solution addresses the issue in a manner which is reliable, fast, and 

inexpensive: 

Superior resolution. Axial resolution in PS-OCT is proportional to the square of the central 

wavelength of the light source. By bringing the wavelength down into the visible light range, 

we will improve the axial resolution by an order of magnitude. The lateral resolution on the 

other hand is dictated by the imaging optics like in traditional microscopy. By using visible light, 

we can share the same objective lens kits as microscopy uses, resulting in cellular-scale 

imaging across wide fields of view. 

Speed and simplicity. There is currently no optical method of intraoperative margin 

assessment that has made it past the research phase. We believe that this is, in part, due to 

the high complexity of the systems that are typically developed for this purpose. Our solution 

will be built to reduce all complexity of operation, with automated scanning and classification, 

so the only input required from the user is to place the tissue to be investigated face-down on 

the scanner and press a “go” button. 

Lower cost. The blue light SLED used as the primary light source in this work is an order of 

magnitude cheaper than the visible-light sources (supercontinua) that have been proposed for 

microscopy-like OCT resolution in the past. This will make the device cheaper to roll out in the 

future – not only to the tertiary-care-providing institutions. Also, since this optical imaging 

technique requires very little manual input, it will reduce the cost of human resources required 

to perform routine histopathology. 

This study is intended to be a proof-of-concept demonstration of the ability of a blue light OCT 

system and its extensions to provide cellular level histopathology-like analysis of an excised 

tumor surface. If successful, it will be the first in a fleet of intraoperative OCT-based imaging 

techniques developed in the lab, all serving the goal of removing every last cancer cell.  

This application falls under the “Health” subcategory of the Optica Foundation Challenge.  
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Cancer is responsible for one in every six deaths worldwide [1], but many cancers can be 

cured if they are treated early enough. In the case of solid tumors, which represent 

approximately 90% of adult cancers [2], surgical resection is the most common and most 

effective method of treatment [3]. Unfortunately, however, complete surgical resection is 

challenging as the surgeons have few visual cues to indicate infiltration zones, and it is 

estimated that up to 20% of all cancer surgeries fail to completely remove the tumor, but this 

number could actually be as high as 60% for some cancers [4]. The clinical gold standard for 

assessing the success of tumor removal is to examine the excised tissue using histopathology. 

As described in Fig. 1 (top row), histopathology involves several steps of tissue preparation 

before being embedded, sectioned and stained for imaging through a slide scanner.  

While accurate, the many steps involved require experienced technicians to be on site to 

perform this, and typically patients have to wait approximately one week or more for results 

[5]. In the case where the excised tumor surface was found to contain tumor cells, known as 

a positive surgical margin, the patient must either undergo a second surgery, experience laser 

ablation therapy, or take the “wait and see” approach to assess if the tumor starts to regrow. 

In cancer, early treatment is key, and these unnecessary delays in treatment lead to poorer 

survival outcomes [6]. 

If a surgeon had access to surgical margin information during the procedure, they 

would be able to ensure that the whole tumor is removed. In recognition of this and the 

limitations associated with histopathology, attention has recently turned to optical methods to 

provide an intraoperative alternative, allowing the surgeon to act on positive margins before 

the surgery’s conclusion. 

Intraoperative optical detection of cancerous cells 

There has been recent success in intraoperative tumor margin assessment using fluorescent 

imaging probes, where a fluorescent tracer is administered prior to surgery either via injection 

or orally [7,8], however the addition of exogeneous contrast agents in this way is not suitable 

for use on all patients. Fluorescent signal is also proportional to the number of cancerous cells 

in the tissue, which means that the infiltration zone “glows” only very dimly, which can still 

result in tumor being missed [9]. Reaching histopathology-level resolution, Stimulated Raman 

spectroscopy has demonstrated its ability to classify the major histopathologic classes of brain 

tumors and also identify potential zones of infiltration based on the intrinsic vibrational 

properties of tissues [10]. However, the high complexity of this system makes it incredibly 

expensive and therefore prohibitive to mass rollout beyond neurosurgery. Hyperspectral 

imaging, where the field is imaged across a range of wavelengths, is another imaging modality 

that has shown promise in tumor margin identification [11]. While initial results have shown 

high accuracies of tumor detection in breast cancer [12], hyperspectral imaging lacks depth 

resolution and hence information about the 3D morphology of the cells is lost, as is information 

about the distance from the tumor cell to the surface. 

From two to three dimensions 

A natural imaging technique to turn to for depth-resolved optical imaging contrast is optical 

coherence tomography (OCT) [13]. Based on low-coherence interferometry, OCT is an 

inherently three-dimensional imaging modality that has approached near real-time 

visualization in recent years [14]. There have been several studies that have demonstrated 

the ability of OCT to differentiate healthy from cancerous tissue based on backscattered 
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intensity contrast; healthy cells and cancer cells have different attenuation properties [15-17]. 

This allows maps of tissue type to be generated and visualized, ready for interpretation. 

Traditional OCT is conducted in the near-infrared region, as these wavelengths provide a good 

trade-off between adequate imaging resolution (~10 μm) while maintaining a penetration depth 

down to around 2 mm. To improve the resolution, shorter wavelengths are needed, i.e., the 

visible light region. Visible light OCT boasts axial resolutions on the order of 1 μm [18] and, 

when coupled with microscopy-like objective lenses, reaches submicron lateral resolution. 

This means it is capable of 3D mapping on a cellular level, and can give clear tissue 

discrimination between tumor and healthy tissue, with the infiltration zones sitting neatly in 

between the two [19].     

Attenuation vs. fiber orientation as a contrast mechanism 

What traditional OCT is not sensitive to, however, is sample orientation. To visualize 

orientation, we need to extend the capability of an OCT system to be polarization-sensitive 

(PS) by illuminating a sample with light of a known polarization state and using PS detection 

methods to measure any changes that occur to that state [20]. In doing this, it is possible to 

measure phase retardation, which is a measure of the birefringence, or “orderedness”, of the 

sample with respect to the incoming light beam; and optic axis orientation, which provides a 

2D vector field of fiber orientation. This provides exquisite contrast for any tissue that has a 

defined microstructural orientation, such as collagen, muscle or nerve [21]. An example of 

collagen alignment revealed by PS-OCT can be found in Fig. 2.  

In solid tumors, the cancer cells surround themselves with type I collagen fibers, which form 

the majority of the tumor microenvironment [22]. Understanding the growth patterns of these 

collagen fibers may be cruicial for understanding tumor progression. However, unlike the type 

II collagen fibers in Fig. 2 that tend to grow in parallel to one another (found in articular 

cartilage), type I fibers can change direction very quickly, and so cellular-level resolution is 

needed to understand the directionality. To date, polarimetric imaging of type I collagen fibers 

has been largely limited to two dimensions [23]. 

Figure 1. The gold standard method of tumor margin assessment is histopathology, 

represented in the top row. This process is laborious, expensive and slow. Our 

proposed optical-imaging-based method, represented in the bottom row, would allow 

intraoperative assessment of the tumor margin, allowing the surgeon to resect more 

tissue in case a positive margin is identified. 
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Toward a solution 

We believe that a cellular-resolution 3D imaging system with polarization sensitivity would be 

the ideal combination for intraoperative tumor margin assessment, and constructing and 

validating such a system is the theme of this proposal. 

Objective. In this project, we seek to overcome the limitations of traditional histopathology by 

providing an optical alternative for cancer detection that can be used intraoperatively.  

A blue light PS-OCT system will be constructed, specifically tailored to the problem of positive 

margin detection. A schematic of the final system can be found in Fig. 3, and the two-part 

construction of the system is described in Specific Aims 1 and 2. The following features make 

this the ideal imaging system for this application: 

1) The axial resolution of an optical coherence tomography system is dependent on the 

wavelength of the light, so using blue light instead of the traditional near-infrared 

reduces the axial resolution by an order of magnitude at the same bandwidth [24]. 

2) At shorter wavelengths, phase retardation occurs faster in oriented tissues (collagen). 

This means that a blue-light PS-OCT system is inherently more sensitive than those 

at longer wavelengths, e.g., in the near-infrared. 

3) The only penalty for these improvements is a shallower penetration depth when 

compared to near-infrared light. However, as we are only looking at the tumor margin 

and not deeper into the sample, this is not a concern here. If additional penetration 

Figure 3. The proposed 

multimodal PS-OCT and 

scanning RCM system. An OCT 

light source centered at 450 nm 

can share scanning and imaging 

optics with the 560-nm RCM 

channel. The paths are combined 

at the entrance to the scanner 

using a dichroic mirror (DM). BS: 

Beamsplitter. PBS: Polarizing 

beamsplitter. POL: Polarizer. 

QWP: Quarter-wave plate.  

Figure 2. OCT images of healthy (a-b) and laser-

damaged (c-d) articular cartilage. The intensity-based 

structural images (a,c) give no information regarding 

the fiber structure. PS-OCT imaging, on the other 

hand, shows the variation in preferred collagen fiber 

alignment. Smooth transitions in fiber orientation occur 

naturally in healthy cartilage (b). The radial patterns in 

(d) indicate the reorganization of the collagen fiber 

microstructure around the laser ablation holes during 

healing. (Unpublished data from ongoing work) 
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depth is needed, we can amplify the power further as the laser beam will be enclosed 

and ex vivo tissue is not subject to the same power limitations as in vivo tissue.       

4) A reflectance confocal microscopy (RCM) channel will be included at only a small 

additional system complexity (adding just a light source, beamsplitter and detector) to 

provide fully co-registered imaging with a previously validated technique.  

5) The system will be cart-based in preparation for seamless integration into the operating 

theater, and the automated imaging will be microscope-like, familiar to the user and 

requiring very little manual input. 

6) To image the sample at several magnifications, like in microscopy, a microscope 

objective turret will be integrated into the system containing magnifications ranging 

from 4x to 40x.   

7) Using a blue light SLED as the light source reduces the PS-OCT system costs greatly 

and makes it possible to replicate this system for a larger study following this one. 

As described in Specific Aim 3, the data produced by the system will be fed into a machine 

learning algorithm for automated classification of tissue into cancerous or non-cancerous, at 

a cellular level, using tissue samples sourced from the Human Research Tissue Bank at 

Cambridge University Hospital under the University of Cambridge Human Tissue Act 

Research Licence. 

Intended outcomes 

At the conclusion of this pilot project, we will have demonstrated that, with automated sample 

scanning and classification, it is possible to perform tumor margin assessment based on blue 

light PS-OCT in under five minutes. We will have demonstrated this in two cancer types. In 

addition to this data-driven outcome, this project will also result in an outcome from a technical 

perspective: this will be the first demonstration of blue light PS-OCT, which we believe will 

have the highest PS-sensitivity to date owing to its short wavelength. 

As part of this project, a databank of fully deidentified co-registered cellular-level OCT, PS-

OCT and RCM images will be made available open-source. These images will be the first of 

their kind and other researchers may benefit from using them as training data, or simply for 

understanding more about the 3D micro- and macrostructure of collagen fibers in the tumor 

microenvironment. 

It is important to note that this system is intended to be the first in a fleet of OCT-based 

intraoperative tumor detectors, fueled by their low cost and high sensitivity. This is not just a 

single system for research purposes, but rather a pilot system for a much larger project. As 

such, this system will be designed in a manner that has user friendliness at its core, with 

upgrades to the system also being very simple if there are additional application-specific needs 

for other cancers in the future. 

Making an impact 

Everybody knows somebody who has been affected by cancer, and no patient or their loved 

ones want to hear that their resection was incomplete, one week later. Beyond the clear 

emotional toll that this takes on the patient, it also usually results in a second surgery which 

carries a huge additional burden to the healthcare system. If the surgeon could leave the 

operating theater sure that no positive margins remain, the need for additional surgery would 
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simply vanish. We hope that this study may serve as a first step in eliminating these 

unnecessary procedures, improving the quality of life for cancer patients and their families.   

Managing anxiety caused by biopsy result waiting times. In this project, we are focusing 

on tumor margin assessment, as survival and reoperation outcomes are highly dependent 

upon this. However, this system will also be capable of providing intraoperative biopsy results, 

reducing the amount of time a patient must wait to hear the results about whether they have 

cancer or not. It has been well documented that anxiety rates increase while awaiting biopsy 

results [25] and rollout of a system such as this could help prevent improve the mental health 

of patients during a stressful time.   

Looking ahead 

Although the study proposed as part of this work will be conducted on biobank-sourced 

tissues, the system that we will construct for imaging will be cart-based and all tissue contact 

surfaces will be sterilizable. This means that, following a successful ethics board approval, we 

will be ready to take this technology directly into the operating theater for intraoperative 

imaging as the next step toward fully automated margin assessment, and a larger grant 

application to do just that will be submitted using the preliminary data generated in this work. 
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The Challenge − The world faces two energy problems: most of our energy production still produces 

greenhouse and polluted gas emissions, and hundreds of millions of people lack access to energy 

entirely. The global harmful emissions, most of which is caused by the production of energy, lead to 

climate change and further responsible for drought, wildfires, flooding, poverty displacement, food 

insecurity, health risks, and species loss. So far, anthropogenic activities have caused about 1.0 °C of 

global warming above the pre-industrial level and this is likely to reach 1.5 °C between 2030 and 2052 

if the current emission rates persist. In 2018, the world encountered 315 cases of natural disasters which 

are mainly related to the climate. Approximately 68.5 million people were affected, and economic losses 

amounted to $131.7 billion. Ongoing increase in temperature and natural disasters cause some species 

to migrate further inland or upland, resulting in fragmented, isolated populations and local extinctions. 

To bring emissions down towards net-zero will be one of the world’s biggest challenges in the years 

ahead. But the world has another global energy problem that is just as big: hundreds of millions of 

people lack access to sufficient energy entirely, with terrible consequences to themselves and the 

environment. According to the report by the International Energy Agency, there are almost one billion 

of people around the world living without electricity, while they are most affected by climate change. 

For example, Africa accounts for less than 3% of the world’s energy-related carbon dioxide emissions 

to date and has the lowest emissions per capita of any region. But Africans are disproportionately 

experiencing the negative effects of climate change, including water stress, reduced food production, 

increased frequency of extreme weather events and lower economic growth. The world needs solutions 

for the twin problems by developing green and affordable energy technology. 

Proposed Project − This research proposal addresses the urgent global energy problems of greenhouse 

gas emissions and lack of access to energy. The atmosphere has long been recognized as a sink of 

electrical power, and water vapor or moisture is abundant almost everywhere, even in the very dry area 

such as desert. The annual energy power involved in the natural water cycle is up to 6×1015 W, three 

orders of magnitude higher than the annual energy consumption of human beings. By harnessing the 

abundant moisture in the atmosphere, this project aims to develop green and affordable energy 

harvesting technology using laser-sculptured moist-electric generators (MEGs). The proposed MEGs 

will utilize active materials with abundant channels and functional groups, obtained from lab-free 

materials such as cloth, paper, wood, food, and cork, through a controllable laser sculpture technique. 

The research objectives can be summarized as follows: 1. Develop a laser sculpture technique to 

fabricate active materials with abundant channels and functional groups from lab-free materials, 

enabling the conversion of these materials into graphene-like nanomaterials. 2. Investigate the 

interfacial force-electric-thermal coupling process to gain a deep understanding of the moisture-

induced electricity mechanism. 3. Build generators and the generators will be tested in various ambient 

conditions and geographic locations on Earth, including deserts, forests, and mountains. 

Outcomes −The potential impacts of this research are significant including: Low greenhouse and 

polluted gas emission: moisture energy harvesting technology produces extremely low greenhouse and 

polluted gas emission because it purely relies on the absorbance and discordance of water process. 

Electricity from MEGs is directly from various forms of water, significantly expanding the ability to 

harvest energy from the natural water cycle and reducing the greenhouse and polluted gas emission. 

Energy accessibility in poverty areas: moisture, water in the gaseous state, is ubiquitous geographically 

in nature, including most poor areas. Meanwhile, the scalable fabrication method through laser direct 

writing also makes the MEG devices cost-effective. The effective harvesting of moisture energy through 

our proposed MEG technology provides a promising solution to electricity crisis in poverty areas. 

Environmental monitoring: The electricity output is directly related to the environmental parameters 

such as humidity level, the generators themselves can be used as humidity sensors without external 

power supply. In addition, the electricity generated form moisture also can be used for powering sensors 

for monitoring temperature, toxic gas, and light. Thus, the self-powered environmental monitoring 

systems without external power supply are possible through the MEG technology. 
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Introduction 

The world faces two energy problems: most of our energy production still produces greenhouse 

and polluted gas emissions, and hundreds of millions of people lack access to energy entirely (1). The 

global harmful emissions, most of which is caused by the production of energy, lead to climate change 

and further responsible for drought, wildfires, flooding, poverty displacement, food insecurity, health 

risks, and species loss (2,3). So far, anthropogenic activities have caused about 1.0 °C of global warming 

above the pre-industrial level and this is likely to reach 1.5 °C between 2030 and 2052 if the current 

emission rates persist (4). In 2018, the world encountered 315 cases of natural disasters which are mainly 

related to the climate (5). Approximately 68.5 million people were affected, and economic losses 

amounted to $131.7 billion, of which storms, floods, wildfires and droughts accounted for 

approximately 93% (6). Ongoing increase in temperature and natural disasters cause some species to 

migrate further inland or upland, resulting in fragmented, isolated populations and local extinctions (7). 

To bring emissions down towards net-zero will be one of the world’s biggest challenges in the years 

ahead. 

But the world has another global energy problem that is just as big: hundreds of millions of people 

lack access to sufficient energy entirely, with terrible consequences to themselves and the environment. 

According to the report by the International Energy Agency (IEA), there are almost one billion of people 

around the world living without electricity, while they are most affected by climate change (8). For 

example, Africa accounts for less than 3% of the world’s energy-related carbon dioxide emissions to 

date and has the lowest emissions per capita of any region (9). But Africans are disproportionately 

experiencing the negative effects of climate change, including water stress, reduced food production, 

increased frequency of extreme weather events and lower economic growth. The world needs solutions 

for the twin problems by developing green and affordable energy technology. 

The atmosphere has long been recognized as a sink of electrical power, as water covers 71% of the 

Earth's surface, and water vapor or moisture is abundant almost everywhere, even in the very dry area 

such as desert, no matter day and night (10). The atmosphere contains approximately 1.3 × 104 cubic 

kilometers of water, mainly in the form of vapor and 

droplets. Within a relatively small area, water is evenly 

distributed in the air. The conversion of water form from 

one to another involves tremendous energy exchange 

with environment. Specifically, one single gram of water 

evaporates or condenses, converting 2.6 kJ of energy, 

which is equivalent to the energy contained in an AAA 

battery (11). And the annual energy power involved in the 

natural water cycle is up to 6×1015 W, three orders of 

magnitude higher than the annual energy consumption of 

human beings (12). As the water vapor (moisture) resource 

is clean and sustainable, and most importantly, accessible 

worldwide including undeveloped countries or remote 

areas, harvesting energy from ambient moisture then 

shows potential to provide a promising solution for the twin energy problems the world faced today. 

Problem Statement 

The opportunities for moisture-enabled electricity generation have been usually overlooked for a 

long time. The possibilities for electricity generation are facilitated by the electrification of water in 

response to changes in phase but experiments directed toward the harvesting of this charge to generate 

electrical power from atmospheric water vapor have been only recently been reported (13). The moisture 

energy harvesting can be achieved mainly by: 1) doing work driven by reversible deformation of 

moisture-responsive materials and 2) ion diffusion driven by moisture-induced gradient energy. The 

first method converts environmental humidity changes into mechanical shifts of moisture-responsive 

The hydrological cycle on Earth involves 

tremendous energy exchange with environment, 

showing great promise for sustainable and green 

energy. 
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materials, further driving piezoelectric or magnetoelectric generators to output electricity. The latter 

method is to drive ion migration by moisture-induced gradient energy, in which the chemical potential 

changes of water from gas to liquid or the phase. Either way the nanomaterials with functional groups 

are need to yield electricity output because there needs relatively high specific area and active sites to 

interact with water molecular in ambient moisture (14). 

Nanomaterials with high specific area due to reduced size are usually used for constructing moist-

electric generator (MEG). Qu’s group reported the first graphene-based MEG in 2015 and propelled its 

development with substantive works13. The applicant (Prof. Daozhi Shen) also had made significant 

contribution to developing efficient metal-oxide-nanowire-based MEGs for harvesting ambient 

moisture energy and pioneering their self-powered wearable electronic applications (15–17). However, the 

current MEGs fabrication is costly and the materials used are not eco-friendly enough. For example, 

the graphene materials used were fabricated through strong acid chemical reaction with low 

productivity (18). Metal oxide nanowires were grown through dangerous hydrothermal method in sealed 

autoclave with high inner pressure for days (15). Some polymer-based MEGs show high output, but the 

materials synthesis includes serious pollution issues and the devices themselves may be harmful to both 

humans and environment, which does not meet the requirement of green and sustainable life. In addition, 

the highest energy conversion efficiency is 1~2%, still low compared with typical energy conversion 

technologies (19). The primary reason is the lacked in-depth understanding of the interfacial force-

electric-thermal coupling process and mechanism of moisture-induced electricity generation. 

Despite the ambient moisture source is green and ubiquitously accessible, the current MEGs for 

moisture energy harvesting are not yet green and affordable. Thus, in order to let moist-electricity offer 

a potential solution for two energy problems, cost-effective and lab-free active materials, together with 

efficient and scalable fabrication method are necessary. Building affordable generators capable of 

harvesting green moisture energy eventually with fundamental insight of understanding interfacial 

process is also essential. 

Goals 

The main goal of this proposal is to establish an effective protocol for addressing two energy 

problems globally by harvesting green energy from ubiquitous moisture source through low-cost and 

environmental-friendly generators sculptured by laser from lab-free materials, with three specific 

objectives to: 

(1) Develop controllable laser sculpture technique for generators with active materials containing 

abundant channels and functional groups from lab-free materials like cloth, paper, wood, food 

and cork, etc.; 

(2) Investigate the interfacial force-electric-thermal coupling process for deeply understanding 

moisture-induced electricity mechanism in order to guide the materials fabrication and device 

design for energy conversion efficiency enhancement; 

(3) Build affordable generators capable of harvesting green moisture energy with scalable 

electricity output based on the low-cost laser sculpture technique from environmental-

friendly materials, with output density higher than 1 W/m2, and conduct test in different 

regions, including deserts, forests, and mountains, etc. 

This research program ultimately aims at the understanding between the feasibility of laser 

sculptured nanomaterials and the moisture electric generation for affordable and green energy 

harvesting practice, with possibilities of providing novel solutions for continued growth twin energy 

problems on the help of advanced optical technology. 

Laser sculpture, an advanced photonics-based technology, can provide a unique approach for 

moisture-electric generators fabrication in a low-cost and environmental-friendly way. Laser shows 

powerful to sculpture almost any carbon-atom-rich and lab-free materials, including cross-linked 

polymers, cloth, paper, wood, food and cork, with the capability of converting them into graphene-like 

nanomaterials (20), which can be further used for efficiency moisture-electric generator construction due 

to high specific area and active sites. Laser-based processes can largely reduce the fabrication time and 

simplify the manufacturing process by avoiding two or more steps for manipulation, placement, and 

integration of materials. Laser engineering can not only use high power irradiation to obtain scalable 



modification efficiently, but also selectively engrave nanostructured materials with high resolution by 

providing local high-temperature and high-pressure environments in a controllable way, without 

additional use of harmful chemical processes. As the affordable energy from clean and sustainable 

moisture source can be harvested in a low-cost and environmental way, the proposed moisture-electric 

generators sculptured by laser offers a promising solution to address the two energy problems globally.  

Research Design 

Task 1. One major task is to develop laser sculpture technique to obtain active materials containing 

abundant channels and functional groups from lab-free materials. Direct induction of the graphene will 

be developed through one-step graphitization process by converting carbon precursors into graphene-

like flakes under the irradiation of low-cost lasers such as CO2 laser. In this context, lab-free materials 

including cloth, paper, wood, food and cork will be used for providing carbon precursors and directly 

converted into graphene flakes. To increase the hydrophobic surface states, oxygen plasma may be used 

for posttreatment. As the graphitization is strong related to thermal process, different laser power 

densities and photonic energies will be used to tune the graphene transformation and adjust the sheet 

conductivity. Furthermore, the different graphene structures such as porous sheets and fibers will be 

obtained by changing the laser focal conditions. High speed scanning will be adopted to patterning the 

active materials and electrodes in a scalable production way. This task will be done in the first 4 months.  

Task 2. To understand the interfacial process for interaction between water molecules and 

nanomaterials surface, charge transfer at the water-material interface will be stimulated using the cross-

scale dynamic simulation method. The influence of various factors including surface properties, channel 

size, temperature, and humidity on the water molecular migration will be considered in the simulation, 

together with the influential effects on electricity output will be explored. The active materials 

characterization and geometrical dimensions before and after interaction with water molecules will be 

examined by advanced analytical instruments such as Raman spectroscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM) and X-

ray photoelectron spectroscopy (XPS). Both inert and active electrodes will be used for building device 

geometry and the electricity output will be compared to check the role of electrochemical reaction 

during electricity generation. This task will be done in the following 3 months. 

Task 3. In the third task, we will use the laser sculptured active materials to build the prototypes 

of generators that can efficiently harvest ambient moisture energy. Both planner and sandwiched device 

structures with active materials between two electrodes will be built from the output of Tasks 1 and 2, 

with electricity generation driven by reversible deformation of moisture-responsive materials and ion 

diffusion driven by moisture-induced gradient energy, respectively, when interact with moisture. To 

increase the overall voltage or current output, a number of generators can be connected together in series 

or in parallel, respectively. The devices will be tested in various ambient conditions including highly 

moist and dry environment, sunlight, cloudy and night times to show the capability of versatile output. 

To demonstrate that the device can provide accessible energy in undeveloped regions or remote areas, 

the output of generators prototype will be also tested in different regions on Earth, including deserts, 

forests, and mountains. This task is arranged to be done in the last 5 months. 

This project requires a range of skills, tools, and expertise in optics, materials, mechanicals, 

chemistry and electronics. This project comprises Daozhi Shen (material/electrical scientist, PI), 

Honghao Zhang (optics/mechanical scientist, PDF), and Linglan Guo (material/chemical developer, 

PhD student) at the Shanghai Jiao Tong University (SJTU). We have also initiated a collaboration with 

material/mechanical scientists from (Prof. Norman Zhou and Dr. Xiaoye Zhao) University of Waterloo 

(UW) for sharing materials and device tests. We have already built the ultrafast laser and CO2 laser 

scanning system with micro/nano fabrication capability, as well as the electrical test platform. This 

concerted effort and multidisciplinary approach provides an excellent starting point for completing this 

project in 12 months. 

Outcomes 

The potential impacts of this research are significant, and they include: 

Low greenhouse and polluted gas emission: Unlike the conventional fossil energy, the moisture 

energy harvesting technology produces extremely low greenhouse and polluted gas emission because it 

purely relies on the absorbance and discordance of water process. Through the electric coupling between 



water and materials, electricity from MEGs is directly from various forms of water, significantly 

expanding the ability to harvest energy from the natural water cycle and reducing the greenhouse and 

polluted gas emission. 

Energy accessibility in poverty areas: Moisture, water in the gaseous state, is ubiquitous 

geographically in nature, including most poor areas. The effective harvesting of moisture energy 

through our proposed MEG technology provides a promising solution to electricity crisis in poverty 

areas. Meanwhile, the scalable fabrication method through laser direct writing also makes the MEG 

devices cost-effective. Thus, the energy and electricity in poverty areas becomes affordable. 

Environmental monitoring: The electricity output is directly related to the environmental 

parameters such as humidity level, the generators themselves can be used as humidity sensors without 

external power supply. In addition, the electricity generated form moisture also can be used for powering 

sensors for monitoring temperature, toxic gas, and light. Thus, the self-powered environmental 

monitoring systems without external power supply are possible through the MEG technology. 

Broader Impact 

Problems associated with energy issues including global warming, polluted air and water, poverty 

displacement, and species loss represent unprecedented challenges to our society and planet. The world 

needs solutions for the twin energy problems by developing green and affordable energy technology, 

which requires the strong collaboration between researchers with different expertise including physics, 

chemistry, material/mechanical/electronic science and engineering, with the global participations. The 

proposed project helps to cement new collaborative relationship among PIs with different academic 

backgrounds, institutions, and industries (AquaSensing) and will aid in fostering the broader 

international collaborative team across different countries. This study will demonstrate the fact that, 

with the help of advanced optics and photonics, global environmental challenges and threats can 

potentially be solved by embracing wide collaboration and efforts across countries and regions. 
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Executive summary-health category 

Development of Robotic Microscopy for rapid and cost-effective malaria diagnosis 

 

Malaria is one of the most serious public health challenges globally, despite current therapeutics 

having high efficacy rates when administered timely. Most concerning is that the fight against 

malaria has stalled. There were 230 million cases in 2015 (the baseline year of the global technical 

strategy for malaria 2016-2030) and 247 million cases in 2020. The barrier to malaria eradication 

is the lack of early diagnosis of the infected population. Current malaria diagnostics can be 

classified into three categories with specific strengths and weaknesses: 1) highly sensitive 

molecular-based techniques which use PCR. These are slow and demand the use of sophisticated 

equipment, expensive reagents, and a highly trained workforce; 2) Rapid Diagnostic Tests (RDTs) 

are relatively fast in comparison to optical microscopy but less sensitive (100-200 parasite µL-1). 

Besides, the majority of them target the Plasmodium falciparum histidine-rich protein 2 (pfhrp-2) 

biomarker, and recent studies have shown the deletion of pfhrp-2 which causes false negatives and 

threatens malaria control strategies. 3) Optical microscopy, the gold standard method for diagnosis. 

This involves examining stained blood smear samples under a microscope. It can detect up to 5-

20 parasite µL-1, however, the results vary significantly based on the expertise of the technician or 

health care provider, and it is labor and time intensive.  

None of the three methods offers a definitive solution to early detection.  Prompt treatment is 

crucial in preventing severe illness, complications, and deaths associated with malaria. To boost 

the fight against malaria, new approaches for diagnostics must be adopted to enhance the 

sensitivity, accuracy of detection besides being rapid and affordable.  While research and 

development efforts are ongoing to improve and develop these and other malaria diagnostic 

methods, microscopy (the gold standard method for diagnosis) is likely to remain a vital tool in 

malaria diagnosis due to its proven effectiveness, cost-effectiveness, and established specialists in 

many malaria-endemic regions. Therefore, we think offering a solution within microscopy will 

likely offer a faster way to integrate new techniques in malaria diagnosis. Enhancing early 

screening and reducing the disease burden.  

 

In this study, we propose to develop an affordable robotic configuration for imaging malaria by 

detecting the presence of hemozoin (Hz).  Affordable, open-source, 3D-printed microscope like 

OpenFlexure microscope (OFM) will be modified to incorporate magneto-optic imaging 

capability.  Leveraging on the magneto-optical physical properties of malaria pigment Hz, we will 

develop a phase-locked mode combining magneto-optical control, thus fully exploiting the Hz 

features to maximize sensitivity. To allow full automation of the detection assay, we will use a 

classification algorithm to accurately identify and categorize malaria-infected cells from the 

microscopy images. We can thus overcome the limitations of traditional microscopy and improve 

malaria diagnostics in terms of accuracy, efficiency, and accessibility.  
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Development of Robotic Microscopy for rapid and cost-effective malaria diagnosis 

Introduction  

Malaria is one of the most serious public health challenges globally. According to World Health 

Organization (WHO), there were 247 Million reported cases and 625,000 Malaria related deaths in 2020. 

This was a 10% increase from 20191. Interestingly, current malaria therapeutics have nearly 100% efficacy 

if administered timely. Of concern is that progress against malaria fight has stalled since 2015 (the baseline 

year of the global technical strategy for malaria 2016-2030). In that year, there was an estimated 230 million 

Malaria cases 2, 3. The barrier to malaria eradication being the lack of early diagnosis of the infected 

population.  Early detection and prompt treatment are crucial in preventing severe illness, complications, 

and deaths associated with malaria.  

Currently, malaria diagnostics can be classified into three categories: immunological-based, molecular-

based techniques, and optical microscopy 4-6. Immunological diagnostic kits are commonly referred to as 

Rapid Diagnostic Tests (RDTs). They are relatively fast, cost-effective, and user-friendly. However, they 

are less sensitive, and the majority target histidine-rich protein 2 (pfhrp-2) 7, 8. Recent studies have shown 

the deletion of pfhrp-2 genes which causes false negatives and threatens malaria control strategies 9-11. In 

any case, the use of pfhrp-2 biomarker limits the use of the RDTs in monitoring disease progression, and 

evaluating the efficacy of the interventions due to its persistence in the bloodstream long after malarial 

infection 12-14. The molecular-based techniques uses Polymerase Chain Reaction (PCR) to probe and 

amplify the Plasmodium parasites’ genetic material (either DNA or RNA) present in the blood to detectable 

levels.  The technique is highly sensitive but slow and demands the use of sophisticated equipment, 

expensive reagents, and a highly trained workforce. Optical microscopy is the gold standard method for the 

diagnosis of the disease. It involves examining stained blood smear samples under a light microscope. The 

process is labor and time intensive and the reliability of the results depends on the expertise of the technician 

or health care provider. To boost the fight against malaria, new approaches for diagnostics must be adopted 

to enhance the sensitivity, and accuracy of detection besides being rapid and affordable. 

 

Literature Review 

Various methods have been proposed to overcome the challenges of the three methods highlighted above. 

For example, electrochemical biosensors for Malaria detection which offer high sensitivity 15-18 and have 

been demonstrated capable of rapid detection 19, 20, allowing timely initiation of treatments. However, 

electrochemical biosensors often require complex fabrication processes which can increase the cost of 

production and limit their accessibility 21.  

Optical-based techniques have also been proposed for Malaria diagnostics. These techniques leverage 

optical principles such as fluorescence, luminescence, optical fiber, photonics, and Surface Plasmon 

Resonance (SPR). Optical techniques offer theoretically higher levels of sensitivity22. For example, the 

cloning and expression of fluorescent malaria parasite protein probes were shown in the fabrication of 

fluorescent-based biosensors for measuring the amount of heme in cells23.  In principle, there is fluorescence 

quenching during the heme binding24-26. Nevertheless, the method is limited by the short life span of the 

fluorophores and the photostability of the fluorophores27. Other methods reported include the use of the 

FRET-based heme sensor24 and the noninvasive and rapid photoacoustic technique 28. The major drawback 

of the photoacoustic technique is the attenuation of the signal before reaching the transducer, resulting in 

poor SNR. To suppress the noise and enhance the detected signal, specialized technology must be 

employed, which makes the setup complex and expensive.  

The SPR technique relies on the variations in the refractive index of the plasma resonance material, in the 

SPR angle. This is coupled with the reflectance intensity, caused by the interaction between the biomaterial 

targets29-32. Briand et al.29 used hemoglobin-polyacrylic acid as a bio-recognition target for a gold-coated 

SPR based sensor for rapid heme detection. This biosensor acted by extracting the heme, followed by heme-
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free hemoglobin exposure to samples containing heme that interact with the bio recognition element. 

Though the SPR-based Malaria biosensors are highly sensitive, have high resolution and can allow real-

time measurements, they are motion-sensitive and depend on the development of light detectors with a high 

signal-to-noise ratio33, 34.  

Another approach for malaria diagnosis is to utilize the changes in both the magnetic and optical properties 

of the infected red blood cells (iRBCs). Since, they exhibit a high magnetic anisotropy and have optical 

dichroism properties because of hemozoin (HZ) which is a Malaria byproduct.  Based on this principle, 

various configurations have been proposed. Ranging from the polarizing optical microscopy 35-39 and 

cellphone-based imaging. Cellphone-based methods are particular appealing because of their portability. 

However, the methods fail to account for all Hz due to the random orientation of the Hz crystals. Besides, 

the method requires phones with advanced cameras imaging capabilities, making them expensive. Due to 

strong paramagnetic behavior of Hz, responding to low magnetic field strengths, magneto-optic-based 

techniques have also been proposed 40-42.  The method can detect parasite densities as low as less than 10 

parasites/mL 43. Majority of the studies using this method were done under laboratory conditions. However, 

recent studies by Arndt et al 44 has shown the method has great potential as a malaria biosensor with 82% 

and 84% sensitivity and specificity respectively.  Importantly, the parasite density correlated well with the 

quantitative magneto-optical signal.  

 

Problem Statement 

The magneto-optical method has the potential to revolutionize malaria diagnosis given the linear correction 

between parasite load and Hz. However, the works reported on Hz detection uses linear magnetic fields.  

Use of linear magnetic fields offers less control and precision in manipulating Hz because force is applied 

in a single direction. This limits the ability to finely adjust the position and orientation of Hz. In addition, 

linear magnetic fields often result in non-uniform force distribution across the paramagnetic material.  

 

Besides, the proposed diagnosis techniques require extensive training for medical specialists to ensure 

accurate usage and interpretation of results. The need for such training can be a significant barrier in 

resource-limited settings, where healthcare workers are already stretched thin. Secondly, adopting new 

diagnostic techniques would necessitate a substantial shift in health policy, including updates to diagnostic 

protocols, investment in new equipment, and ongoing support for training and maintenance. This shift could 

be met with resistance due to the entrenched nature of current practices and the high initial costs involved. 

Therefore, while alternative diagnostic techniques for malaria hold promise, the transition from microscopy 

to these new methods must be carefully managed. 

 

Proposed project 

Microscopy remains the gold standard method for diagnosis and, is likely to remain a vital tool in malaria 

diagnosis due to its proven effectiveness, cost-effectiveness, and established specialists in many malaria-

endemic regions. Therefore, we think offering a solution within microscopy will likely offer a faster way 

to integrate new techniques in malaria diagnosis.  In this work, we propose to use a rotating magnetic field 

for the following reasons: 

(i) Provide more precise and versatile control over the orientation and movement of paramagnetic 

materials 

(ii) Create more homogeneous and uniform magnetic environments 

(iii) Increasing the number of magnetic poles raises the degrees of freedom of magnetic force 

application45.  

We believe a rotating magnetic field will not only enhance the sensitivity and specificity of the system, but 

will also lower the limit of detection.  We will adopt the open source OpenFlexure microscope (OFM) 

configuration 46-48 on which we have previous experience (through a previous networking grant at the 
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University of Cambridge, UK), and develop it for affordable polarized microscopy by incorporating 

polarizers and cellophane sheet half waveplate (HWP).  The imaging module will be phase-locked with the 

sinusoidal input driving the rotating magnetic field to acquire images at the maximum contrast. Machine 

learning will be utilized to enhance image analysis and automate the system. 

Aim of Study 

To develop an affordable robotic microscope to leverage on the magnetic and optical features of Hz for 

rapid and stain-free malaria diagnostics. The specific objectives will be: 

(i) Design an imaging phase-locked system integrated with a time-dependent magnetic field based on the 

OpenFlexure microscope (OFM). 

(ii) Develop machine learning models to automate the system. 

(iii) Testing and comparison of the performance of the setup with standard methods 

(iv)  Conduct a clinical trial in small populations in Nyanza region, Kenya (Migori Teaching and Referral 

Hospital, and Jaramogi Oginga Odinga Teaching and Referral Hospital). 

 

Outcome(s)  

The development of robotic microscopy for rapid and cost-effective malaria diagnosis will led to several 

significant outcomes, contributing to improved healthcare, particularly in regions with high malaria 

prevalence. Here are the key outcomes: 

a. Developed protocols and designs for imaging and quantifying magnetic-optical properties in malaria-

infected RBCs which will have the following benefits: 

(i) Reduced time required to diagnose malaria compared to traditional manual microscopy. Automated 

systems will analyze blood samples quickly and provide results within minutes. 

(ii) High accuracy in the detection of malaria parasites. This will eliminate human error and fatigue, 

which are common in manual microscopy, leading to more consistent and reliable diagnoses. 

(iii) The development of portable and user-friendly robotic microscopy systems will improved access 

to malaria diagnostics in remote and resource-limited areas. The automation means that the systems 

can be operated with minimal training, broadening the reach of effective malaria diagnosis. 

(iv) The system can be integrated with telemedicine platforms, allowing remote experts to review and 

confirm diagnoses. This integration is particularly beneficial in areas lacking specialist healthcare 

professionals, ensuring that accurate diagnoses can be made even in isolated locations. 

(v) The system systems can be expanded to collect and store diagnostic data, which can be used for 

epidemiological studies. This data can help track malaria prevalence, identify outbreaks early, and 

inform public health interventions and policy decisions. 

b. Report on the performance of the device both in the lab and clinical trials. 

c.  Enhanced capacity for Kenyan researchers in designing and fabrication of affordable optical 

biosensors. 

d. Dissemination of research findings 

Impact 

The development of the robotic microscope will lead to the creation of a new diagnostic platform for 

Malaria by providing rapid, stain-free, and accurate diagnosis. This will significantly reduce the time the 

health care personnel requires for staining the samples and scanning for parasites using a light microscope. 

Meaning, more patients could be tested at the same time. Besides, microscopy is the gold standard method 

for malaria diagnosis, and offering affordable and rapid solutions within the platform will be very appealing 

to policymakers and biomedical companies. This can generate significant revenue from the sale of these 

products and encourage more research on expanding the robotic microscope for other applications. Finally, 

the collaboration with Prof. Pietro Cicuta and colleagues in the Cavendish Laboratory at the University of 

Cambridge UK will help build capacity for Kenyan researchers in designing and fabrication of affordable 

biosensors. Finally, the project will support two MSc female students to bridge the gap of women in the 

field of Optics and Photonics particularly in developing countries.  
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Category: Environment 
Title: Spectral radiance mapping to characterize the ecological impacts of light pollution 
 
The global challenge  
 

The accessibility and growing demand for electric lighting have a large-scale impact on natural 
habitats. Unfortunately, the electric light at night (LAN) can cause negative consequences, such 
as disrupting ecosystems, confusing migratory patterns, altering predatory-prey relations, 
causing stress, and interrupting the entrainment of circadian rhythms of many species. The 
negative effects of LAN (light pollution) is often quantified using photometric and colorimetric 
measures. Despite the complexity of spectral impact of light sources on the environment, 
research suggests that light source spectra influences arachnida, aves, instecta, mammalia, and 
reptiles in predictable manners. However, ecological research studies still use photometric (i.e., 
illuminance, luminance) and colorimetric (i.e., correlated color temperature) measures, which 
are based on human visual sensitivity. In addition, photometric and colorimetric measurements 
are performed using either spot measurements or satellite images. While these measurement 
methods have merits, they have limitations in accurately evaluating the ecological impacts of 
light pollution.  
 
Proposed project and relation to the “Environment” category  
 

Characterizing the impacts of light pollution on several species requires a holistic measurement 
approach in spectral and spatial dimensions. The proposed research project aims to characterize 
optical radiation using a spectral imaging radiance colorimeter and assess the outcomes 
compared to spot (e.g., handheld spectroradiometer) and remote (satellite) measurements. By 
utilizing spectral radiance mapping techniques, I aim to provide a holistic understanding of 
how different light spectra impact ecological processes. This project aligns with the 
Environment category of the Optica Foundation Challenge, as it addresses the urgent need for 
innovative solutions to mitigate the ecological effects of light pollution. A test field will be 
identified, and light pollution of a large field of view will be characterized using radiance 
imaging colorimeter to simulate realistic field conditions. The variation between the traditional 
and proposed measurement methods will be evaluated, and a new metric for light pollution will 
be developed using the data generated in this project.  
 
Capability to address the challenge and intended outcomes 
 

The project's capability and application lie in its ability to provide valuable insights into the 
ecological impacts of light pollution beyond human perception. By developing a 
comprehensive light pollution assessment method that considers spectral characteristics, we 
can better understand the effects of electric lighting on wildlife behavior, habitat disruption, 
and ecosystem functioning. This project has the potential to inform conservation efforts, guide 
outdoor lighting policies, and promote the development of sustainable lighting practices to 
preserve biodiversity and mitigate the ecological consequences of light pollution on a global 
scale. New light pollution metric and measurement methods comparison will be disseminated 
to relevant bodies, such as the Council for Optical Radiation Measurements, the International 
Commission on Illumination, and International Dark-Sky Association. The development of a 
holistic light pollution metric will also help ecological researchers find acceptability thresholds 
and guide outdoor lighting standards and recommendations, such as Model Lighting Ordinance 
(MLO), LEED Sustainable Sites program, the International Commission on Illumination (CIE) 
recommendations, and standards, such as the Australian New Zealand Standard AS/NZS 
4282:2019 Control of the obtrusive effects of outdoor lighting.    
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1. Literature review  
 

1.1 Negative impacts of light pollution 
 

Light is imperative to achieve viable conditions for human activity at night, such as 
transportation, work, commerce, and leisure. The use of outdoor lighting is beneficial for 
commercial and cultural endeavours, especially in urban environments, but electric light at 
night (LAN) also reduces darkness which may be necessary for the ecology and some animals. 
For the outdoor lighting to be sustainable it should fulfil the functional needs of the users, be 
cost- and energy-efficient, and result in minimal environmental impact. The use of outdoor 
lighting during night-time can result in various unwanted and harmful side-effects (often 
collectively referred to as light pollution). The unwanted effects of the use of outdoor LAN 
include: 
• Increase in human-made sky glow (the diffuse luminance of the night sky),1  
• Degradation of ground-based astronomical observatories operating in the optical range 

and a decreased ability to observe the stars due to the brightening of the night sky,2  
• Increase in obtrusive light causing nuisance and discomfort glare for humans,  
• Adverse health outcomes, such as circadian disruption, mood effects, and increased 

breast cancer incidence risk in humans,3 
• Disturbances and negative impacts on species, ecosystems, and wildlife.4  
 

 
Fig. 1. Electric light at night can cause astronomical and ecological light pollution.5 

 
The unwanted side-effects are measured through response variables and vary 

significantly depending on the research discipline and the study objects. In astronomy, the 

 
1 Kyba, C., Tong, K. P., Bennie, J., Birriel, I., Birriel, J. J., Cool, A., ... & Gaston, K. J. (2015). Worldwide 
variations in artificial skyglow. Scientific Reports, 5(1), 1-7. 
2 Riegel, K. W. (1973). Light Pollution: Outdoor lighting is a growing threat to astronomy. Science, 179(4080), 
1285-1291. 
3 Durmus D., Tengelin, M. N., & Jägerbrand, A. K. (2022) Investigating the methods and health outcomes of 
research studies on light pollution and human physiology and behaviour: a systematic review, 17th International 
Symposium on Science & Technology of Lighting, Toulouse, France. 
4 Sanders, D., Frago, E., Kehoe, R., Patterson, C., & Gaston, K. J. (2021). A meta-analysis of biological impacts 
of artificial light at night. Nature Ecology & Evolution, 5(1), 74-81. 
5 Jägerbrand, A. K., Tengelin, M. N., & Durmus, D. (2022) An overview of the adverse effects of outdoor light 
at night and the research methods used in different areas. 2022 Conference Proceedings of Lux Europa. Prague.  



response variable can be sky brightness or upward emitted light. For impacts on human health, 
the response variable can be human behaviour or various health outcomes (e.g., sleep quality, 
melatonin suppression or risk of cancer). In ecology, the response variable is usually restricted 
to appropriate study variables for the specific species, the spatial scale or ecosystem of the 
investigation. Characterizing the ecological impacts of light pollution requires considering 
species’ spectral sensitivity to optical radiation. The spectral sensitivities can help characterize 
their visual response (i.e., brightness perception) to natural and electrical lighting. Some 
species may require darkness to hunt or hide from predators, find mating partners, or forage. 
Electric light at night with spectral distributions that are different than natural light sources 
(e.g., moonlight) may cause disruption to biological cycles of many species. 
 

1.2 Light pollution measurement methods  
 

Methods used in ecological light pollution studies are plentiful because of the large 
number of organisms that are studied. For example, LAN impact on birds have been studied 
through observational studies in the field that correlated bird responses (e.g., migration) to 
satellite-based light measurements or to ground-based measurements, but also through 
controlled indoor experiments or through experiments using bird enclosures outdoor. Bio-
loggers attached on birds can help correlated exposure of LAN to movement patters. The 
effects of LAN on insects (or invertebrates) have been studied in observational studies, often 
by comparing the number of trapped insects, with and without lighting (often using light as a 
source of attraction for the insects), or by introducing different kinds of interventions in unlit 
or lit areas. Insect responses have also been studied by introducing LAN in previously unlit 
areas in manipulative field experiments and observing the responses.  

Bats have only been studied through field experiments. Observational studies have been 
performed that compares bat movements and frequency of activity without any intervention. 
Field experiments varies much in their design, but some use already lit areas for introducing 
interventions (e.g., altered light sources, light intensity, or light distribution) and others use 
previously unlit areas to introduce LAN and study impacts on behaviour. Fish responses to 
LAN can be studied in field experiments, mesocosms, enclosures or in laboratory studies. Field 
experiments can be conducted to study both lit or unlit conditions with or without interventions. 
Use of mesocosms, enclosures or laboratory environments can improve the scientific reliability 
of the study since it is more controlled, and the influence of external factors can be minimized.  

Responses of plants can be investigated through controlled field experiments 
manipulating various lighting conditions. Studies can also be performed as observations in unlit 
or lit areas with or without interventions. Tree phenology can be correlated with satellite-based 
measurements or with ground-based measurements. Similarly, turtles have mainly been studied 
in their natural habitats and in the field. Studies are often observations of behaviour before/after 
interventions have been introduced. Studies focuses on hatchlings, but adult turtles have also 
been under investigation. On the other hand, responses of rats, mice and rodents have been 
investigated in controlled laboratory studies where lighting manipulations can be fully 
controlled and measured. Field experiments of mice and rats in natural environments or in more 
controlled enclosures have also been performed. Response variables includes behaviour, 
ecological relevant variables and physiological measurements.  

Many ecological studies are conducted without including data on environmental factors 
that may influence the results. Especially field experiments are very poor in reporting the 
lighting condition, for example light source, light intensity, and light distribution.5 Only a few 
studies report enough information on light distribution to be able to repeat the study. Light 
sources are often mentioned but rarely with enough information to replicate the study. For 
example, the spectral power distribution (SPD) of the light sources are rarely reported. Even 



during controlled conditions, measurement details are not often clearly stated or reported. In 
addition, exposure levels for organisms are rarely reported. 

These ecological studies often characterize the lighting conditions using photometric 
measures, such as illuminance (unit: lux). Illuminance, the total luminous flux incident on a 
surface per unit area, does not quantify the light reflected from surfaces and it is based on 
human visual sensitivity to optical radiation. The human spectral sensitivity to optical radiation 
is assessed using the photopic luminous efficiency function, which peaks at 555 nm. However, 
most other animals (e.g., mammals except old and new world monkeys, insects, birds) have 
different photoreceptor spectral sensitivities due to evolutionary reasons, such as detecting 
flowers or fruits.6 Some animals can even detect optical radiation beyond light, such as 
ultraviolet and infrared radiation. Therefore, the use of photometric measures (i.e., illuminance, 
luminance) is limited at best, and might mislead researchers, conservators, and lighting 
designers in their efforts in protecting natural habitats. In addition, the typical illuminance and 
luminance meters can only perform point measurements (a single point in time). A single point 
measurement does not fully characterize the visual scene in an outdoor setting but taking more 
measurements can be cumbersome and time intensive with these devices. Therefore, alternative 
methods should be used to characterize the lighting conditions of a field of view of a large area.  
 

1.3 Satellite images  
 

An alternative approach to photometric spot-measurements is extracting light exposure 
information from satellite images. Ground-based measurements include astronomical 
photometry and spectroscopy at large observatories, wide-field photometry using all-sky 
cameras with fish-eye lenses, narrow angle measurements (typically in only one band) using 
sky quality meters. Naked eye observations of stellar objects where citizen observations can be 
used to get large coverage of the observations. For light emitted through the earth atmosphere, 
remote sensing is carried out with radiance measurements by satellite-based sensors and 
photographs taken from NASA’s International Space Station.  

In earlier studies, mostly telescopes and naked eye observations were used in ecological 
research. From the year 2000 and onwards satellite-based radiometry has been used in the 
studies of light pollution, starting with the Defense Meteorological Satellite Program (DMSP) 
Operational Linescan System and later with the higher resolution of the monthly cloud-free 
night-time imagery from the Suomi National Polar-Orbiting Partnership (Suomi NPP), Visible 
Infrared Imaging Radiometer Suite (VIIRS) Day/Night Band, and most recently the Chinese 
satellite Jilin-1, claiming to have a spatial resolution below 1 m. With the development of wide-
angle photometry, from 2010 and onwards the number of studies using camera-based 
measurements have increased.5 

LAN measured by satellite is often correlated to urbanization, noise levels, and air 
pollution. In outdoors, it was found that satellite-based radiance measurements were useful 
when estimating the ground exposure, although luminance values from The New World Atlas 
had a better correlation with ground measurements considering the full sky. However, both the 
satellite image composites, and the estimated zenith brightness levels were found to smooth 
out local spatial variations as measurements performed on the ground have shown a much 
larger variation between high and low exposure sites when total exposure is considered.7 

Although, satellite measurements of sky brightness can provide a broad analysis of a 
larger geographical area, it has limitations. For example, the process of sky glow and the 
measurement of the sky brightness is highly influenced by meteorological conditions. In 

 
6 Osorio, D., & Vorobyev, M. (2008). A review of the evolution of animal colour vision and visual 
communication signals. Vision Research, 48(20), 2042-2051. 
7 Simons, A. L., Yin, X., & Longcore, T. (2020). High correlation but high scale-dependent variance between 
satellite measured night lights and terrestrial exposure. Environmental Research Communications, 2(2), 021006. 



astronomical studies, different units are used depending on the experimental technique. It is 
common to report the sky brightness in the astronomical magnitude system mag/arcsec2. This 
can be approximately compared to luminance in mcd/m2, but the different measurement 
techniques and bands used make it difficult to compare results from different studies. Another 
important limitation of the satellite images is the spectral sensitivity of the radiometers in the 
satellite (i.e., between 500 nm and 900 nm), which does not include a substantial portion of 
short wavelength energy that animals, including humans, are sensitive.  
 

1.4 Spectral radiance imaging  
 

The limitations of photometric and satellite measures can be balanced by utilizing 
spectral radiance measurements captured through imaging systems. Spectral radiance imaging 
is the method of collecting radiometric data from a scene using a calibrated camera. Spectral 
radiance imaging is a subset of remote imaging, where electromagnetic radiation emitted or 
reflected from surfaces are measured. This method enables large field-of-view scanning and 
imaging for remote sensing and surveillance, with early applications focusing on the 
relationship between electromagnetic radiation and water,8 complex vegetation,9 and climate 
variability.10 Today, spectral imaging cameras can be purchased to measure the radiometric 
quantities that are far more relevant for ecological and environmental research.  
 

2. Problem statement / objective 
 

The growing population and the increase in urbanization has rapidly expanded the 
human reach into the natural habitats. This increase comes at a price for the ecological 
environments and its inhabitants. Light, a key factor for human vision, can disrupt other 
species’ biological cycles. Current methods of quantifying the negative impacts of light 
pollution is limited. The objective of this project is to evaluate the performance of spectral 
radiance imaging for a faster and accurate measurement of the lit night environment. The data 
collected in this study will be also used to develop new metrics to quantity the ecological 
impacts of light pollution. 
 

3. Outcomes  
 

The primary outcome of this project is the development and confirmation of a novel 
method to accurately assess the impact of light pollution. Through rigorous experimentation 
and data analysis, I will refine the approach to spectral radiance mapping and validate its 
effectiveness in quantifying the ecological effects of artificial lighting. By employing 
mathematical modeling techniques, I aim to optimize the estimation of radiometric quantities, 
providing researchers with precise and reliable data for assessing light pollution levels in 
diverse environments. 

Furthermore, the project will result in the creation of a comprehensive light pollution 
metric that accounts for the spectral characteristics of light sources and the irradiance of the 
visual scene. This metric will offer a nuanced understanding of how different light spectra 
influence ecological processes, facilitating targeted interventions to mitigate the adverse effects 
of light pollution on biodiversity. By integrating spectral information into the assessment 

 
8 Curran, P. J., & Novo, E. M. M. (1988). The relationship between suspended sediment concentration and 
remotely sensed spectral radiance: a review. Journal of Coastal Research, 351-368. 
9 Goward, S. N., Cruickshanks, G. D., & Hope, A. S. (1985). Observed relation between thermal emission and 
reflected spectral radiance of a complex vegetated landscape. Remote sensing of Environment, 18(2), 137-146. 
10 Iacono, M. J., & Clough, S. A. (1996). Application of infrared interferometer spectrometer clear sky spectral 
radiance to investigations of climate variability. Journal of Geophysical Research: Atmospheres, 101(D23), 
29439-29460. 



framework, I aim to enhance the accuracy and relevance of light pollution evaluations, 
empowering stakeholders to make informed decisions about outdoor lighting practices and 
policies. 

Moreover, to foster collaboration and knowledge-sharing within the research 
community, the data generated through this project will be made openly accessible online. By 
providing access to the datasets and methodology, I aim to encourage other researchers to 
develop their own approaches for assessing light pollution and evaluating the proposed metrics 
and measurement methods. This open-access initiative will promote transparency and 
reproducibility in scientific inquiry, catalyzing further advancements in the field of ecological 
light pollution research and fostering interdisciplinary collaboration towards sustainable 
lighting solutions. 

In summary, the outcomes of this project will not only contribute to our understanding 
of the ecological impacts of light pollution but also provide valuable tools and resources for 
researchers, policymakers, and practitioners striving to address this pressing environmental 
issue. Through the development of innovative assessment methods and the dissemination of 
open-access data, I seek to catalyze positive change in outdoor lighting practices and promote 
the conservation of biodiversity in light-polluted ecosystems. 
 

4. Impact  
 

The project outputs will directly impact the practice of lighting design and illumination 
engineering. There are currently several outdoor lighting standards that aim to limit the light 
exposure on unwanted areas to limit the negative consequences of light pollution. The 
International Commission on Illumination (CIE) “CIE 150:2017 Guide on the limitation of the 
effects of obtrusive light from outdoor lighting installations,”11 the Model Lighting Ordinance 
(MLO) published jointly by the International Dark Sky Association and the Illuminating 
Engineering Society (IES), Leadership in Energy and Environmental Design (LEED) Light 
pollution reduction Sustainable Sites (SS8), and Australian and New Zealand Standards 
(AS/NZS) 4282:2019 Outdoor Lighting Obtrusive Effects12 are some of the most prominent 
examples. However, these standards still utilize photometric measures and are often limited to 
negative impacts on humans (e.g., glare).  

Leveraging my connections with standards bodies and technical expertise, I will 
actively engage with stakeholders to enhance existing guidelines by incorporating the metrics 
developed through the outcomes of this research proposal. By advocating for the integration of 
spectral radiance mapping and the new light pollution metric into outdoor lighting standards, I 
aim to ensure that these standards effectively address the ecological impacts of light pollution 
beyond human perception. 

Through dedicated service work and collaboration with industry stakeholders, the 
results of this research will be translated into actionable recommendations and guidelines, 
facilitating immediate real-world impact. By influencing the revision and adoption of outdoor 
lighting standards, this project will contribute to the development of sustainable lighting 
practices that minimize the ecological footprint of artificial illumination. Ultimately, the 
integration of spectral radiance mapping and the new light pollution metric into lighting design 
and engineering practices will promote biodiversity conservation and support efforts to create 
environmentally responsible built environments. 

 
11 CIE (2017) 150:2017 Guide on the limitation of the effects of obtrusive light from outdoor lighting 
installations. CIE: Austria, Vienna. 
12 AS/NZS (2019) 4282:2019 Outdoor Lighting Obtrusive Effects. Standards Australia.  



Ultrasensitive Nanophotonic Analysis of Sebum as a Non-Invasive Source of Biomolecular 

Information: Toward biophotonic diagnostics based on skin surface lipids ˗̶ Executive summary 

The challenge. The skin surface lipidome contains information from the human body's metabolic and 

biochemical processes. Hence, sebum (an oily substance produced by sebaceous glands in the skin) 

represents an innovative source of biomolecular information. Chromatographic methods and mass 

spectrometry are the most common analytical techniques employed in sebum analysis. These analytical 

techniques often need bulky equipment and highly trained personnel. In addition, they generally require 

organic solvents and time-consuming extraction procedures. Hence, these analytical techniques are 

challenged by technological features offered by the next generation of diagnostic devices, including 

environmental friendliness, easy-to-sample collection, high sensitivity, and the capability to operate at 

the point of care. In addition, the limitations of current analytical/extraction methodologies, may hinder 

the discovery of new biomarker candidates in sebum. In fact, sebum can contain specific biosignatures 

offered by biomolecules expressed in relatively low concentrations that are yet to be systematically 

identified.  

Proposed project. The overarching objective of the Challenge Project is to embark on an innovative 

journey by integrating ultrasensitive surface-enhanced Raman spectroscopy (SERS) substrates with 

portable technologies (e.g., handheld Raman equipment). The ultimate goal is to perform direct analysis 

of sebum in a simple fashion (e.g. from a simple skin swab from volunteers and avoiding the usage of 

reagents), thereby revealing unexplored biosignatures by SERS. Using flexible nanoplasmonic patches, 

SERS analysis of sebum will be carried out (our team has previously developed ultrasensitive flexible 3D 

SERS substrates made of silver/gold nanoparticles, graphene oxide and nanopaper, which are also eco-

friendly). As a control, non-plasmonic sebum collection substrates will also be analyzed using Raman 

spectroscopy. Upon judicious optimization, the sebum of at least 30 healthy volunteers will be analyzed 

via SERS and Raman, respectively. The resulting spectral signatures will be analyzed and compared to 

determine those Raman fingerprints arising from SERS and absent in conventional Raman; for instance, 

using spectral library matching. In the last stage, in a pilot translational setting, to investigate the potential 

biomedical relevance of the approach, the sebum of at least 10 volunteers undergoing a 

neurodegenerative disease (ex., Parkinson's Disease or Alzheimer's Disease) will be also analyzed. 

Intended outcomes. By executing this project, we will not only simplify sebum analysis, but also provide 

an innovative nanophotonic approach to discover SERS biofingerprints in a readily available biofluid. The 

resulting SERS biofingerprints could be linked with specific metabolic and biochemical processes occurring 

in the human body, thereby providing an innovative platform for noninvasive diagnostics and catalyzing 

the advancement of technologies devoted to healthcare. Importantly, the spectra generated in this 

project will be deposited in a publicly available database, ensuring the thoroughness and transparency of 

our research process, and thereby sharing new insights with the scientific community. This project will 

provide pioneering research on the advantageous analysis of sebum using nanophotonics, lay the 

foundations of biophotonic diagnostics based on sebum analysis, and boost advances in the next 

generation of molecular sensors, biomedical research, and democratized healthcare. In addition, 

combining this type of biophotonic diagnostics with digital technologies such as artificial intelligence could 

give rise to innovative smart spectral diagnostics. This project has, therefore, the potential to facilitate an 

innovative platform for personalized, noninvasive, and preventive healthcare, especially at the point of 

need. 



Ultrasensitive Nanophotonic Analysis of Sebum as a Non-Invasive 

Source of Biomolecular Information: Toward biophotonic diagnostics 

based on skin surface lipids 

 

Literature Review. The outermost epidermal layer of the skin is a barrier that safeguards skin 

integrity and offers a protective coating made of lipids. Such a coating prevents desiccation and 

the loss of moisture to the external environment. It also protects against external aggressions and 

invaders such as pathogenic agents, allergens and ultraviolet radiation.1 Skin surface lipids is a 

complex mixture of free fatty acids and neutral lipids, arising from both skin removal and 

sebaceous secretion, particularly triglycerides (20–60%), wax esters (23–29%), squalene (10–

14%), free fatty acids (5–40%), small amounts of cholesterol and cholesterol esters (1–5%), as 

well as diglycerides (1–2%).2 

 

Metabolic and biochemical processes occurring in the human body may be reflected in the skin 

surface lipidome. As a consequence, lipidomic analysis of sebum may allow for the identification 

of biomarkers that are related to specific health statuses such as neurological disorders 

(Parkinson’s disease and Alzheimer’s disease),3–5 type 2 diabetes,6 COVID-19 infection,7 self-

perceived skin sensitivity,8 and ethanol consumption.9 In addition, sebum can also contain 

inflammatory biomarkers (cytokines, namely, IL-1α and IL-1RA, IL-6, IL-8, TNF-α, INF-γ, IL-33, 

IL-1β and G-CSF).10  

 

While sebum can be an interference in electrochemical sensors,11 considering the 

aforementioned context and from the viewpoint of biophotonics, sebum represents an innovative 

source of biomolecular information that could be exploited to perform non-invasive molecular 

diagnostics. Table 1 summarizes representative literature reporting the analysis of sebum with 

different scopes and aims. As observed in Table 1, chromatographic techniques, followed by 

mass spectrometry are the most common analytical techniques employed in sebum analysis. 

These analytical techniques often need bulky equipment and highly trained personnel. In addition, 

they generally require organic solvents as well as time-consuming extraction procedures.  

 



“Raman spectroscopy is a highly specific optical technique that can identify molecules based on 

their chemical bonds and their unique vibrational modes. These modes are associated with 

different light frequencies created after incident monochromatic light gains or loses energy 

through inelastic scattering, also known as Raman scattering, after its discovery by 

Chandrasekhara V. Raman in 1928. Despite its high analytical specificity, Raman spectroscopy 

applications are highly constrained by the weak signal produced during such a light-matter 

interaction, since only one photon between 106-1010 is Raman scattered. Nevertheless, surface-

enhanced Raman spectroscopy (SERS) overcomes this limitation.”12 As far as we know, 

employing organic solvents and laborious extraction procedures, sebum has been analyzed using 

Raman spectroscopy.13 Moreover, a proof-of-concept developed in Eden Morales-Narváez’s 

laboratory demonstrated the feasibility to perform sebum analysis using ultrasensitive surface 

enhanced Raman spectroscopy (SERS) substrates without any sample treatment and from a 

simple skin swab from a couple of volunteers.14 

Table 1. Representative literature reporting the analysis of sebum using different techniques. 

Analytical Technique | Region of collection Scope | Extraction method or media Reference 

Paper Spray Ionization Ion Mobility Mass 
Spectrometry | Mid-back of participants 

Biomarkers for the Diagnosis of Parkinson’s 
Disease | Direct transfer via touch and roll  

3 

Gas chromatography-mass spectrometry | Central 
region of the forehead. 

Biomarkers for the Diagnosis of Parkinson’s 
Disease and Alzheimer’s Disease | Acetone, 
methanol, isopropanol mixture 

4 

Liquid chromatography-mass spectrometry | Upper 
back of participants 

Biomarkers for the Diagnosis of Parkinson’s 
Disease | Methanol 

5 

Ultra-high performance liquid chromatography-
quadrupole tandem time-of-flight mass spectrometry 
and weighted gene co-expression network analysis | 
Right side of the foreheads of participants 

Biomarkers for Type 2 Diabetes | Chloroform 
methanol, acetone, and isopropanol 

6 

Ultraperformance liquid chromatography–quadrupole 
time‐of‐flight mass spectrometry | Right cheek of 
participants 

Biomarkers related to self-perceived skin 
sensitivity | Chloroform and methanol 

8 

Gas Chromatography-Mass Spectrometry | Center of 
the forehead of participants 

Ethanol consumption | A mixture of 

acetone/hexane 

9 

Immunoassay / Pelvic region of participants Inflammatory biomarkers | Phosphate 
buffered saline+ 0.1% dodecyl maltoside 

10 

High-pressure liquid chromatography–atmospheric 
pressure chemical ionisation–mass spectrometry | 
Forehead of participants 

Forensic context: identification of sex and 
ethnicity | Hexane and a mixture of 
chloroform/methanol. 

15 

Liquid chromatography-mass spectrometry | Right 
side of the upper back of participants 

Lipidome biosignature upon COVID-19 
infection | Methanol 

7 

High-temperature gas chromatography/mass 
spectrometry 

Raman | Forehead of participants 

Differences in terms of geographical 
localization | Diethyl ether and isooctane. 

13 

Surface enhanced Raman spectroscopy / Forehead 
of participants 

Proof-of-concept | Skin swab with a flexible 
SERS substrate 

14 



Problem Statement/Objective. By means of a series of technological features, such as 

environmental friendliness, easy-to-sample collection, high sensitivity and the capability to 

operate at the point-of-care, the next generation of diagnostic devices is intended to facilitate 

personalized, non-invasive and preventive healthcare.16,17 However, the realization of this type of 

diagnostics remains a challenge, where nanophotonics and biophotonics can play a crucial role. 

 

Sebum can contain specific biosignatures offered by biomolecules expressed in relatively low 

concentrations and therefore they have not been identified until now by current 

analytical/extraction methodologies, which may hinder the discovery of new biomarker candidates 

in sebum. The main objective of the proposal is to integrate ultrasensitive SERS substrates with 

portable technologies (e.g. a handheld Raman equipment), with the ultimate goal of performing 

direct analysis of sebum in a simple fashion (e.g. from a simple skin swab from volunteers and 

avoiding the usage of reagents), thereby revealing unexplored SERS biosingatures 

systematically.  

 

We will realize this Challenge Project by using flexible nanoplasmonic patches enabling SERS 

analysis. Our team has previously developed ultrasensitive flexible 3D SERS substrates made of 

silver/gold nanoparticles, graphene oxide and nanopaper, which are also eco-friendly.14,18 As a 

control, non-plasmonic sebum collection substrates will also be analyzed using Raman 

spectroscopy. Upon judicious optimization, sebum of at least 30 healthy volunteers will be 

analyzed via SERS and Raman, respectively. The resulting spectral signatures will be analyzed 

and compared to determine those Raman fingerprints arising from SERS and absent in 

conventional Raman (for instance, using statistical tests and/or spectral library matching; ex., 

KnowItAll Software). Eventually, in a pilot translational setting, to investigate the potential 

biomedical relevance of the approach, the sebum of at least 10 volunteers undergoing a 

neurodegenerative disease (ex., Parkinson’s Disease or Alzheimer’s Disease) will be also 

analyzed. Ethical approval to collect sebum samples from human volunteers will be submitted in 

the Ethics Committee of the Center for Applied Physics and Advanced Technology with Delegated 

Authority, National Autonomous University of Mexico (Universidad Nacional Autónoma de 

México, UNAM). The overall vision is depicted in Figure 1. 



 

Figure 1. Toward biophotonic diagnostics based on skin surface lipids. 

Outcome(s). Sebum is an emerging source of biomolecular information that can revolutionize 

non-invasive molecular diagnostics. By executing this project, we will not only simplify sebum 

analysis, but also provide an innovative nanophotonic approach to discover SERS biofingerprints 

in a readily available biofluid. The resulting SERS biofingerprints could be related with specific 

metabolic and biochemical processes occurring in the human body, thereby providing an 

innovative platform for spectral diagnostics and catalyzing the advancement of technologies 

devoted to healthcare. Importantly, the spectra generated in this project will be deposited in a 

publicly available database, ensuring the thoroughness and transparency of our research 

process, and thereby sharing new insights with the scientific community. 

 

Impact. This project will provide pioneering research on the advantageous analysis of sebum 

using nanophotonics, lay the foundations of biophotonic diagnostics based on sebum analysis 

and boost advances in the next generation of molecular sensors, biomedical research, as well as 

democratized healthcare.  

In addition, the combination of this type of biophtonic diagnostics with digital technologies such 

as artificial intelligence could give rise to innovative smart spectral diagnostics.12 This project has 

therefore the potential to facilitate an innovative platform for personalized, non-invasive and 

preventive healthcare, especially at the point-of-need.  
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Project Title: Fabrication of Bioplastic Diffraction Gratings Based on Chitosan/Silica Nanoparticles from     

                        Crab Shell Waste and Coal Fly Ash. 

 

Project Summary: 

      

     Dwindling natural resources has led to creative and efficient methods for using materials typically 

considered waste.  Recycling waste materials for various purposes necessarily involves environmental 

issues such as toxicity, sustainability, and cost-effectiveness that need to be properly addressed. The 

Philippines produces more than 250,000 metric tons of seafood waste annually. In seafood production, 

35% to 40% of waste is in the form of discarded shells which, if incorrectly disposed of, cause 

environmental pollution in coastal areas.  Repurposing crab waste as a raw material for bioplastic 

components is promising, with shells having a chitin content of 10 to 72%, suitable for chitosan 

extraction. Further, the Philippines has several coal fire power plants producing thousands of tons of 

waste material including fly ash when improperly disposed can harm the environment. This waste may 

contain contaminants like boron, selenium, and arsenic. Utilizing coal fly ash as a source of sodium 

silicate will reduce waste disposal. This current work is aligned with Sustainable Development Goal 12 of 

the United Nations on ensuring sustainable consumption and production patterns and SDG 13 on urgent 

action to combat climate change and its impacts. Repurposing crab shell waste and coal fly ash will help 

ensure a sustainable source of raw materials from what is tagged as waste. It will help reduce the emission 

of pollution in the air and the accumulation of contaminants in soil and water affecting the environment. 

 

     Recently, I fabricated a Bioplastic Diffraction gratings from chitosan extracted from crab shell waste. 

Using the soft lithography technique, I successfully replicated the groove lines from the commercial 

gratings with a density of 600 and 1200 lines/mm. The diffraction experiment and power efficiency result 

are comparable with the performance of the commercial grating. Indeed it is the first step to producing 

lightweight, cheaper, and biodegradable diffraction gratings for industrial use and converting wastes into 

valuable products.  Further, with the modified chemical extraction method, I produced chitosan from crab 

shell waste with approximately 93% Degree of Deacetylation. In 2023, when my first paper on “Chitosan 

from crab shell waste for soft lithography of bioplastic diffraction gratings” was published in Applied 

Optics caught the attention of the scientific community and featured in various online platforms in both 

local and international media. The method of extraction of chitosan from marine waste and the process of 

fabricating a bioplastic diffraction grating is now under evaluation by the Intellectual Property of the 

Philippines (IPOPhil) for possible patent protection. This led to winning the Most Outstanding 

Graduate Student Research Award in the School of Science and Engineering, Ateneo de Manila 

University. This idea won the Best Paper Award (1st Place) and Best Presenter Award (2nd Place) 

titled “Chitosan diffraction grating from crab shell wastes: Turning South East Asia’s marine waste 

into an optical biopolymer with industrial value” during the 1st ASEAN Region 6 Research 

Conference hosted by CHED Region VI. The success of this project is useful not only to the scientific 

community but more specifically to the fisher folks community and seafood industry engaging with crabs, 

and protecting the environment. This time my training in nano synthesis is useful in extracting sodium 

silica from coal fly ash and synthesizing it to silica nanomaterial. 

 

        One of my goals is to establish an Advanced Physics, Photonics Laboratory, and Emerging 

Technology (APPLETech) to prepare the university to offer a Bachelor of Science in Physics program. 

As far as my knowledge, there is no university offering this program in the Region. I desire to transfer the 

skills and knowledge learned in space science technology application research and development to 

aspiring researchers in the field of Physics. Bringing science to the community and protecting the 

environment through innovative technology using raw materials from waste.   



I. Title: Fabrication of Bioplastic Diffraction Gratings Based on Chitosan from Crab Shell Waste     

             Combined with Silica Nanoparticles from Coal Fly Ash 

 

II. Literature Review 

 

    To accomplish the research objectives, a review of related literature is first performed. These previous 

studies give insight into the motivation and applications of this current research.  

 

1. Chitosan and Extraction Method 

 

      One of the most prevalent biopolymers in crustaceans, insects, fungi, and mollusks is chitin [1]. 

When deacetylated, chitin, a polymer of N-acetyl-D- glucosamine, becomes chitosan. Due to the 

presence of primary and secondary hydroxyl groups on each repeating unit as well as the amine 

group on each deacetylated unit, chitosan is chemically more active than chitin [2]. These reactive 

groups are easily modified chemically to change chitosan’s mechanical and physical properties.  It is 

greatly helpful that chitin and chitosan have amine groups since they allow for specific biological 

processes and the utilization of modifying reactions [3]. These polysaccharides' excellent properties, such 

as biocompatibility, biodegradability, bioactivity, bioresorptivity, non-toxicity, and high adsorption, make 

them useful and essential biomaterials, attracting a great deal of industrial attention as potential 

alternatives to synthetic polymers [4]. 

 

     In general, there are two methods for producing chitosan: chemical and biological [5]. Chemical 

methods of chitosan preparation primarily consist of three stages of reaction: demineralization (the vast 

majority of recent literature reports using HCl at concentrations of up to 10% w/v to remove CaCO3 

from the shell by reacting for 2-3 hours with agitation), deproteinization (removing the protein and 

other organic components other than chitin from the shell by reacting with a heated alkali solution, 

such as 1% - 10% (w/w) aqueous NaOH solution, at temperatures ranging from 65 to 100 °C for 0.5 

to 12 hours), and deacetylation (chitin to chitosan conversion using a 40% - 50% (w/w) heated alkali 

solution, such as NaOH solution) [6]. Because demineralization is a much easier reaction than 

deproteinization, most recently published literature adopted processes that used those steps in that 

order: demineralization followed by deproteination and deacetylation. If demineralization is used prior to 

deproteinization, it can create more surface area on the shell material by dissolving CaCO3 and 

accelerating the deproteinization reaction, which occurs later in the process [5]. Despite this, some 

earlier studies have instead used the process where deproteinization is carried out first, i.e. via the 

steps of deproteinization → demineralization → deacetylation, but executing the process in this 

particular order has not been perceived to lead to any significant difference in the quality and yield of 

the chitin produced [7]. 

 

     To prepare chitosan from crustacean byproducts, biological methods (such as enzymatic methods 

and fermentation methods) are also available. Enzymatic methods use the same demineralization 

mechanism as chemical methods, namely the use of acid to remove the CaCO3 in the shell, as 

previously discussed [8,9]. This method substitutes enzymes for the deproteinization and 

deacetylation reactions at lower temperatures, typically between 25 °C and 59 °C [9]. For enzymatic 

deproteinization, various proteinases have been developed, and these enzymes are typically extracted 

from microbes or fish entrails, such as sardinella (Sardinella aurita) and grey triggerfish (Balistes 

capriscus) intestines [8,10]. Likewise, deacetylases can also be extracted from fish intestines or 

microbes [11- 12], for instance, Alcalase® obtained from Bacillus licheniformis [5]. Microorganisms 

that have been genetically modified have also been reported as a source of enzymes for 

deproteinization and deacetylation reactions [13]. 

 

 



2. Silica Nanoparticle Synthesis from Coal Fly Ash 

 

     Fly ash is a fine ash transported upward with flue gases and may be collected by a powerful 

electrostatic precipitator before reaching the atmosphere [14]. This material contains hazardous 

environmental contaminants such as boron and selenium [15]. The Philippines produces almost 1.4 metric 

tons of coal fly ash each year, an amount expected to increase by 10% annually. Millions of tons of this 

waste material are also produced in countries like Japan, China, USA, and South Africa.  Promisingly, fly 

ash may be repurposed as a source of rare earth elements (REEs) and converted into valuable products 

[16].  

 

    Recently, this waste material became the focus of research due to its high content of Silicon (Al) and 

Aluminum (Al) which could be viable sources of purified silica and alumina suitable for various 

industrial applications. The silica nanoparticles are used in thin film substrates, electrical and thermal 

insulators, and adsorbents [17]. Leaching is the conventional way of extracting hazardous elements in 

REEs like coal fly ash [18]. A simple, affordable, and less energy intensive method of sodium silica is 

available, such as the use of NaOH [19]. Hydrochloric acid (HCl) has also been commonly used because 

it limits silica dissolution that interferes with coal fly ash extraction and filtration through the formation 

of silica gel [20].  

 

3. Soft Lithography 

 

Hard lithography techniques are now the most commonly used patterning techniques for micro- and nano-

structuring of various surfaces. These techniques primarily employ e-beam, x-ray, ultraviolet, or visible 

light to pattern a photoresist, either through a mask or directly through scanning techniques. The depletion 

of the resist allows for etching and substrate patterning. The main drawback of these methods is their high 

equipment cost. 

In the 1990s, Whitesides et al. introduced unique non-photolithographic micropatterning approaches 

utilizing versatile molds or stamps to overcome this disadvantage [21]. These techniques, collectively 

known as “soft lithography,” enable low-cost patterning for laboratory use by using a previously 

patterned stamp instead of “hard” radiation (UV/Vis, x-ray, or e-beam). Another development is the use 

of an elastomer such as PDMS as a flexible material for stamp preparation. Masking and molding 

processes were developed in addition to pure stamping methods. Soft lithography techniques offer quick, 

simple, and inexpensive  tools  for  lab-scale surface micro-  and nanostructuring. Large and non-

planar (rough or curved) areas, on the other hand, can be treated with a variety of “ink” materials [22]. 

Partial surface protection by a monolayer is another field of application for microcontact printing. In this 

case, the deposited molecules protect the surface from etchants or other similar substances. Microcontact 

printing provided the first way to form various high-resolution patterns using standard laboratory 

equipment without the need for expensive facilities. 

 

      Microcontact printing's advantages have been adapted to replica molding, which has been used for a 

vast scope of structured surfaces such as compact disks (CDs), diffraction gratings, and holograms [23]. 

While these techniques are based on molding a suitable material (usually a thermoplastic polymer) against 

a rigid mold, the use of elastomers makes it easier to form tailored microstructures. As a result, 

nanoimprint lithography (NIL) was developed, which enables surface patterning with feature heights as low 

as a few micrometers. Chou et al. first described NIL as a process in which a rigid stamp is pressed onto a 

PMMA layer on a rigid silicon substrate while being lightly thermally treated [24]. This method could 

provide an appropriate alternative for photolithographic resist patterning with comparable resolution.  In 

order to speed up the capillary flow of the ink solution from the other side of the stamp, Tvingstedt et al. 

employed a technique in 2007 that involves extracting air with a syringe from one side of the channels 

between the patterned stamp and the pre-activated substrate [25]. Unfortunately, the technique needs 

connected cavities to enable full infiltration. The invention of a variety of soft lithography technologies, all 



of which used an elastomeric stamp or mold as a patterning tool, was made possible by straightforward 

and inexpensive stamp preparation and handling methods. These include hybrid optical/soft lithography 

techniques, and microfluidic methods. 

 

 

III. Project Statement/Objectives 

 

The specific objectives of this project are: 

    

1. Extract and characterize chitosan from crab shell waste. 

2. Extract and characterize sodium silicate from coal fly ash and synthesis of silica nanoparticles. 

3. Soft lithography fabrication of bioplastic diffraction gratings based on chitosan-silica nanoparticle  

    composites. 

4. Characterize fabricated bioplastic gratings. 

5. Perform diffraction experiments using a laser source with the fabricated bioplastic gratings. 

 

IV. Outcome 

 

The target outputs in this study are: 

 

1. Chitosan powder extracted from crab shell wastes with approximately 90% Degree of 

Deacetylation. 

2. Sodium silicate and silica nanoparticles with high purity. 

3. Bioplastic diffraction gratings prototypes fabricated from a chitosan-silica nanoparticles 

composite. 

4. Data on mechanical and optical properties of fabricated bioplastic diffraction gratings. 

5. Data on diffraction performance of fabricated bioplastic diffraction gratings. 

6. At least one journal article published by Optica. 

 

V. Impact 

 

      The results of this research will verify the potential of chitosan as a base material for diffractive 

elements imprinted microscopic structures.  Much promise is seen in further research on repurposing 

waste materials for fabricating optical devices and promoting sustainability in optical manufacturing. 

Conventional gratings are made of glass and metal films, whereas chitosan gratings are lightweight and 

biodegradable, allowing the development of disposable spectrometers. Lightweight and inexpensive 

spectrometers based on chitosan could be applied as a single-use analytical tool for fieldwork.  
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Optica Foundation Challenge: Information 

Introduction: Kerr comb generation holds significant promise in advancing optical telecommunications by 

providing a versatile platform for generating high-quality frequency combs with a wide range of applications. These 

include precise optical clock synchronization, coherent communication systems, and ultrafast data transmission. 

However, current challenges persist in optimizing the performance of Kerr combs for telecommunications 

applications, particularly in mitigating the impact of noise sources such as thermal fluctuations and environmental 

disturbances. Additionally, the integration of Kerr combs into existing optical networks requires careful 

consideration of factors such as compatibility with standard telecommunications components and scalability to meet 

the demands of future network architectures. Addressing these challenges will be crucial for unlocking the full 

potential of Kerr comb technology in enhancing the efficiency and reliability of optical telecommunications 

systems. 

Integrated optical frequency combs are poised to transform real-world applications by extending precise 

metrological capabilities from the lab to practical settings. However, these innovative devices are challenged by 

their sensitivity to stochastic thermal fluctuations, which notably impact the frequency noise of both the individual 

comb teeth and the overall repetition rate, with these effects intensifying as the cavity size is reduced. 

Novelty: To tackle these issues, we employ a technique that involves phase-locking the cavity soliton to an 

externally introduced reference. Traditional methods primarily combat thermal fluctuations by modifying the 

physical system, which can increase complexity and decrease efficiency. In contrast, this work uses an all-optical 

strategy to align the phase of cavity solitons with an externally injected reference pump laser. This method (Kerr 

induced synchronization) stabilizes the microcomb by making it less susceptible to internal noise fluctuations and 

limits the impact of external noise sources such as the frequency noise of the pump lasers. The key innovation is its 

ability to sustain microcomb performance regardless of cavity size, which could broaden the applicability of 

microcombs due to its simplicity and effectiveness. 

Proposed research: Our main objective is to illustrate the process of using a second reference laser to initiate the 

synchronization of the microcomb and its function in reducing noise. Although the increased light power may result 

in higher levels of heat and noise, this approach efficiently circumvents inherent cavity sounds. The microcomb 

will demonstrate little noise, principally constrained by the laser noise, and even without any external control, it 

outperforms thermo-refractive noise. This study demonstrates that the size of the cavity is no longer a constraint 

when it comes to constructing low-noise microcombs. Instead, the focus has shifted towards improving noise 

suppression in the Kerr-induced synchronized domain by manipulating the lifetime of photons. 

The initial phase of this research involves a detailed elucidation of the problem statement, subsequently advancing 

toward the formulation and refinement of proposed solutions.  

Impact: Minimizing thermal noise in ring resonators has significant implications for industry and society. In 

quantum technology, it boosts the reliability and efficiency of quantum communication systems, enhancing data 

security. For quantum computing, it extends coherence times and improves quantum gate accuracy, leading to more 

powerful computers and advancements in cryptography, material science, and simulations. Enhanced sensitivity in 

quantum sensing and metrology allows for precise measurements, benefiting healthcare diagnostics and 

environmental monitoring. This precision is crucial for breakthroughs in gravitational wave detection and dark 

matter research. Additionally, improving the quality factor of photonic circuits fosters high-quality photonic 

integration, resulting in efficient, compact devices in telecommunications, sensors, and consumer electronics, 

driving innovation and economic growth. 

mailto:el.heidari@ufl.edu
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Optica Foundation Challenge: Information  

I. Literature Review 
The significance of size reduction in micro ring resonators is paramount for the advancement of integrated 

photonic systems, particularly regarding their scalability, cost-efficiency, and enhanced functional 

performance. Miniaturized resonators facilitate the integration of a greater number of photonic components 

on a single semiconductor substrate, thereby augmenting the functional density and complexity of photonic 

integrated circuits (PICs) without an increase in physical footprint. Simultaneously, attaining a high-quality 

factor (Q-factor) in these 

miniaturized resonators is 

imperative, as it directly 

influences the resonator's 

performance by 

minimizing optical losses 

and enhancing the 

sharpness of the 

resonance [1-3]. A high 

Q-factor ensures 

prolonged confinement of 

light within the resonator, 

thereby markedly 

improving sensitivity and 

precision in applications 

such as optical sensing, filtering, and wavelength division multiplexing. Consequently, the confluence of 

size reduction and high-Q factors is essential for the progression of integrated photonics, enabling the 

development of more compact, efficient, and high-performance photonic devices. However, as micro ring 

resonators are scaled down, thermorefractive noise (TRN) becomes a significant challenge [4-6]. TRN 

arises from fluctuations in the refractive index due to temperature changes, significantly impacting 

precision optical applications like micro resonator s and optical frequency combs. These random thermal 

fluctuations affect the phase and frequency of light within the material, compromising the stability and 

coherence of signals, especially in Kerr soliton generation [7]. Micro resonators are particularly susceptible 

to TRN due to their small size and high surface-to-volume ratio, which amplify the effects of localized 

heating from absorbed pump light and environmental temperature changes. The tight confinement of light 

in smaller resonators increases local heat generation, further impacting the refractive index. High Q factors 

in these resonators, while beneficial for processes like soliton formation, also amplify noise due to repeated 

light-material interactions. Strategies to mitigate TRN include temperature stabilization systems, selecting 

materials with low thermo-optic coefficients, and optimizing resonator geometry to minimize thermal 

impacts. These approaches are crucial for maintaining the stability and coherence of optical outputs in high-

precision applications. Furthermore, integrating advanced thermal management techniques and employing 

innovative material engineering can further enhance the robustness of micro ring resonators against TRN, 

paving the way for the next generation of ultra-compact, high-performance photonic devices. 

II. Problem Statement/Objective 
Kerr comb generation holds significant promise in advancing optical telecommunications by providing a 

versatile platform for generating high-quality frequency combs with applications such as precise optical 

Fig.1 Illustration of four-wave mixing in different resonator models: Depicts the nonlinear 

Kerr effect in microresonators, leading to new frequency generation. Various resonator 

designs, including whispering-gallery-mode (WGM) disk cavities, enable efficient frequency 

conversion, high-dimensional entanglement, and biphoton generation for advanced quantum 

technologies. 
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clock synchronization, coherent communication systems, and ultrafast data transmission. These frequency 

combs, characterized by equidistant spectral lines, are essential for optical arbitrary waveform generation, 

dense wavelength division multiplexing (DWDM), and high-precision metrology. However, current 

challenges persist in optimizing the performance of Kerr combs for telecommunications applications, 

particularly in mitigating the impact of noise sources such as thermal fluctuations and environmental 

disturbances. These noise sources introduce phase and amplitude noise, which degrade the signal quality 

and coherence of the comb lines, posing significant hurdles for achieving the desired performance metrics 

in practical settings [8-10]. Additionally, the integration of Kerr combs into existing optical networks 

requires careful consideration of factors such as compatibility with standard telecommunications 

components, including erbium-doped fiber amplifiers (EDFAs), wavelength-selective switches (WSS), 

and photodetectors, as well as scalability to meet the demands of future network architectures. This 

necessitates the development of robust packaging techniques and thermal management solutions to ensure 

stable operation under varying environmental conditions. Moreover, the drive towards silicon photonics 

integration necessitates 

overcoming material and 

fabrication challenges to 

achieve low-loss 

waveguides and efficient 

nonlinear interactions in 

CMOS-compatible 

platforms. Addressing these 

challenges will be crucial 

for unlocking the full 

potential of Kerr comb 

technology in enhancing the 

efficiency and reliability of 

optical telecommunications 

systems. 

Integrated optical frequency 

combs, known as 

microcombs, are poised to 

transform real-world 

applications by extending precise metrological capabilities from the lab to practical settings. These devices 

leverage high-Q micro resonator s to achieve broad and coherent frequency combs through four-wave 

mixing (FWM) processes [11]. However, these devices are challenged by their sensitivity to stochastic 

thermal fluctuations, which significantly impact the frequency noise of both the individual comb teeth and 

the overall repetition rate. This frequency noise arises from TRN and thermo-optic effects, which cause 

variations in the refractive index due to temperature fluctuations. These effects are particularly pronounced 

as the cavity size is reduced, leading to higher surface-to-volume ratios and increased susceptibility to 

thermal perturbations. Furthermore, the high confinement of optical fields in micro resonator s results in 

localized heating, exacerbating the impact of TRN. Mitigating these thermal noise sources requires 

advanced thermal stabilization techniques, such as integrating microheaters with feedback control systems, 

employing materials with low thermo-optic coefficients, and optimizing the resonator design to minimize 

thermal sensitivity. Additionally, improving the precision of comb stabilization techniques, such as Pound-

Fig. 2 (a) Setup for sideband-based auxiliary light system, (b) result for sideband-based 

auxiliary light system (c) Setup for laser-cooling system (d) Comparative study of the self-

cooling of soliton microcombs. The top panel depicts the case without self-cooling effect, 

where the pump only excites a TE mode, (a)-(c) stand for the optical spectra, the repetition 

frequency, and the singe side band (SSB) phase noise of the down converted repetition 

frequency of the soliton microcombs at different pump detuning, respectively. (d)-(f) same 

for the case with self-cooling, where the pump is coupled to TE and TM modes 

simultaneously [12]. 
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Drever-Hall (PDH) locking and optical phase-locked loops (OPLL), is essential for achieving the desired 

performance. By addressing these technical challenges, microcombs can realize their full potential in 

applications ranging from coherent optical communications and precision spectroscopy to frequency 

synthesis and metrology, thereby transforming the landscape of integrated photonics. 

The optical sidebands from electro-optic modulators (EOM) have been used to mitigate thermal effects that 

disrupt performance and explores thermal control strategies for Kerr micro resonator soliton combs [12]. 

The sideband-based (S-B) auxiliary light systems stabilize the soliton comb and expand its effective range 

over 10GHz w/o microheaters, eliminating the need for an auxiliary laser and reducing phase noise. (Fig.2). 

The setup uses an external-cavity diode laser (ECDL) divided into pump and auxiliary paths. The auxiliary 

path generates S-B auxiliary light, integrated with the pump light in the micro resonator, maintaining nearly 

constant detuning and enhancing stability. While this method simplifies the setup and reduces the need for 

microheaters, it involves complex and potentially expensive modulating equipment. The high cost and 

complexity of the EOMs and associated electronics pose significant barriers to practical implementation. 

Additionally, the scalability of this approach to different micro resonator s and other applications may be 

limited. The necessity for precise modulation and integration of auxiliary light adds layers of technical 

difficulty, which could hinder widespread adoption. The approach's reliance on specialized components 

makes it less accessible and potentially limits its use in a broader range of photonic systems. The technique 

of thermal noise reduction in soliton microcombs via laser self-cooling [13] offers significant benefits, 

including a simple and reliable method to mitigate low-frequency thermal noise, improve coherence, and 

narrow optical linewidths. the transverse electric (TE) mode for soliton generation and the transverse 

magnetic (TM) mode for cooling. This method extends the soliton existence range in pump frequency from 

1.6 GHz to 4.2 GHz and reduces phase noise at a 10 kHz offset by over 10 dB. The process excites two 

cavity modes in silicon nitride micro resonator. 

However, it has drawbacks: the cooling laser can introduce frequency noise into the comb lines, sideband 

modulation or pump-induced stimulated Brillouin scattering may affect comb purity, and the method 

requires precise stabilization of cooling and pump lasers to avoid detuning fluctuations. Additionally, it is 

slightly less effective than using an auxiliary laser for suppressing low-frequency noise. 

By employing methods such as material selections, thermal management, passive thermal insulation, the 

impact of thermorefractive noise on the performance of ring resonators can be significantly mitigated, 

leading to more stable and precise optical systems. 

III. Novelty: To tackle the issues of sensitivity to noise and scalability issues, a technique will be 

employed that involves phase-locking the cavity soliton to an externally introduced reference. Traditional 

methods primarily combat thermal fluctuations by modifying the physical system, which can increase 

complexity and decrease efficiency. In contrast, this approach uses an all-optical strategy to align the phase 

of cavity solitons with an externally injected reference pump laser. This method stabilizes the microcomb 

by making it less susceptible to internal noise fluctuations and limits the impact of external noise sources 

such as the frequency noise of the pump lasers. The key innovation is its ability to sustain microcomb 

performance regardless of cavity size, which could broaden the applicability of microcombs due to its 

simplicity and effectiveness. 
Proposed Research: The initial phase of this research involves a detailed elucidation of the problem 

statement, subsequently advancing toward the formulation and refinement of proposed solutions. Each task 

within the scope of this research is succinctly outlined below. 

Task 1. Attenuation of Noise in Integrated Optical Frequency Combs: This task focuses on 

demonstrating the effectiveness of Kerr-induced synchronization (KIS) in attenuating internal noise sources 
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in integrated optical frequency combs. By implementing this technique, the comb's reliance on external 

pump noise is increased, thereby enhancing the stability and performance of optical communication 

systems. 

Task 2. Reduction of Repetition Rate Noise: With KIS-enabled microcombs, there is a notable 

improvement in the repetition rate noise performance, even when using free-running lasers. This significant 

reduction in noise is expected to enhance the precision of optical frequency measurements, which are 

critical in communication systems. 

Task 3. Improvement of Individual Comb Tooth Linewidths: The project includes an in-depth analysis 

of how individual comb tooth linewidths are maintained at an order of magnitude comparable to that of the 

pump lasers. This is vital for applications such as optical frequency synthesis and spectroscopy, which 

require high spectral purity. 

Task 4. Engineering Photonic Lifetime for Noise Reduction: This task involves optimizing photon 

lifetime through the design of micro-resonator coupling structures to further reduce the noise floor of 

microcombs. The engineering of these photonic structures is crucial for achieving low-noise performance 

in compact, integrated optical systems. We anticipate that the reduction in size, weight, and power 

consumption (SWaP) of these micro resonators by incorporation of KIS into optical microcombs (to 

decrease the thermal noise) will facilitate their use in field applications, potentially transforming areas like 

optical communications, environmental monitoring, and biomedical diagnostics. Further enhancements in 

KIS technology are expected to achieve even lower noise levels and improved stability, positioning these 

devices as essential elements in advanced photonic systems. Additionally, future research will likely 

concentrate on refining integration techniques and exploring novel materials and structural designs to boost 

the performance and practical utility of Kerr combs in diverse applications. 

Outcome: The outcome of reducing thermal noise, particularly thermorefractive noise, in a ring resonator 

Fig. 3 The current optical clock [14] links a stabilized reference laser with a microcomb tooth using active feedback, which is 

complex for chip integration. A simpler method uses passive Kerr nonlinearity, injecting the reference laser into the DKS micro 

resonator for synchronization, reducing complexity and improving stability. 
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will be transformative across multiple domains. In quantum communication, this advancement will enable 

more secure and faster networks, enhancing data privacy and protection. In quantum computing, it will lead 

to more powerful, error-resistant quantum computers, driving breakthroughs in cryptography, material 

science, and complex simulations. Improved sensitivity in quantum sensing and metrology will yield more 

precise measurements, benefiting healthcare with better diagnostics and environmental monitoring with 

more effective pollutant detection. This will also support groundbreaking research in gravitational wave 

detection and dark matter studies, expanding our understanding of the universe. Additionally, the enhanced 

quality factor of photonic circuits will foster the development of more efficient and compact devices, 

spurring innovation in telecommunications, sensors, and consumer electronics. Overall, these 

advancements will drive significant technological progress, economic growth, and societal benefits. 

Impact: Reducing thermal noise, particularly thermorefractive noise, in a ring resonator has profound 

impacts on both industry and society. For the quantum technology sector, this enhancement translates to 

more reliable and efficient quantum communication systems, improving data security and enabling 

faster, more secure information exchange. In the realm of quantum computing, extended coherence times 

and high-fidelity quantum gates lead to more powerful and accurate quantum computers, accelerating 

advancements in fields such as cryptography, material science, and complex system simulations. 

Enhanced sensitivity in quantum sensing and metrology provides more precise measurements, benefiting 

industries like healthcare with better diagnostic tools, and environmental monitoring with more accurate 

detection of pollutants. In gravitational wave detection and dark matter research, this precision supports 

groundbreaking discoveries, expanding our understanding of the universe. Additionally, improving the 

quality factor of photonic circuits fosters the development of high-quality photonic integration, leading to 

more efficient and miniaturized devices in telecommunications, sensors, and various consumer electronics, 

ultimately driving innovation and economic growth across multiple sectors. 

(PI) Dr. Elham 

Heidari and her 

team have played a 

crucial role in 

progressing 

technology from 

basic research to 

practical 

advancements and 

real-world 

applications. The 

team prioritizes 

technology 

transition to ensure 

that as soon as a 

technology advances, it smoothly moves towards its use in important industries. 

 

 

 

 

 

Fig. 4 The related measurement setup for this project is in the new ECE building, Malachowski Hall.  

Also, there are pictures of students and collaborators at conferences such as CLEO 2024, IPC 2023, 

and other research-related events within the PI’s group. 
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EXECUTIVE SUMMARY 

Home-use wearable blue light therapeutic wrap with built-in diffuse reflectance spectroscopic 

biosensor for simultaneous treatment and real-time monitoring of neonatal jaundice 

(HEALTH). 

 

Background 

The birth of a child is one of the most incredible and rewarding events to see, but it is not necessarily 

the greatest experience for the newborn. Among numerous types of biological stresses, physiological 

and, in rare cases, pathological events cause neonatal jaundice, which has a global frequency of 

roughly 80% and usually requires hospital readmission within the first two weeks of life. As a result, 

more than half of all births require readmission for jaundice therapy. These readmissions at only a few 

days postpartum are taxing on both the baby and the mother, and they pose several challenges to 

families, service providers, and governments, particularly in low- and middle-income countries 

(LMICs), where government facilities are frequently used with inadequate resources. In these 

countries, neonatal wards are often overcrowded, and the incidence of nosocomial and iatrogenic 

illnesses is high, putting neonates at risk of getting potentially fatal hospital-acquired diseases and, in 

some circumstances, resulting in preventable deaths. 

We have therefore designed a wearable blue-light phototherapy baby wrap with built-in real-time 

monitoring of bilirubin levels for remote neonatal jaundice treatment. Our goal is to develop this 

portable device that will take away the need for hospitalization for the majority of neonatal jaundice 

cases and enable the millions of babies born each year to have the opportunity for home treatment, 

saving the millions of mothers the burden of returning to the hospital while recovering from labor or 

surgical wounds, relieving financial burdens on families, and improving service delivery in LMICs. 

Project Detail 

Our design incorporates phototherapy of jaundice using blue light-emitting diodes (LEDs) delivering a 

narrow band of light between 420 and 470 nm, with simultaneous monitoring of therapeutic response 

using diffuse reflectance spectroscopic (DRS) biosensing technology computed with multiple 

regression analysis for real-time optical measurement of bilirubin levels. Micro-sized LEDs suited for 

fabrication in a baby-size body wrap covering only the back and limbs will be manufactured on a thin, 

hypoallergenic, breathable non-conductor fabric to provide simultaneous therapy and monitoring for 

home usage. As a wearable device, it will provide continuous physical touch for mother-infant heat 

transfer and tactile-kinesthetic stimulation (TKS), both of which are critical electrophysiological 

phenomena required for immunological, hormonal, and other physiological benefits for both mother 

and baby. Furthermore, the positioning of the wrap covers a wider surface area of blood perfusion, 

enabling quicker response and recovery rates. The completion of this project will result in the 

deployment of a product at technology readiness level (TRL) 7. The findings will also be disseminated 

through journal publications and conference presentations to advance the use of optics and photonic 

technologies for remote disease management. 

Impact 

This innovation takes advantage of the advances in optics and photonics to reduce neonatal hospital 

readmission and save the lives of millions of babies who are at risk of acquiring jaundice 

complications, other preventable secondary disorders, and avoidable deaths. No infant deserves to be 

hospitalized a few days after birth, and no woman should return to the hospital so soon after giving 

birth for such a treatment that can be administered at home. This solution will have a far-reaching 

influence on LMICs, where governments strive to offer healthcare with limited resources. These 

countries will greatly benefit from minimizing the number of neonatal admissions, which will free up 

space and resources for other disorders that certainly require hospitalization. Moreover, with rising 

indebtedness, healthcare finance is facing serious issues in third-world countries, exacerbated by the 

COVID-19 economic recession. Thus, moving forward, healthcare solutions that reduce costs in these 

countries are not only necessary but critical. Hence, our innovation addresses significant challenges 

faced by babies, mothers, families, clinical staff, and governments alike, delivering both short-term 

and long-term benefits that will safeguard a better healthcare system for everyone.  
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PROPOSAL    

Home-use wearable blue light therapeutic wrap with built-in diffuse reflectance spectroscopic 

biosensor for simultaneous treatment and real-time monitoring of neonatal jaundice 

(HEALTH). 

 
1. BACKGROUND 

Childbirth is one of the most fulfilling events to witness, but it is not necessarily the greatest 

experience for the newborn. Among the many biological stresses that newborns face, high hemoglobin 

levels and a shortened red blood cell (RBC) lifespan result in high amounts of bilirubin, a byproduct of 

hemoglobin degradation, in the blood (i.e., neonatal hyperbilirubinemia). This is aggravated by the 

immaturity of the liver in the early days of life, making it unable to effectively conjugate and remove 

the bilirubin at the rate it is produced. This results in severe neonatal hyperbilirubinemia, which 

appears as a yellowish discoloration of the skin and sclera, referred to as neonatal physiological 

jaundice. Pathological jaundice, unlike physiological jaundice, is rare and occurs when jaundice is 

caused by underlying pathologies such as blood group incompatibility between baby and mother, 

glucose-6-phosphate dehydrogenase (G6PD) deficiency, delivery complications, and other congenital 

disorders1. Whether physiological or pathological, neonatal jaundice usually necessitates hospital 

readmission for treatment, which is burdening for both the baby and the mother and presents numerous 

challenges to families, service providers, and governments, particularly in low- and middle-income 

countries (LMICs). 

 

2. LITERATURE REVIEW 

 

2.1 Global incidence and prevalence  

Neonatal jaundice is the most prevalent medical condition in newborns, the most frequent reason for 

medical intervention, and the leading cause of hospital readmission in the first two weeks of life2. 

Essentially, premature newborns are at a higher risk of physiological jaundice; however, healthy 

infants have episodes of hyperbilirubinemia, which cause clinically significant jaundice requiring 

medical attention. While pathological jaundice is usually more acute and severe at presentation, the 

most common form of the disease is prolonged physiologic hyperbilirubinemia, in which bilirubin 

levels may continue to be elevated for weeks or even months and may reach hazardous concentrations, 

resulting in life-threatening conditions that may affect the functioning of vital organs such as the brain. 

Depending on the severity, complications may include kernicterus (bilirubin encephalopathy), 

abnormal audio-evoked response (aBAER), or death, if not managed well. While there is no actual 

variation in jaundice prevalence according to race, region, or socioeconomic status, the consequences 

and outcomes differ dramatically between wealthy countries and LMICs. Similarly, due to this 

distinction, the burdens, while important in each context, vary. 

 

2.2 Treating Neonatal Jaundice  

The increase in bilirubin levels caused by physiological stresses is usually a benign, transitory 

condition; therefore, most occurrences are short-lived, and bilirubin levels can return to normal with 

minimum intervention. However, treatment is usually recommended to prevent the severity of the 

disease and its complications. Severe pathologic cases necessitate treatment of the primary pathology 

in addition to removing the bilirubin, whereas physiological jaundice and some milder aspects of 

pathological cases are treated solely by clearing the bilirubin and lowering it to normal serum levels. 

 

The most commonly utilized therapies are phototherapy and exchange transfusions. Although most 

hospitals follow their standards for phototherapy versus exchange transfusion, particularly in preterm 

infants, phototherapy is the first-line treatment for neonatal jaundice in standard practice, and it is 

aimed at reducing the risk of bilirubin toxicity by isomerization, which mimics liver conjugation to 

convert the nonpolar water-insoluble bilirubin to a water-soluble excretable isomer. Continuous 

bilirubin level monitoring during treatment is also standard practice to observe the response to therapy 

and determine when normal levels are achieved, allowing therapy to be concluded. Treatment duration 

often ranges from one night to many days or weeks, depending on the severity of jaundice at 

presentation, response rates, and other clinical factors. 
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2.3 Challenges faced by the baby and mother 

The majority of readmissions for jaundice treatment occur within the first two weeks after birth. It is at 

this time that the baby requires constant mother-baby touch for heat transfer and tactile-kinesthetic 

stimulation (TKS), both of which are vital electrophysiological phenomena that are necessary for 

immunological, hormonal, and other physiological benefits for both baby and mother and 

psychosomatic development for the baby3,4.  The lack of contact for several hours or days hurts the 

baby’s development with immediate and delayed consequences. For the mother, this lack of contact 

also affects milk production, a consequence of which is undernutrition and feeding problems for the 

baby. Besides, putting the baby in a phototherapy incubator has several disadvantages, including a 

slow response rate and longer hospital stays, because of the detachment from the mother, which makes 

babies irritable and mothers anxious, thereby necessitating frequent removal of the baby from the 

incubator to feed and caress. Furthermore, being admitted to the hospital when mothers are still 

recovering from labor or surgical wounds is both physically and psychologically demanding, 

especially if postpartum stress disorders are present.  

 

2.4 Economic burden to families and governments. 

While challenges affecting the baby and mother are universal, those faced by families, service 

providers, and governments are contextual and vary for different socioeconomic regions. Hospital 

readmissions affect families differently based on their financial status, medical insurance coverage, 

and whether they use private or public hospitals. In each context, some financial strain is felt from 

dealing with medical bills. In LMICs, most families use public hospitals, and because most LMICs 

have limited resources and understaffing, this burden falls on the already struggling governments. 

Studies have shown that in these countries, failure to manage neonatal jaundice due to limited 

resources results in preventable complications and avoidable neonatal deaths5. A recent meta-analysis 

of the global prevalence of severe neonatal jaundice showed that the highest percentage of severe 

cases, complications, and deaths were observed in the African and South-East Asian regions6.  

 

To date, attempts to resolve these health system challenges involve pleas to wealthier economies for 

donations and loans, and this approach has a negative economic bearing on LMIC governments7. It is 

quite counterintuitive that most debt, including that taken to address health challenges, ends up 

negatively impacting the health systems. A recent financial study of the growing debt in LMICs in 

2019, showed that 54 LMICs spent more on servicing their debt to foreign creditors than on financing 

their health services during the COVID pandemic8. Moreover, as reported in the same study, the 

COVID-19 economic slump worsened the financial status of these countries, further threatening to 

crowd out essential health spending. Hence, rethinking possible solutions for health systems in LMICs 

as well as curating a contextualized approach that solves the problem by reducing spending as opposed 

to getting more debt is not only necessary but critical. 

 

2.5 Overcrowding and the risk of nosocomial and Iatrogenic infections. 

Overcrowding is another serious challenge in LMICs. A review of infectious disease outbreaks in 

infants hospitalized at low-resource neonatal wards in South Africa showed that neonatal units were at 

high risk of nosocomial infection outbreaks owing to overcrowding, understaffing, and shared 

equipment, with a 7% recorded mortality rate from these infections9. This and other studies10 have 

noted that the actual negative impact of overcrowding is under-reported in sub-Saharan Africa, and the 

negative impact could be more detrimental than reported*. Nosocomial infections i.e., infections 

acquired during the process of receiving health care that were not present during the time of 

admission, are frequent in overcrowded wards and common ones include skin infections, urinary tract 

infections (UTIs), meningitis, and sepsis, caused by bacteria, viruses, fungi, or several of these 

combined11. Moreover, limited access to phototherapy leads to the presentation of severe jaundice at 

admission, which, by standard practice, is treated using exchange transfusion, posing more risk of 

iatrogenic infections.  

 

*  Having worked in and visited different government hospitals in southern Africa, the author can affirm by experience and observation the under-representation 

of the impact of overcrowding in neonatal wards in these areas.  
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3. PROBLEM STATEMENT 

Hospital readmissions due to neonatal jaundice pose a significant global health challenge. The 

consequences of these admissions are far-reaching, causing physical stresses and suffering for both the 

mother and the infant. The economic implications for families are strenuous, and the impact is 

particularly profound in LMICs, where government facilities are often utilized with limited resources. 

Overcrowding is common in these countries, with a high prevalence of nosocomial and iatrogenic 

infections. These readmissions, therefore, only put babies at unnecessary risk of contracting life-

threatening hospital-acquired diseases. All this is largely due to the current state of phototherapy 

devices, which can only be administered in a hospital setting, as well as health management policies 

that have not yet embraced the concept of remote disease management due to its apparent 

impracticality. However, with innovation, phototherapy can be administered and monitored at home if 

home-friendly devices are available. By rethinking the delivery of phototherapy to avoid readmissions, 

we can make a significant impact on global health, reducing the burden of neonatal jaundice, and 

especially for LMICs, resolving a multitude of problems.   

 

4. OBJECTIVES 

We have therefore designed a wearable blue-light phototherapy baby wrap with built-in real-time 

monitoring of bilirubin levels for at-home neonatal jaundice treatment. Our goal is to develop this 

portable device that will take away the need for hospitalization for the majority of neonatal jaundice 

cases and enable the millions of babies born each year to have the opportunity to undergo treatment in 

the comfort of their homes, saving the millions of mothers the burden of returning to the hospital a few 

days after giving birth, relieving the financial burden for families, and improving service delivery in 

LMICs. To achieve this goal, we have set out three main objectives in the following order: 

 

• Fabrication of the device using our preconceived design: The design consists of blue light 

emitting diodes (LEDs) that will deliver phototherapy, and a Diffuse Reflectance 

Spectroscopic (DRS) biosensing system, which will monitor the therapeutic response in real-

time. Micro-sized LEDs and ultra-portable parts will be used and fabricated on a thin, 

fordable, and wearable non-conductor fabric housing. The DRS biosensor will be configured 

to take three-point measurements at hourly intervals and use a computed multi-regression 

analysis to capture the rate of bilirubin isomerization.  

 

• Characterization of the device: In the second objective we will evaluate the optical properties 

of the device using mathematical formulas to assess power outputs, fluence rates, irradiance, 

reflectance/scattering coefficients, and the performance of the device in vitro using spectrum 

analysis, functional characterization, and the rate of bilirubin conjugation ex vivo utilizing 

hyperbilirubinemia in artificial mimics prepared on plastic gel phantoms.  

 

• Proof of concept (POC) assessment: The final goal will be to evaluate the wrap's acceptability, 

usability, and effectiveness through a POC study with invited and consenting participants. For 

this purpose, ethical clearance will be sought from the institutional review board and access 

will be granted by hospital management at Charlotte Maxeke Academic Hospital in 

Johannesburg. Both parents will be required to provide consent for their and their babies’ 

participation. 

 

5. OUTCOMES 

Completing these three objectives will result in the deployment of a product at technology readiness 

level (TRL) 7 at the end of the project. In objective one, the major outcome is a fully produced wrap 

that is ready to use. The principal outcome of objective two is a record of its performance through 

the use of calculations and analyzers. The final goal will verify its practical functionality, usability, 

and acceptability. This wearable infant wrap with therapeutic blue LEDs and a DRS monitoring 

system suited for home-use will be the first of its kind on the medical device market, as well as the 

first to recommend remote jaundice treatment in LMICs. 
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As a TRL 7 product, this outcome lays the groundwork for the next endeavor, which is potential 

commercialization. TRL 7 goods are commercialization-ready according to the TRL standard 

utilized globally, and our prospective aim is to use these findings for two major functions. First, we 

will use the report to acquire funds for commercial production of the wrap, allowing the product to 

reach the market faster, while we perform follow-up research to complete TRLs 8 and 9. Second, we 

will utilize our research to engage governments, particularly in LMICs, beginning with Southern 

Africa, to consider including remote phototherapy in their healthcare management policies.  

 

Finally, the outcome of this research will yield a scientific paper, planned for submission to 

Biomedical Optics Express, an Optica Publishing Group journal. This paper will discuss the entire 

process from conceptualization, fabrication, and POC testing to contribute knowledge regarding the 

role and benefits of concurrent treatment and monitoring of the therapeutic response for remote 

management of neonatal jaundice. The findings will also be presented at various conferences, 

including the annual conference of the South African Institute of Physics (SAIP), and Frontiers in 

Optics + Laser Science (FiO LS). A conference proceeding will also be issued for FiO LS, 

summarizing the technology used in this device. 

 

6. IMPACT  

 

6.1. Increasing the availability and usability of phototherapy for neonatal Jaundice  

With this home-friendly phototherapy wrap, we are increasing both the availability and usability of 

phototherapy. Not only will the device be more accessible, but it will also be more effective in treating 

jaundice due to the use of focused LEDs, which deliver a narrow band of blue light at a calculated 

therapeutic dose. Moreover, allowing home therapies is more convenient for both the infant and the 

mother and will enable treatment in the comfort of home, allowing the baby to cope swiftly while 

providing the mother with enough time, space, and privacy to deal with post-partum wounds and 

stress. Its design as a wearable wrap will enable mother-infant interaction during therapy to avoid the 

baby’s developmental problems while also reducing the parents’ anxiety. 

  

Its positioning on the back and limbs covers a wider surface area of blood perfusion, enabling quicker 

response and recovery rates, and also prevents light exposure to the baby's eyes as opposed to the use 

of a clinical incubator, where eye damage is most likely to occur when the eye mask is not correctly 

covering the eyes. Making phototherapy more available and effective in this way has the potential to 

largely replace exchange transfusions in LMICs, lowering the risk of iatrogenic infections from unsafe 

transfusions. Nosocomial infections are also prevented if therapy is delivered at home. This increased 

availability of phototherapy will therefore resolve several challenges that currently do not have a 

solution.  

  

6.3 Advancing photonic biosensors for monitoring and assessing therapy responses. 

The DRS biosensing technology in this device will monitor and assess the therapeutic response in 

real-time with continuous updates of the rate of jaundice clearing. This feature will enable the ease of 

use of the device, with simple instructions for parents to read progress without the need for a 

healthcare provider. Parents will be able to track progress, and where the jaundice is not clearing at 

an acceptable rate or if, for some reason, it increases, a beeping prompt will be triggered to catch the 

attention of parents, who will then seek medical guidance via phone from the attending nurse on call. 

Furthermore, this non-invasive transcutaneous biosensing technology eliminates the need for blood 

tests, making monitoring safer and more convenient. To date, many biosensing technologies have 

been studied; however, the DRS technology made possible by miniature, ultra-portable 

spectrometers is more suitable for fabrication in this design, besides its sensitivity and accuracy. Our 

innovation therefore will promote the use of miniature, ultra-portable biosensing technology, which, 

beyond its applications in monitoring bilirubin response to phototherapy, will be pertinent to more 

applications in the field. 
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6.4 Increasing healthcare affordability in 3rd world countries. 

One of the most significant impacts of home therapy will be its role in increasing the affordability of 

jaundice treatments for both individuals who use private services and governments that provide 

healthcare. By removing the need for admission, families will be relieved of the financial burden, 

clinical staff will be alleviated of workload, and where governments provide resources, as is the case 

in LMICs, fewer budgets will be required for neonatal health. In these countries, especially at a time 

when healthcare budgets are affected by increasing international debt, home therapy will enable the 

redirecting of resources and space (i.e., neonatal wards) to babies with more in-hospital-requiring 

illnesses. For the first time, this solution will trigger healthcare providers and governments alike to 

start considering remote therapies for qualifying ailments. Hence, beyond saving the lives of millions 

of children, the saved resources and the mindset change will offer a lasting financial solution for 

healthcare systems in third-world countries. Long-term, this mindset change will potentially have an 

impact on healthcare policy, providing a means for health financial planning that entails decreasing 

expenditures to avoid excessive debt in LMICs.  

 

6.5 Advancing optics and photonics-based healthcare solutions  

Many cutting-edge solutions in healthcare exist in the subject of physics, but because medicine and 

healthcare are traditionally biochemical and pharmaceutical, most scientists choose to look for 

healthcare solutions in these traditional sciences. Despite several discoveries about critical 

electrophysiological processes and the significance of photobiology in human physiology, traditional 

medical sciences remain mostly biochemical. Our solution, which employs optics and photonics 

principles, contributes to the small pool of biophysics healthcare investigations and widens the door 

for more scientists to pursue greater solutions in the field of biophysics, particularly since optical 

solutions and photonics provide the majority of the needed healthcare solutions. Our product and the 

rationale behind it will be shared with the broader scientific community, engaging like-minded 

scientists to ask even better questions and find solutions using optics and photonics.  

 

7. SUMMARY 

Home therapies, where applicable, are an indispensable solution to resolving a multitude of 

challenges. Our new device leverages innovations in optics and photonics to save the lives of millions 

of newborns at risk of developing complications of jaundice, other preventable secondary diseases, 

and avoidable deaths. Most especially, LMICs will benefit immensely from reducing the number of 

neonatal hospitalizations to free up space and resources for other diseases that certainly require 

hospitalization. All this will be made possible by this quest to fabricate a wearable blue-light 

phototherapy baby wrap with built-in real-time monitoring of bilirubin levels for at-home neonatal 

jaundice treatment. This solution addresses critical challenges faced by babies, mothers, families, 

clinical staff, and governments alike. Moreover, this innovative baby wrap has the potential to 

drastically improve our approach to jaundice management and will influence policy around remote 

therapies to improve health systems in LMIC and people’s lives elsewhere. Hence, this innovation will 

deliver both short-term and long-term benefits that will safeguard a better healthcare system for 

everyone. 

 

8. REFERENCES  
1. Singh SK, et al. Clin Epidemiol Glob Health 2016;4(2):95-100. doi:10.1016/j.cegh.2016.03.006 

2. Hansen TWR. Pediatr Med. 2021;4:18-18. doi:10.21037/pm-21-4 

3. Purificação MMD. Eyes on Health Sciences V.02. 1st ed. 2024. doi:10.56238/sevened2024.001-025 

4. Abedi F, et al. Bodyw. Mov. Ther. 2018;22(2):308-312. doi:10.1016/j.jbmt.2017.08.005 

5. Bhutani VK, et al. Pediatr Res. 2013;74(S1):86-100. doi:10.1038/pr.2013.208 

6. Diala UM, et al. JCM. 2023;12(11):3738. doi:10.3390/jcm12113738 

7. Law SH, et al. Econ Model. 2021;98:26-40. doi:10.1016/j.econmod.2021.02.004 

8. Federspiel F, et al. Glob Health Action. 2022;15(1):2072461. doi:10.1080/16549716.2022.2072461 

9. Dramowski A, et al. Int J Infect Dis. 2017;57:79-85. doi:10.1016/j.ijid.2017.01.026 

10. Rothe C, et al. J Hosp Infect. 2013;85(4):257-267. doi:10.1016/j.jhin.2013.09.008 

11. Wang L, et al.Med Sci Monit. 2019;25:8213-8220. doi:10.12659/MSM.917185 
  



OPTICA Foundation Challenge EXECUTIVE SUMMARY Category: Health

Improving the health safety in drug and agrochemical development 
with optofluidic chiral molecule separation (CHIMOS) 

Life's biochemical intricacies involve molecules exhibiting chirality, possessing left- and right-
handed forms, with distinct biological activities concerning toxicology, metabolism, and 
pharmacology. Concerns over health and environmental impacts arise due to the asymmetric 
behaviours of chiral molecules, prominent in pharmaceuticals and agrochemicals. Developing 
robust analytical techniques capable of discriminating stereoisomers is crucial for safer industrial 
practices for human health and environmental protection. 
Existing sensing technologies struggle to distinguish stereoisomers effectively, lacking versatility 
and widespread applicability. CHIMOS aims to address these challenges by devising an approach 
capable of identifying chiral compounds through separation and detection of stereoisomers in a 
single workflow and device. 

The project focuses on employing chiral light combined with heat engineering to generate achiral 
and chiral-specific axial and lateral forces, enhancing the interaction strength between optothermal 
fields and chiral molecules. By leveraging advancements in spatial light modulation and 
microfluidic architecture, CHIMOS aims to optimize protocols for precise collection, sorting, and 
detection within a compact chip design. Furthermore, the integration of well-established 
instruments and technologies will facilitate a rapid translation and adoption of the platform in 
industrial sectors such as pharmaceuticals where workflow compliance is crucial. 

A key innovation of the CHIMOS approach lies in its synergistic combination of various concepts 
and methods. By integrating structured light to control fluid motion and enhance electromagnetic 
fields coupling with molecules through plasmonic nanostructures, the platform offers unparalleled 
control and precision in chiral molecule analysis. Validation efforts will involve rigorous testing of 
the platform's capabilities using state-of-the-art force spectroscopy techniques and advanced fluid 
dynamics imaging, such as circular dichroism spectroscopy, digital holographic microscopy, and 
optical diffraction tomography. 

Ultimately, CHIMOS aspires to not only address the existing challenges in chiral molecule analysis 
but also to catalyze a paradigm shift in this field. By providing a versatile, cost-effective, and user-
friendly solution applicable across a wide range of compounds, the platform holds immense 
potential to transform industries reliant on precise molecular recognition. Through innovation and 
collaboration, CHIMOS aims to empower researchers and practitioners to unlock new frontiers in 
chiral chemistry, ultimately improving the health safety and environmental impact through the 
usage of more effective chiral molecules.
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Improving the health safety in drug and agrochemical development 
with optofluidic chiral molecule separation (CHIMOS)  

1. Literature Review 
Life exhibits chirality: essential biological components like nucleotides and amino acids exist in both 
left- and right-handed forms. Stereoisomers, molecules with chiral centers, share identical chemical 
structures but often display distinct biological activities including toxicology, metabolism, and 
pharmacology. These asymmetric biochemical behaviours raise significant concerns regarding the use 
of chiral molecules due to potential health and environmental impacts [1]. Pharmaceuticals and 
agrochemicals are major sectors employing such molecules, with numerous chiral chemicals involved 
in intermediate industrial processes such as discovery, production, use, disposal, recycle, among 
others. The growing demand for safer, eco-friendly industrial practices necessitates robust analytical 
techniques capable of discriminating and quantifying stereoisomers. Various methods leverage the 
asymmetric properties of chiral molecules, including their interaction with light (chiroptical effects 
[2-4]), chemical reactivity (asymmetric catalysis, redox reactions [5]), and movement in solid/liquid 
mediums (chromatography [6]), among others. Chromatography, for instance, has shown the 
possibility of manipulating enantiomers in liquid environments, by focusing them inside a 
microfluidic channel in the presence of a global thermal and electric gradients [7]. By introducing 
chiral selectors into a buffer solution with temperature-dependent ionic strength, chiral separation 
becomes achievable. 
More recently, the field of optofluidics proved that a high-degree of control over the motion of 
particles and the surrounding fluid can be simultaneously achieved by combining the powerful 
capabilities of optics with microfluidics [8]. While optics, in particular nanophotonics, enables the 
precise control over small objects including molecules, microfluidics provides the capabilities to 
manipulate fluid flows at large scale [9,10]. Such light-based approaches often involve nanofabricated 
plasmonic structures such as nano-apertures that squeeze the light beyond the diffraction-limit thereby 
inducing optical forces relevant for the trapping of single molecules and proteins [11,12]. By selecting 
optimal designs for advanced optical materials, chiral light fields can be generated enabling the 
manipulation of chiral objects, including particles and molecules [13-15]. Light-induced plasmon 
resonances also induce significant heating in the surrounding fluid, creating opto-thermal fields that 
have been exploited for the manipulation of single molecules via thermophoretic and thermo-osmotic 
fluid flows [16,17]. However, the application of local optically-induced thermal gradients on chiral 
particles has not been experimentally demonstrated yet, although simulations have shown significant 
effects on the thermophoresis of asymmetric particles such as rods and micro-turbines [18-20]. 

2. Problem Statement/Objective 

Existing sensing technologies struggle to effectively distinguish stereoisomers without resorting to 
time-consuming and expensive methods tailored to the specific analyte. Moreover, many established 
techniques mandate labeling the analyte or utilizing other chiral mediums/selectors tailored to the 
analyte under investigation. However, employing specific chiral agents compromises the development 
of user-friendly methods applicable to a broad range of chiral molecules. Put simply, current 
methodologies lack versatility and widespread applicability. The discrimination, recognition, and 
quantification of chiral molecules remain significant challenges. CHIMOS aims to address these 
challenges by devising an approach capable of identifying chiral compounds through the 
separation and detection of stereoisomers in a single workflow and device. Building upon 
research into the interaction between chiral optothermal light fields and chiral molecules, our 
objective is to progress towards the development of a functional system with TRL 4. Our method will 
operate in liquid mixtures without the need for labelling or specific chiral agents, making it suitable 
for diverse compounds across the market. We foresee that our device will possess the capability to 
detection nM concentrations coupled with a discrimination efficiency up to 105. This implies that it 
can detect one isomer when its concentration is 100,000 times lower than the other, starting from 
standard market compounds (mM concentrations). 
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Key elements of this project are:  

• Employ chiral light combined with heat engineering to generate large optical and thermophoretic 
forces overcoming Brownian motion in liquid samples. These forces will push chiral molecules 
towards opposite directions thus enabling their sorting and separation 

• Develop a comprehensive microfluidic architecture and optimised protocols for spatial light 
modulation for collection, sorting and detection within a single chip design. 

• Exploitation of market-ready instruments and technologies to foster rapid translation and the 
development of new instrumentations to fully exploit the innovations introduced. 

Goal: The development of an advanced optofluidic platform utilizing optical forces and 
thermal effects, to efficiently separate and extract chiral molecules. 

The platform will be based on a combination of plasmonic and dielectric nanostructured materials 
whose optical and thermal properties can be locally addressed via spatial light modulation of a 
focused laser beam. By taking profit of these tailored states, we will engineer an approach to produce 
both achiral axial optothermal forces and chiral specific axial and lateral forces (see Fig. 1). While 
achiral axis forces are used to drive all molecules towards the interface where optothermal fields are 
strongest, only chiral specific axial and lateral forces allow for controlled separation based on 
chirality. The main focus lies on the generation of such axial forces to selectively deliver 
stereoisomers into two different microfluidic channels from where they can be extracted in bulk. 

Measurable Objective: The generation of optical and thermal forces which are of opposite directions 
for distinct stereoisomers in the order of at least 1 pN for molecules <10 kDa. For the duration of this 
project, we aim at reaching a separation efficiency of 103 (starting from equal concentrations, 1:1). 

The innovation of our approach lies in a synergetic exploitation of various concept and methods. 
Specifically, it leverages structured light to generate precise thermal landscapes for fluid motion 
control and to enhance the coupling of the electromagnetic field with molecules, particularly by 
integrating Orbital Angular Momentum (OAM). 

To achieve this goal, we utilize a combination of chiroptical light fields and thermal gradients, 
facilitating broad manipulation across the entire length scale of the optofluidic device (~1mm). 
Initially, we assess the separation efficiency of enantiomers using diverse sizes and compositions of 
chiral nanoparticles before progressing to molecules of commercial interest. Employing high laser 
fluence (100 mW/µm2) generates significant heating at the plasmonic interface, which can be 
harnessed to further control fluid and molecule motion. Precise modulation of local temperature 
changes, facilitated by efficient light-to-heat conversion via plasmonic materials, results in 
microfluidic flows whose shape, direction, and velocity are meticulously controlled by adjusting the 
optical properties of the light beam. Optical Diffraction Tomography (ODT) [22] and Digital 
Holographic Microscopy (DHM) [10] provide detailed oversight of optically induced fluid changes. 
We will measure the separation efficiency of enantiomers using dielectric nanostructures that locally 
amplify their circular dichroism (CD) signal (by about 100x as previously demonstrated in our group 
[21]). This enables the differentiation of various molecular counterparts by measuring the differential 
absorption of left and right circularly polarized light. To validate the effectiveness of the proposed 
platform, we fabricate and extensively test the optofluidic platform using force spectroscopy 
techniques and 3D fluid dynamics imaging capabilities. 

3. Outline of tasks 
To reach the final goal, we propose a synergic approach working in 3 steps, i.e. sorting, separation, 
and detection.  

1. Molecular sorting by optical and thermal forces enhanced by structured light and temperature 
engineering.  

2. Separation by optofluidic protocols into different compartments of the chip. 
3. Detection of CD signals from enantiomers enhanced by chiral light and dielectric 

nanostructures. 
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Figure 1: Optofluidic separation of enantiomers. The platform will consist of an optothermal forces generating plasmonic 
nanostructure in an optofluidic chip. Top The nanostructures will consist of plasmonic surfaces for heat control (left) and 
nanopillars of different sizes for detection of CD signals. Middle The microfluidic device will flow a racemic mixture over 
the nanostructure, utilizing optical forces and light-induced thermal gradients to separate enantiomers, which are extracted 
from different outflow ports. The efficiency of the separation method will be tested by analyzing CD spectroscopy data. 
Bottom The combined axial and lateral optothermal forces are used for achiral trapping, and chiral enantiomer separation. 

Sorting and separation are achieved by combining capturing forces and sorting forces, indicated in 
Fig.1 as axial and lateral forces, respectively. Capturing forces arise from optothermal forces driven 
by strong optical and thermal gradients, leading to fluid flows that have a capture range in the order of 
tens of µm (indicated in blue, on the right side). These forces are the same for both enantiomers and 
are used to collect molecules and enrich their concentration to relevant numbers followed by sorting. 
By playing with the chirality of light generating asymmetric optical and thermal effects, we can 
selectively choose which enantiomer has to be captured and delivered to the collection chamber.  
Notably, selective separation will facilitate the discrimination of the enantiomers (left vs. right) thus 
increasing sensitivity of the method. Here, the type and quantity of sorted molecules will be identified 
subsequently using circular dichroism which is significantly enhanced in the presence of dielectric 
nanostructures [21].  
The project will greatly benefit from the recently initiated collaboration with the Nanoplasm group of 
Prof. Giuseppe Strangi at Case Western Reserve University, who will support us with their expertise 
on designing chiral light fields structures through advanced optical materials [14]. 

The work is split into 3 work packages (defined as aims below) focusing on each subtask, i.e. sorting, 
separation, and detection, before combining them into a single workflow optofluidic device. 

3.1 Timeline Description 

For a detailed description of the individual aims, timeline, and associated deliverables and milestones, 
please refer to the Optica Foundation Challenge Timeline Template attached to the proposal. 

3.2 Risk Mitigation 
Risks (Likelihood, Impact) WP Risk Mitigation Strategy

Concentration of molecules near surface is 
low (Medium, Medium). 1

Use stronger chiral light fields in the presence of 
hyperbolic metamaterials produced by our 
collaborator [13].

Convection-based transport can not 
efficiently deliver sorted particles to 
detection chamber (Medium, Low). 

1 Use conventional microfluidic pumping instead.
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4. Outcomes 
All the identified market needs necessitate novel technological advancements to enhance chiral 
sensing capabilities. Given the intricate and varied nature of chiral compounds across different 
sectors, devising a single universal approach poses significant challenges. For instance, the quality 
control protocols in industrial chemical plants for agrochemicals vary substantially from those in 
pharmaceutical drug discovery departments. With the aim of introducing a market-ready 
optofluidic method with broad applicability, we outline the following key target requirements: 

• The ability to handle a wide range of enantiomers without relying on chiral mediators for analyte 
recognition or capture (label-free). 

• Compatibility with small sample volumes in the range of 10 µL - 1 mL. 
• A dynamic detection range for chiral molecule concentrations between 10 mM to 10 pM. 
• Capability to separate and differentiate stereoisomers when their composition is at 10 parts per 

million (ppm), in compliance with legal standards, i.e., detecting the presence of one isomer with a 
concentration 105 times lower than the other isomer. 

Crucially, our focus is on developing a functional optofluidic device, where the associated 
methodologies for material fabrication are commercially available and scalable. This includes 
considerations for technology development that align with existing industrial protocols. Additionally, 
we anticipate gaining fundamental insights into the optothermal manipulation of chiral molecules, 
which will be considered for publication in scientific journals. 

5. Impact 
The global market size for chiral chemicals reached $78.6 billion in 2023 (source: www.factmr.com  
and www.imarcgroup.com). With a compound annual growth rate (CAGR) exceeding 12%, it is 
projected to surpass $220 billion by 2033. This growth is fueled by strong demand from the 
pharmaceutical and agrochemical sectors, which are the primary drivers of this market. The 
pharmaceutical industry's need for chiral chemicals is particularly significant, both for new drug 
development and the synthesis and discovery of chiral compounds. Notably, 56% of currently used 
drugs are chiral molecules, with 88% of the recent drugs marketed as racemic mixtures,  
comprising equimolar proportions of two stereoisomers. Despite identical chemical structures, most 
isomers of chiral drugs demonstrate notable differences in biological activities such as pharmacology, 
toxicology, pharmacokinetics, and metabolism. An illustrative instance of a chiral drug is dopa, or 
dihydroxy-3,4 phenylalanine, a precursor of dopamine utilized in treating Parkinson's disease. 
Initially administered in racemic form (d,l-dopa), its d-isomer was found to cause severe toxicity 
(agranulocytosis). Consequently, only the levorotary form, known as L-Dopa, is used in therapeutics. 
Hence, promoting chiral separation and analysis of racemic drugs in the pharmaceutical industry and 
clinical settings is crucial for eliminating unwanted isomers, thereby enhancing treatment efficacy and 
therapeutic control for patients. 

Regulatory bodies like the U.S. FDA and the European EMA prioritize drug safety and efficacy, 
placing pharmaceutical companies under growing pressure to develop drugs with precise 
stereochemistry. Chiral chemicals are instrumental in meeting these stringent regulatory standards, 
facilitating the synthesis of chiral drugs with consistent stereochemistry. This approach minimizes the 

The CD signal in the presence of dielectric 
nanopillars is not strong enough for the 
detection of enantiomers (Medium, High).

1
Use commercially available CD spectrometers to 
test signal strength. Then, improve previous 
nanopillars design [21] to increase signal.

Nanostructures for detection interfere with 
the manipulation of chiral molecules 
(Medium, Low).

2 Extract particles through additional microfluidic 
outlets.

Not all functionalities can be incorporate 
on chip due to interference between tasks 
(Low, Medium).

3
Employ commercial alternatives (such as solutions 
by on-campus startup ENANTIOS, ETH) and 
enable plugin of chip within a single device.

Risks (Likelihood, Impact) WP Risk Mitigation Strategy
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risk of unexpected side effects and ensures patient safety. Compliance with these regulations is 
imperative for pharmaceutical firms, making the utilization of chiral chemicals indispensable. 

An alternative approach involves synthesizing only the desired enantiomer while sidestepping the 
production of its counterpart, a process known as asymmetric synthesis. This method constitutes 40% 
of the current market value (30 billion/year in 2023, projected to exceed 80 billion by 2033). 
However, it is exceptionally intricate and inevitably necessitates the use of pure enantiomeric 
compounds as reactants, failing to resolve the reliance on chiral chemicals for synthesis. 
Consequently, the majority of chiral chemicals exist as racemic mixtures, constituting half of the 
market value associated with separation methods (40 billion/year in 2023, anticipated to exceed 100 
billion by 2033), with liquid chromatographic techniques being the most prevalent. Regardless of the 
application field or market (separation, synthesis, development, and use), the ability to quantify 
absolute or relative chiral concentrations is pivotal. 

The absence of effective technologies not only impacts the market but also raises significant 
environmental concerns. The production and utilization of chiral chemicals release highly volatile 
compounds into the environment, posing risks to human health and various organisms. Environmental 
regulations impose strict limits on the release of production waste, with a maximum allowable 
content of volatile compounds set at 90 parts per million (ppm), further constraining the growth of 
the chiral chemicals market. 

Similarly, in the agrochemical sector, chiral pesticides and herbicides are extensively utilised for 
their enhanced efficacy and reduced environmental impact. Farmers are increasingly adopting chiral 
agrochemicals to safeguard crops, enhance yields, and minimize ecological harm. Chiral chemicals 
offer a pathway to develop more precise and efficient agricultural products, enabling the creation of 
compounds that selectively target pests or weeds while preserving beneficial organisms. As global 
agriculture endeavors to achieve greater sustainability and efficiency, the demand for chiral chemicals 
in this sector is anticipated to steadily increase. Europe and North America lead in both chiral 
chemicals production and consumption, owing to their well-established pharmaceutical and 
agrochemical industries. Prominent European companies include BASF (Germany), Solvias AG 
(Germany), and Johnson Matthey (UK). However, Asia-Pacific countries are emerging as significant 
contenders, propelled by economic growth and expanding healthcare sectors. 

Given the current market landscape, significant advancements are expected in the near future, driven 
by escalating consumer demands and regulatory requirements. Quality control procedures across 
various industrial domains, such as food and drug production and waste analysis in industrial 
facilities, alongside challenges posed by chiral pollution, remain unresolved. Presently, there are 
over 1500 known chiral pollutants, including pesticides, polychlorinated biphenyls, polyaromatic 
hydrocarbons, brominated flame retardants, phenols, personal care products, and pharmaceuticals. 
More than a thousand additional products are slated for commercialization in the next decade, 
potentially exposing people and the environment to these compounds. The current landscape, 
coupled with existing market needs, necessitates effective methods for detecting and quantifying 
chiral compounds. Without these essential tools, legislators cannot adequately establish 
regulatory frameworks across all industrial sectors. Consequently, unchecked market expansion 
for chiral compounds may pose significant risks to both the environment and public health. 
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Introduction: The project addresses the evolving landscape of telecommunications, where traditional 

optical networks struggle to meet increasing demands for high-speed data transmission. Multi-band and 

multi-core technologies offer solutions, but their complexity requires advanced real-time planning tools. 

A digital twin as a service (DTaaS), replicating the network virtually, provides a platform for testing 

new architectures and protocols. Leveraging machine learning (ML) in the intelligent optical network, 

the DTaaS enables predictive analytics and autonomous optimization. Open-source principles empower 

collaboration, reducing costs and accelerating technology deployment. Additionally, proactive energy 

management strategies,  optimize network configurations, reducing energy consumption and 

operational costs. 

Objective: The project has three main objectives: (i) Develop a comprehensive DTaaS framework for 

multi-band and multi-core intelligent flexible optical networks, enabling testing and validation of new 

network architectures and protocols. (ii) Facilitate collaborative research and innovation through open-

source principles, fostering a vibrant community and accelerating technology development. (iii) 

Optimize network performance and reduce operational costs through proactive energy management 

strategies, leveraging ML algorithms for predictive analytics and autonomous optimization, 

contributing to the sustainability of telecommunications infrastructure. 

Plan: The 24-month project integrates optical network planning, ML, and physical layer modeling, 

culminating in proof of concept validation. Collaboration between UC3M, Telefonica in Madrid, 

University of Bristol (UOB) in Bristol, UK, Chalmers University of Technology in Sweden, and 

University of Virginia in USA drives the project forward. The plan entails developing synthesized and 

experimental datasets, planning tools, and ML algorithms by collaborating with Chalmers University 

of Technology and University of Virginia. Subsequently, validation will occur at Telefonica and 

University of Bristol, based on the Lab and real-word research networks. The primary focus of the first 

year is on simulation and emulation development, while the second year aims to integrate the developed 

DTaaS with real-world test beds and field trial at Telefonica and UOB. The project's goals include 

producing six high-impact journal papers such as Optica, Optics Express, Journal of Communication 

and Optical Networking, and Journal of Lightwave, and eight conference papers. 

Impact: (i) The project greatly enhances the development and optimization of telecommunications 

infrastructure, resulting in more efficient and reliable optical networks. (ii) Embracing open-source 

principles encourages collaboration, speeding up innovation, and cutting costs. (iii) Proactive energy 

management, powered by ML machine learning algorithms, reduces energy consumption and 

operational costs, promoting the sustainability of telecommunications infrastructure and minimizing the 

environmental impact of optical networks. 
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1 Literature Review

The development of optical networks has become imperative due to the exponential growth of IT tech-
nologies and the escalating need to handle vast amounts of IP traffic [1]. As digital transformation accel-
erates across industries, the demand for high-speed, reliable, and scalable communication infrastructure
intensifies [2]. Optical networks, leveraging the power of fiber optics, offer unmatched bandwidth capa-
bilities, essential for supporting data-heavy applications such as cloud computing, video conferencing,
and the Internet of Things [3]. These networks ensure low latency and high throughput, meeting the
critical requirements of modern applications that rely on real-time data processing and seamless connec-
tivity [4]. Consequently, investing in advanced optical networking technology is crucial to sustain the
burgeoning digital ecosystem and maintain competitive advantage in a data-driven world [5].

Expanding the bandwidth in optical networks by utilizing multiband approaches beyond the tradi-
tional C-band (including S, E, O, and U-bands) is a cost-effective strategy [6]. This method maximizes
the use of existing fiber optic infrastructure, thereby reducing the need for new fiber installations and
significantly lowering capital expenditures [7]. Technological advancements, such as improved optical
amplification and Dense Wavelength Division Multiplexing (DWDM), have made it feasible to use these
additional bands effectively [8]. These innovations allow for greater bandwidth without substantial ad-
ditional costs. Moreover, this approach provides a scalable solution for future network growth, ensuring
that the network can meet increasing data demands without frequent and costly upgrades [9]. By dis-
tributing traffic across multiple bands, networks can also enhance service quality, reduce congestion, and
improve signal reliability, making this a future-proof strategy that offers both immediate and long-term
benefits [10].

Multi-core fibers offer a multitude of advantages, particularly in the context of multiband optical
networks [11]. By integrating multiple cores within a single fiber, these innovative solutions signif-
icantly enhance data transmission capacity and efficiency [12]. With the exponential growth of data
traffic, especially in the era of cloud computing, IoT, and 5G, traditional single-core fibers are becoming
increasingly limited in their ability to meet the escalating demands for bandwidth. Multi-core fibers mit-
igate this challenge by enabling parallel data transmission through distinct cores, effectively multiplying
the fiber’s data-carrying capacity [13]. This not only boosts network performance but also enhances
scalability and flexibility, crucial for accommodating future technological advancements and evolving
user needs. Thus, for operators seeking to optimize network capabilities and stay ahead in the rapidly
evolving telecommunications landscape, transitioning to multi-core fibers is not just advantageous but
imperative.

The digital twin (DT) paradigm, as outlined in [14], heralds a transformative approach to engineering
and maintenance strategies. Digital twin technology has gained significant attention in various domains,
including optical networks, due to its potential to revolutionize network management, optimization, and
performance monitoring [15, 16]. In the context of optical networks, a DT is a virtual replica of the
physical network infrastructure, continuously updated with real-time data to mirror its behavior and
enable advanced analytics, simulations, and predictive maintenance [17]. DT offers a wide range of
applications in optical networks, including network design, planning, provisioning, optimization, fault
detection, and performance monitoring [18]. By integrating real-time data from network elements such
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Figure 1: Physical and digital twins of an intelligent optical network’s plane.

as optical switches, transceivers, and fiber links, digital twins provide network operators with a holistic
view of network behavior and facilitate proactive decision-making [19]. Moreover, digital twins enable
the testing of new network configurations and services in a virtual environment before deployment,
minimizing risks and optimizing resource utilization [20].

In conclusion, the adoption of digital twin technology in optical networks offers numerous benefits,
including cost reduction, complexity management, agility enhancement, accuracy improvement, and
energy efficiency. By providing network operators with a comprehensive and dynamic view of network
behavior, digital twins empower them to make informed decisions, optimize resource allocation, and
ensure the reliable and efficient operation of optical networks in the face of evolving technological and
market challenges. On the contrary, over the past three years, numerous works have emerged leveraging
digital twin (DT) technology. However, the absence of an open-source platform tailored for this purpose
remains a notable gap in the field. Addressing this gap could serve as a pivotal reference point for
advancing research and industry initiatives in this domain. The primary objective of this project is
to establish such a platform through collaborative efforts involving four academic institutions and one
industry sector. In the subsequent section, detailed discussions on the implementation of the project will
encompass methodologies, anticipated outcomes, and potential impacts. Additionally, the attachments
provide insight into the project budget and its scheduling.

2 Problem Statement and Objectives

In this section, our methodology and targets are discussed, explaining the system model and the main
components of the digital twin at different layers of the multi-band multi-core intelligent optical network
(ION). We then demonstrate how Digital Twin as a Service (DTaaS) can enable the ION to function as
an autonomous, self-healing, low-margin [21], and zero-touch network for the next-generation optical
network infrastructure of the telecom operator.

2.1 Problem Statement

Figure 1 illustrates the three main planes of the IONs, including the management plane, control plane,
and data plane. The management plan function within the FCAPS (Fault, Configuration, Accounting,
Performance, Security) standard is primarily associated with Configuration Management [22]. This
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Figure 2: Data plane architecture.

function is responsible for network configuration and reconfiguration, ensuring that hardware and soft-
ware configurations are optimally set up and modified as needed. It includes maintaining an accurate
inventory of all network components, documenting their configurations, versions, and locations. Provi-
sioning services is another critical aspect, which involves setting up and maintaining network services
according to predefined policies and service level agreements (SLAs). Additionally, the management
plan oversees change management, systematically handling and documenting changes to the network to
prevent negative impacts on performance or security. It also ensures that configuration data is regularly
backed up and can be restored in case of failures, supporting network continuity and quick recovery
from disruptions. Compliance management is another vital role, ensuring that the network configuration
adheres to industry standards, regulatory requirements, and internal policies through regular audits and
assessments. Overall, the management plan function within FCAPS Configuration Management ensures
that the network’s configuration is well-maintained, documented, and optimized to support operational
goals and service requirements.

The SDN-based control plane of an ION leverages Software-Defined Networking (SDN) principles
to provide dynamic, automated, and centralized management of network resources [16]. This control
plane decouples the control logic from the underlying hardware, enabling more flexible and efficient
network operations. By utilizing a centralized SDN controller, the network can intelligently route traffic,
optimize resource allocation, and quickly adapt to changing network conditions and demands. As shown
in Figure 1, key components include a Telemetry and Monitoring Module (TMM) for real-time data
collection and analysis, and an Orchestrator and Configuration Module (OCM) for managing network
configurations and orchestrating resources. Machine learning and data analytics module (MLDAM)
are integrated into the control plane, with databases supporting the ML pipeline to enhance predictive
analytics and automated decision-making. These databases collect and process telemetry data to provide
insights that drive network optimization and fault management. The SDN-based control plane, with its
programmability and automation capabilities, reduces the need for manual interventions, enabling rapid
deployment of new services and applications. Through its centralized control and holistic view of the
network, it significantly improves the agility, scalability, and overall performance of intelligent optical
networks.

The data plane of an ION encompasses three critical layers: Layer 2 (packet and/or label switching),
Layer 1 (frame switching, such as SDH/OTN frames), and Layer 0 (wavelength switching). The details
of data plane are depicted in Figure 2. This plane includes a variety of equipment across the IP and opti-
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Figure 3: Digital twin closed loop and visualization of the digital twin as a service (DTaaS).

cal layers. At Layer 2, packet and label switching are managed by routers and switches, which handle the
efficient forwarding of data packets. Layer 1 involves frame switching with Optical Transport Network
(OTN) switches, which manage OTN frames to ensure reliable and high-capacity transport of data. Layer
0 focuses on wavelength switching, utilizing optical cross-connects and wavelength-selective switches
to dynamically route wavelengths across the network. Additional essential components in the data plane
include transceivers, amplifiers, digital gain equalizers, multiplexers, and demultiplexers. As illustrated
in Figure 2, these elements work together to carry lightpaths (LPs) from the source to the destination
across multiple layers and domains. The primary function of this plane is to ensure seamless and effi-
cient data transport, leveraging the strengths of each layer to optimize network performance and resource
utilization in a multi-layer, multi-domain environment.

The Digital Twin Closed Loop (DTCL) concept, as defined by the [17], involves creating a seamless
integration between a real-world network and its digital twin counterpart. The digital twin replicates all
components of the physical network, but in a virtual or logical form. Each hardware component, such as
EDFAs (erbium-doped fiber amplifiers) and ROADM (Reconfigurable Optical Add-Drop Multiplexer),
is represented by a corresponding software component that mimics its functionality. The DTCL oper-
ates continuously, querying real-world network hardware and databases every 15 minutes to update the
mirrored databases and virtual components within the digital twin.

As represented in Figure 3, in this closed-loop system, data from the real-world network is read,
preprocessed, refined, and stored in the corresponding databases of the digital twin. The Advanced
AI-enabled modules within the digital twin then use this data for tasks such as quality of transmission
analysis [23, 24], resource optimization, and failure detection, allowing the digital twin to function as a
Digital Twin as a Service (DTaaS). Unlike the real-world network, where hardware negotiation requires
specific APIs in the north and southbound interfaces (such as TAPI, Netconf, gRPC, RESTful, and
OpenFlow), the digital twin operates through digital interactions, eliminating the need for these APIs.

The DTaaS then provides optimized services back to the real-world network. However, ensuring
the accuracy of data acquisition and processing is a significant challenge and risk in this system model.
To mitigate this risk, more accurate physical layer modeling and data analytics models based on neural
networks and machine learning algorithms will be employed to reduce errors and enhance the reliability
of the digital twin.
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Figure 4: Research field networks in Spain [26] and the UK [27].

3 Outcomes

Our open-source project called TWINCORE leveraging Digital Twins as a Service (DTaaS) in optical
networks aims to significantly reduce costs, manage complexity, enhance agility, and improve energy
efficiency. By optimizing resource allocation, minimizing downtime, and streamlining maintenance ac-
tivities through predictive maintenance, DTaaS helps identify cost-effective solutions for network expan-
sion and upgrades. It simplifies network complexity with a unified platform for monitoring, analysis, and
optimization, using advanced analytics and machine learning to automate tasks, detect anomalies, and
recommend optimal configurations. DTaaS enhances agility by enabling rapid experimentation, testing,
and deployment of new services, with virtualization and SDN capabilities allowing dynamic adjustments
and resource allocation. Real-time data and advanced modeling techniques provide insights into network
health and performance, while predictive analytics forecast future behavior and recommend preemptive
measures. Additionally, DTaaS contributes to energy efficiency by optimizing resource utilization, re-
ducing idle capacity, and implementing energy-efficient protocols, ensuring a robust and sustainable
network infrastructure.

4 Impact

The TWINCORE project aims to make a significant impact by introducing the first open-source digi-
tal twin for intelligent optical networks, expanding beyond the capabilities of existing tools like GNPy,
which is limited to QoT estimation [25]. By sharing our digital twin with the community, we enable
researchers worldwide to access datasets and modules online, fostering collaboration and further devel-
opment. TWINCORE is pioneering in its application of advanced technologies such as multi-band and
multi-core fibers, setting a new standard for digital twins in the field. This project not only provides a
valuable resource for academic research but also has the potential to drive innovation and efficiency in
the telecommunications industry. Three high-ranking universities in Europe, i.e., UNiversity Carloss III
de Madrid (UC3M), Chalmers University of Technology in Sweden, University of Bristol, along with the
University of Virginia in the United States, are participating in the TWINCORE project. All partners are
aligned with the objectives of advancing multi-band multi-core intelligent optical networks (please, see
the references). The principal investigator [28] from UC3M leads the project alongside two collabora-
tors at UC3M. Dr. Shuangyi Yan [29] and a PhD student from the University of Bristol, and Prof. Paolo
Monti [30] and Dr. Carlos Natalino [31], along with a postdoctoral researcher and a PhD student from
Chalmers University of Technology. Dr. Juan Pedro Fernández-Palacios from Telefonica [32] and Prof.
Maite Brandt-Pearce [33], along with a PhD student from the University of Virginia, also contribute to
the project. This collaborative effort not only spans multiple disciplines but also bridges academia with
industry. The utilization of test beds and research field networks is crucial for the success of this project.
Figure 4 illustrates the research field networks in Spain and the UK that support this endeavor.

5



F. Arpanaei TWINCORE

References

[1] P. Harvey, “Looking ahead: Gen ai could amplify optical opportuni-
ties,” Light Reading, 2023. [Online]. Available: https://www.lightreading.com/optical/
looking-ahead-gen-ai-could-amplify-optical-opportunities/a/d-id/785432

[2] J. Lee, S. Kumar, and H. Kim, “Optimizing optical network infrastructure to meet rising ip traffic
demands,” IEEE Communications Magazine, vol. 62, no. 4, pp. 45–53, 2024. [Online]. Available:
https://ieeexplore.ieee.org/document/9355123

[3] R. Shore, “Infinera 2024 predictions: Illuminating the future - what 2024 will bring for
optical networking,” VMblog, 2024. [Online]. Available: https://vmblog.com/archive/2024/01/05/
infinera-2024-predictions-illuminating-the-future.aspx

[4] T. F. Mode, “Optical networking in 2024 - lighting the way forward,” The
Fast Mode, 2024. [Online]. Available: https://www.thefastmode.com/expert-opinion/
30687-optical-networking-in-2024-lighting-the-way-forward

[5] Corning, “Broadband trends and industry predictions 2024,” Corning, 2024.
[Online]. Available: https://www.corning.com/worldwide/en/innovation/corning-research/
broadband-trends-and-industry-predictions-2024.html

[6] Farhad Arpanaei, J. M. Rivas-Moscoso, I. De Francesca, J. A. Hernandez, A. Sanchez-Macian,
M. R. Zefreh, D. Larrabeiti, and J. P. Fernandez-Palacios, “Enabling seamless migration of optical
metro-urban networks to the multi-band: unveiling a cutting-edge 6d planning tool for the 6g era,”
Journal of Optical Communications and Networking, vol. 16, no. 4, pp. 463–480, 2024.

[7] T. Hoshida, V. Curri, L. Galdino, D. T. Neilson, W. Forysiak, J. K. Fischer, T. Kato, and P. Poggi-
olini, “Ultrawideband systems and networks: Beyond C + L-band,” Proceedings of the IEEE, vol.
110, no. 11, pp. 1725–1741, 2022.

[8] N. Deng, L. Zong, H. Jiang, Y. Duan, and K. Zhang, “Challenges and enabling technologies for
multi-band wdm optical networks,” Journal of Lightwave Technology, vol. 40, no. 11, pp. 3385–
3394, 2022.

[9] Farhad Arpanaei, J. M. Rivas-Moscoso, J. A. Hernández, J. P. Fernández-Palacios, and
D. Larrabeiti, “Migration strategies from c-band to C+L-band/multi-fiber solutions in optical
metropolitan area networks,” in 49th European Conference on Optical Communications (ECOC
2023), vol. 2023, 2023, pp. 1531–1534.

[10] D. Uzunidis, E. Kosmatos, C. Matrakidis, A. Stavdas, and A. Lord, “Strategies for upgrading an
operator’s backbone network beyond the c-band: Towards multi-band optical networks,” IEEE
Photonics Journal, vol. 13, no. 2, pp. 1–18, 2021.

[11] W. Klaus, P. J. Winzer, and K. Nakajima, “The role of parallelism in the evolution of optical fiber
communication systems,” Proceedings of the IEEE, vol. 110, no. 11, pp. 1619–1654, 2022.

[12] Farhad Arpanaei, N. Ardalani, H. Beyranvand, and S. A. Alavian, “Three-dimensional resource
allocation in space division multiplexing elastic optical networks,” Journal of Optical Communi-
cations and Networking, vol. 10, no. 12, pp. 959–974, 2018.

[13] P. J. Winzer, D. T. Neilson, and A. R. Chraplyvy, “Fiber-optic transmission and networking: the
previous 20 and the next 20 years,” Opt. Express, vol. 26, no. 18, pp. 24 190–24 239, Sep 2018.
[Online]. Available: https://opg.optica.org/oe/abstract.cfm?URI=oe-26-18-24190

6

https://www.lightreading.com/optical/looking-ahead-gen-ai-could-amplify-optical-opportunities/a/d-id/785432
https://www.lightreading.com/optical/looking-ahead-gen-ai-could-amplify-optical-opportunities/a/d-id/785432
https://ieeexplore.ieee.org/document/9355123
https://vmblog.com/archive/2024/01/05/infinera-2024-predictions-illuminating-the-future.aspx
https://vmblog.com/archive/2024/01/05/infinera-2024-predictions-illuminating-the-future.aspx
https://www.thefastmode.com/expert-opinion/30687-optical-networking-in-2024-lighting-the-way-forward
https://www.thefastmode.com/expert-opinion/30687-optical-networking-in-2024-lighting-the-way-forward
https://www.corning.com/worldwide/en/innovation/corning-research/broadband-trends-and-industry-predictions-2024.html
https://www.corning.com/worldwide/en/innovation/corning-research/broadband-trends-and-industry-predictions-2024.html
https://opg.optica.org/oe/abstract.cfm?URI=oe-26-18-24190


F. Arpanaei TWINCORE

[14] E. Glaessgen and D. Stargel, “The digital twin paradigm for future NASA and U.S. Air Force
vehicles,” in 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials
Conference, 2012.

[15] Y. Song, M. Zhang, Y. Zhang, Y. Shi, S. Shen, B. Guo, S. Huang, and D. Wang, “Implementing
digital twin in field-deployed optical networks: Uncertain factors, operational guidance, and field-
trial demonstration,” IEEE Network, vol. 38, no. 1, pp. 38–45, 2024.
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ENHANCING SURGICAL PRECISION: AUTOMATED SESORRS FOR IMPROVED TUMOR 
DETECTION AND RESECTION– EXECUTIVE SUMMARY (HEALTH) 

 
CHALLENGE 
Glioblastoma multiforme (GBM) is one of the most formidable challenges in oncology. GBMs are 
the most aggressive forms of brain tumors and are associated with a poor median survival rate of 
only 14–16 months post-diagnosis and a 5-year survival rate of less than 5%. Due to the infiltrating 
nature of GBM, as well as the challenges associated with drug delivery and late-stage diagnosis, 
treatment of the disease is challenging. Surgical resection followed by adjuvant radio-
chemotherapy the is the main therapeutic option with very few alternative treatment options. 
Studies have shown that more efficient tumor resection can lead to better prognosis, however 
current image-guided surgical techniques such as fluorescence-guided surgery (FGS) are limited 
in their ability to evaluate the required resection margin, or depth of tumor invasion. Surface 
enhanced spatially offset resonance Raman spectroscopy (SESORRS) is an emerging optical 
approach which can image through depths far superior to current optical imaging approaches 
such as fluorescence. SESORRS can acquire high spatial and spectral information through 
depths not currently possible in clinical image-guided surgery. 
PROPOSED PROJECT AND CATEGORY  
Central hypothesis: While FGS is showing promise in the clinic for supporting image-guided 
resection of tumors including GBM, its ability to detect deeper seated tumors is limited. Overall 
goal: The goal of this project is to establish and provide a new automated technological approach 
for the detection, evaluation of tumor invasion, and identification of residual tumor cells on or 
beneath the resection bed. Ultimately, patients with GBM could benefit from portable, low-cost, 
biopsy free imaging, and improved image-guided evaluation and resection of GBM in real-time. 
We will address this health-related challenge through three specific aims (SAs) as outlined below.   
SA1: Integrate an xyz automated translation stage and CMOS camera with imaging spectrometer 
and SORS probe.   
SA2: Validate automated SORS imaging using calibration standards and optical phantoms. 
SA3: Evaluate the benefit using of automated SESORS for image-guided surgical resection of 
GBM in comparison with clinically approved approaches. 
IMPACT  
While progress in the image-guided resection of GBM has been achieved, there is still an urgent 
need to develop more efficient surgical navigational tools to improve progression-free survival in 
patients. To the best of our knowledge, automated SORS imaging, with or without the use of 
SERRS contrast agents, has not been published. More importantly, no one has applied 
SESORRS imaging for image-guided resection of tumors or compared it with clinically approved 
optical surgical navigation approaches such as fluorescence. We expect that the research 
outlined here will provide proof-of-concept data demonstrating the potential benefit of SESORRS 
imaging in comparison to FGS, for image guided resection of tumors on, or beneath the resection 
bed, in mouse models harboring GBMs. It is well established that early detection, as well efficient 
tumor resection, correlates with improved prognosis in patients. Although we have chosen to 
focus on developing an approach for image-guided resection of GBM, the development of more 
effective imaging technologies and contrast agents is vital for the treatment, and management, of 
all types of cancer. Taken together, we will build a tool that has the potential to drastically improve 
cancer detection in a clinical setting and lay the foundation for future development and application 
of automated SESORRS imaging for the assessment of additional solid tumors, e.g., breast 
cancer. I am highly qualified to lead and execute this research project however I also am hopeful 
that the unique environment of Dana-Farber Cancer Institute, as well as the novelty, and clinical 
relevance of this research area, will appeal to the next generation of scientists of whom I am eager 
to train. 



LITERATURE REVIEW AND BACKGROUND:  
Glioblastoma Multiforme (GBM): Despite notable advances in the detection and treatment of 
cancer, high grade gliomas such as glioblastoma multiforme (GBM), present as one of the most 
formidable challenges in oncology1,2. GBMs are the most aggressive forms of brain tumors and 
are associated with a poor median survival rate of only 14–16 months post-diagnosis and a 5-
year survival rate of less than 5%2. Due to the heterogeneous and infiltrating nature of GBM, as 
well as challenges associated with drug delivery to the brain and late-stage diagnosis, treatment 
of the disease is challenging. Currently, surgical resection of the tumor followed by adjuvant radio-
chemotherapy the is the main therapeutic option with very few alternate treatment options1–4.  
Image guided surgery in the management of glioblastoma: 
The recurrence of GBM following surgical resection is seen in approximately 80% of patients, 
indicating ineffective surgical resection at the ROI. It is well established that complete resection 
of the tumor mass accounts for better prognosis, with some studies reporting that an extent of 
GBM resection greater than 98% is necessary for better prognosis2,4. Other studies have 
demonstrated that the majority of GBMs reoccur locally within 1-2 cm of the resection margin, 
indicating incomplete surgical resection2,4. While improvements in diagnostic imaging, and 
pathological analysis have had a positive outcome on patient survival, current image guided 
surgical techniques such as white light (WL) and fluorescence, remain limited in their ability to 
image the microscopic infiltration of GBM. Contrast agents (CAs) have been shown to be useful 
in supporting image-guided resection of GBM however 5-aminolevulinic acid (5-ALA) is currently 
the only FDA-approved agent for fluorescence guided surgery (FGS) of GBM. Oral administration 
of 5-ALA results in metabolism into protoporphyrin IX (peak excitation 400–410 nm, peak 
emission 635 nm), which accumulates in high-grade GBMs. Studies have demonstrated that 
using 5-ALA in FGS results in improved resection and progression-free survival in patients5. 
However, owing to the limitations of visible light probes, if malignant tissue is obscured by 1 mm 
of tissue, no fluorescence is observed thus leading to insufficient resection of diseased tissues4–
6. The use of surface-enhanced resonance Raman scattering (SERRS) CAs has also been shown 
to be useful in image-guided surgical detection of infiltrating margins and microscopic foci in 
several cancers including GBM7–12. Currently, fluorescence probes lead the way in image guided 
surgical applications, however both fluorescence and traditional SERRS approaches are only able 
to image superficial lesions of interest3–5. Moreover, fluorescence imaging suffers from 
photobleaching and intrinsic autofluorescence. Surgical resection is stopped once the surgeon is 
confident all malignant lesions have been removed, however there is a likely possibility that deep-
seated, microscopic lesions remain. Currently, this can only be evaluated with further removal of 
potentially healthy tissue. An opportunity therefore exists for a new image-guided surgical 
navigational tool that can non-invasively identify deeper-seated, and residual microscopic lesions 
of GBM through significantly larger depths of tissue than what can be achieved using current 
practices. Surface enhanced spatially offset 
resonance Raman spectroscopy (SESORRS) 
is an emerging technique which can image 
through depths far superior to current optical 
imaging approaches such as fluorescence13–16. 
SESORRS can provide real-time molecular 
information and can acquire high spatial and 
spectral information to achieve new levels of 
detail not currently possible in clinical optical 
cancer imaging. The goal of this project is to Figure 1: Schematic representing SERRS CAs. 



provide and establish a new automated 
technological approach for the detection, 
evaluation of tumor invasion, and 
identification of residual tumor cells on the 
resection bed in vivo.  
SERRS contrast agents for the imaging 
of GBM. Optical contrast can enable 
characterization, staging, surgical 
navigation, and post-operative follow up. 
SERRS CAs consist of a gold 
nanoparticle core (diameter 120 nm) 

functionalized with a Raman reporter, encased in a silica shell (20 nm thickness) (Fig. 1)12,17,18. 
These are then functionalized with polyethylene glycol (PEG) to improve biodistribution and 
minimize uptake by the reticuloendothelial system31. By tracking their unique “fingerprint” spectra, 
SERRS CAs can be used to image tumors since they target cells with high specificity in vivo, e.g. 
through the use of targeting ligands such as antibodies11,19–21. Untargeted SERRS CAs have also 
consistently been shown to accumulate in solid tumors due to the enhanced permeability and 
retention (EPR) effect 9,10,18,22,23. Our lab has demonstrated the reliable detection of a large variety 
of different tumor types in vivo (including GMBs) and their microscopic extensions using SERRS 
NPs10,11,20,21,21. SESORRS relies, in part, on the signal intensity of the SERRS agents which must 
be strong enough to overcome intrinsic tissue scattering. We have developed cutting-edge 
SERRS NPs which exhibit a detection threshold as low as 100 attomolar, a sensitivity so far 
unparalleled and superior to any other imaging method. I spent both my graduate and 
postdoctoral training designing efficient and selective SERRS CAs for SESORRS imaging17,22,24–
30. I have screened several reporter molecules and have selected optimal IR 792 as the resonant 
Raman reporter to be used in this project. 
SERRS and SESORRS Imaging: SERRS imaging is 
a non-destructive and sensitive technique, capable of 
providing successful delineation of tumor margins on 
a microscopic level11,14,21,24. However, while the 
detection of Surface enhanced resonance Raman 
scattering (SERRS) contrast agents (CAs) is 
sensitive and specific, their detection using traditional 
Raman imaging strategies is limited since these 
approaches fail to probe through large depths of 
tissue (typically only depths of a few mm are possible, 
similar to near-infrared fluorescence). Spatially offset 
Raman spectroscopy (SORS) utilizes the 
phenomenon of photon migration to collect Raman 
signal from much greater depths13,14. Unlike 
traditional Raman spectroscopy methods, SORS is 
achieved by offsetting the collection optics from the 
point of laser excitation, i.e., the laser is delivered 
separately to the sample and the scattered photons 
are collected through a separate collection probe at a 
spatial offset from the point of laser excitation13,14 (Fig. 
2). SERRS CAs have been detected in tissue 
phantoms through 5 cm of tissue using a SORS 
approach31. SESORRS (the use of SORS to detect 
SERRS CAs) offers the potential to image cancer with high contrast in vivo at depths far superior 
to what can currently be achieved using other optical imaging approaches. We recently reported 

Figure 3. (A) Traditional SERRS imaging of GBM in 
vivo. (B) SESORRS approach using the same mouse. 
(C) Comparison spectra at P1. (D) MRI. (E) 
Histopathology. Reproduced from Ref 16.  

Figure 2: (A) 1st generation SORS set up. (B) 2nd generation SORS 
set up. 
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the very first demonstration of 
SESORRS for the in vivo 
imaging of any disease16. This 
was achieved by explicitly 
targeting integrins 
overexpressed on the tumor 
vasculature, angiogenic 
endothelial cells and tumor 
cells in a clinically relevant 
genetically engineered mouse 
model of GBM. In comparison 
to traditional SERRS imaging 
(Fig. 3A), SESORRS (Fig 3B) 
provided clear delineation of 
the tumor margin as 
confirmed by MRI and 
histology, Fig. 3D and E)16. In 
addition, SESORRS imaging 
generated one order of 
magnitude higher signal than 
a traditional SERRS imaging 
approach (Fig. 3C). While 
these data enabled us to 
report the first demonstration 
of SESORRS for the in vivo 
imaging of cancer, this 
approach used long 
acquisition and accumulation 
times which is unfavorable for 
in vivo applications16,22. 
Therefore, we engineered and 
optimized a purpose built 

SORS collection probe to improve light collection efficiency by increasing: (i) lens NA from 0.2 to 
0.34, (ii) probe working distance from 9 mm to 40 mm, (iii) fiber NA from 0.2 to 0.34, and (iv) fiber 
diameter from 100 μm to 400 μm (Fig. 2B) 22. Furthermore, by accounting for laser spot size, we 
also developed a method for rapidly detecting the bulk tumor and delineating tumor margins in 
vivo. To determine our sampling frequency, which refers to the number of data point spectra 
obtained for each image, we considered the laser spot size of the elliptical beam (6 × 4 mm). Then, 
after administering SERRS contrast agents in vivo, we performed SESORRS imaging on a 
GL261-Luc mouse model of GBM at four distinct sampling frequencies: par-sampling frequency 
(12 data points collected), and over-frequency sampling by factors of 2 (35 data points collected), 
5 (176 data points collected), and 10 (651 data points collected). In vivo SESORRS imaging of a 
GBM mouse model showed a 300% improvement in SNR compared to previous SORS systems, 
with lower power density (13.8 mW/mm2 versus 6 mW/mm2) and shorter integration times (15 s 
in previous work compared with only 0.5 s our latest report)22. Mapping of the mouse head and 
identifying regions of interest within as few as 12 spectra (6 s total acquisition time) was achieved, 
with higher sampling frequencies providing greater certainty and improved delineation of ROIs22, 
Fig. 4D-K. Interestingly, and perhaps more importantly, our SESORRS approach enabled the 
detection of secondary ROIs (tumors) deeper within the brain as confirmed by MRI and H&E 
staining (Fig.4 A-C, Fig.4 P-R), thus suggesting the suitability of SESORRS as an intraoperative 
imaging approach for the detection and imaging of deep-seated tumors, particularly within the 

Figure 4: A–C MR images 2 weeks post-injection of GL261-Luc cells 
confirms the presence of a tumor at depths of 2.5 mm, 3.5 mm, and 4.25 mm 
respectively demonstrating the emergence of a secondary tumor region at 
greater depths within the brain. D-G In vivo SESORRS imaging performed 
using a spatial offset of 1.5 mm, using (D) par sampling frequency (12 data 
points) (E) over- sampling frequency of: 2 (35 data points), (F) 5 (176 data 
points), and (G) 10 (651 data points). The respective times taken to acquire 
each image are also shown. H–K Background removal of areas of non-
intensity from the SESORRS images. Images were rotated to match the 
orientation of the MR images. L–O SESORRS spectra taken at the point of 
minimum and maximum intensity from the respective SESORRS image 
using a par sampling frequency and an oversampling frequency of 2, 5 and 
10 respectively indicating uptake of SERRS CAs. P–R H&E stained 5 μM 
section of the brain confirming the presence of a tumor and the emergence 
of a secondary tumor region. Reproduced from Ref 22.  
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brain22. Therefore, we believe that our approach offers an opportunity to navigate larger areas of 
tissues in shorter time frames than previously reported, identify regions of interest on the surface 
and more importantly, deep-seated tumors that may not be visible using traditional techniques22. 
Thus, we hypothesize that it could be possible to apply SESORRS imaging using a par-sampling 
frequency to scan large areas of tissue to identify ROIs where the malignant tissues are present, 
then, using a higher-sampling frequency approach, e.g. 5, delineate that same ROI with greater 
certainty and identify the presence of potentially deeper-seated lesions in real time.	 
PROBLEM AND OBJECTIVES 
Central hypothesis: While fluorescence guided surgery (FGS) is showing promise in the clinic 
for supporting surgical resection of multiple tumor types including GBM, its ability to detect deeper 
seated, microscopic foci is limited. Overall goal: The goal of this project is to establish and 
provide a new automated technological approach for the detection, evaluation of tumor invasion, 
and identification of residual tumor cells on or beneath the resection bed. Ultimately, patients with 
GBM could also benefit from portable, low-cost, biopsy free imaging and evaluation of GBM. We 
will address this goal through three specific aims (SAs): 
SA1: Integrate an xyz automated translation stage and CMOS camera with imaging CCD and 
SORS probe.  
SA2: Validate automated SORS Imaging using calibration standards and optical phantoms. 
SA3: Evaluate the benefit using of automated SESORRS for image-guided surgical resection of 
GBM in comparison with clinically approved approaches. 
OUTCOMES AND FUTURE DIRECTIONS  
Upon completion of this project we will have designed, built, optimized, and evaluated an 
automated SORS imaging device, validated its efficiency using previously published calibration 
standards, and developed calibration models that directly correlate spatial offset and depth with 
Raman intensity from SERRS CAs. Following evaluation of our bench-top in vivo imaging system 
we will have determined the efficiency of automated SESORRS to support image-guided 
resection of GBM and detect microscopic foci on or beneath the resection bed and compared it 
against clinically approved image-guided approaches such as 5-ALA (fluorescence) and white-
light. These results will enable us to understand if SESORRS could serve as a viable, 
complementary technique, for the characteristic assessment and improvement in the resection of 
GBM in vivo and enable us to predict the success of automated SORS imaging in combination 
with SERRS CAs for potential clinical translation, forming the basis for at least two publications. 

The aims outlined in this proposal are realistic to the funding timeline however there are 
additional follow-up studies that will be addressed in parallel with, or after, the proposed research: 
1) In SA2 we propose to develop a RMSE calibration model to determine the depth at which 
SERRS CAs are located at using ex vivo phantoms. Using MRI, H&E staining, as well as our 
automated SESORRS imaging system which will enable us to pinpoint where exactly on the 
mouse spectra is being obtained, we will validate this calibration model in vivo using varying 
concentrations of SERRS CAs administered to multiple cohorts of mice bearing different tumors 
types. Given that the uptake of SERRS CAs depends on several factors including tumor necrosis, 
route of administration, tumor location, and whether the SERRS CAs are functionalized with a 
targeting ligand, we will validate our approach using multiple models of cancer including GBM 
and colorectal cancer out with this proposal. We may also explore the use of AI and Monte Carlo 
simulations to validate our models. In this case we would seek a collaborator for guidance.  
2) Although not discussed here, my lab is currently investigating the efficiency of a SORS 
endoscope for the assessment of pre-malignant and malignant lesions of colorectal cancer and 
the real-time imaging and assessment of polyp invasion into the colon wall. Future work may 
focus on integrating both the automated SORS imaging device outlined here, together with the 
SORS endoscope for bulk tumor imaging and subsequent validation and assessment of difficult 
to reach areas using the handheld endoscope.  



3) While we have focused on developing an automated SORS imaging device for the detection 
of GBM, my team may investigate the feasibility of automated SORS imaging for the detection, 
and image guided resection of other solid tumors, e.g., melanoma and breast cancer. 
4) While we expect to show the advantage of SESORRS imaging for the resection of deep-seated 
tumors over clinically approved approaches, e.g., fluorescence, we ultimately believe that 
SESORRS imaging would serve a complementary optical imaging approach to FGS. Thus, we 
may investigate using fluorescence imaging for real-time assessment and imaging of surface-
based tumors, and then integrate it with SESORRS imaging for the detection of deeper-seated 
lesions that would otherwise go unnoticed. 
5) We chose 5-ALA as a fluorescence CA due to its FDA approval for FGS of GBM however future 
work could also explore the potential of using molecularly specific fluorescent NIR or NIR-II 
contrast agents, e.g., antibodies labelled with NIR or NIR-II dyes, in combination with SESORRS 
imaging. This would be carried out by utilizing a short-wave infrared (SWIR) camera. Future work 
may also focus on integrating a SWIR camera into our SORS imaging system for multimodal 
imaging.  
IMPACT  
To the best of our knowledge, image-guided resection using SESORRS has not been published, 
and no one has compared the benefit of SESORRS imaging for image-guided resection to 
clinically approved optical surgical navigation tools, such as fluorescence. We expect that the 
research outlined here will provide proof-of-concept data demonstrating the potential benefit of 
SESORRS imaging to support the image guided resection of tumors on, or beneath the resection 
bed in mouse models harboring GBMs in comparison to clinically approved FGS approaches, 
thus helping to support the likelihood of clinical translation. I will continue to combine my expertise 
in the design of SERRS CAs and SORS imaging with that of oncological colleagues and engineers 
to develop innovative approaches for the intra-operative detection of GBM and strengthen the 
translational relevance of my research. It is well established that early detection, as well efficient 
tumor resection correlates with improved prognosis. While progress has been achieved, there is 
still an urgent need to develop more efficient surgical navigational tools to improve survival rates. 
Although we have chosen to focus on developing an approach for image-guided resection of 
GBM, the development of more efficient imaging technologies and CAs is vital for the treatment, 
and management, of all types of cancer. Taken together, we will build a tool that has the potential 
to drastically improve cancer detection in a clinical setting and lay the foundation for future 
application of automated SESORRS imaging for the assessment of other solid tumors, e.g., 
breast cancer.  

In addition to developing a technology that could considerably improve the efficiency of image-
guided resection of cancer, these data will also allow me to prepare a strong portfolio for additional 
funding, e.g., funding from the National Institute of Health and the Department of Defense that 
will further seek to facilitate the clinical translation of this technique. Moreover, as a Harvard 
Medical School teaching affiliate, Dana-Farber Cancer Institute (DFCI) provides the unique and 
world-class environment required to fully execute the work outlined in this proposal.  DFCI 
researchers have full access to several core facilities including the Lurie Family Imaging Center 
(pre-clinical small animal imaging), The Molecular Pathology Core Laboratory, and the Confocal 
and Light Microscopy Core, all of which will support this project. I was the first to report the 
application of SESORRS for in vivo imaging of any disease and thus have a unique understanding 
on how to apply it for cancer imaging. I also have extensive experience in understanding the 
synthesis, biodistribution, and properties of SERRS CAs for in vivo applications. While I am highly 
qualified to lead and mange this research proposal, I am hopeful that the unique environment, 
novelty, and clinical relevance of this research, will appeal to the next generation of scientists. I 
am confident that funding from this project will enable to me to recruit and train the next generation 
of scientists and engineers of whom I am eager to train.  
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NOD-GMG - Nanoscale Optomechanical Detection of Gene Mutations in Glioma 
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NANOTEC Rende CS – Italy  

What is the unmet need?   

Sensor technology offers a tremendous opportunity in medical research and clinical diagnostics 

to specifically detect small numbers of low molecular weight biomolecules relevant for 

infectious and lethal diseases. In recent years, various label-free technologies for detection of 

cancer biomarkers and viruses have been developed.  However, early disease diagnostics, 

tracking of disease progression and evaluation of treatments require a radical innovation to 

deliver high specificity, sensitivity, diffusion-limited transport and accuracy for both nucleic 

acids and proteins. Worldwide, the vast majority of research groups are focused on the 

exploration of strategies to enhance the sensitivity of biosensors - all the way down to single 

molecule detection - whereas the selectivity and the specificity of the biorecognition process 

relies primarily upon the chemical affinity only.  In this project, the question we ask is how to 

move the specificity to an entirely new level and what solutions we may implement to face this 

limit that for too long has been considered difficult to achieve. 

In particular, the diagnosis of neoplasia in the central nervous system is based on clinical 

symptoms, radiologic imaging, and invasive biopsy. There is an unmet need for the quantitative 

detection of biomarkers in biofluids of brain tumor patients to complement clinical examination 

and neuroradiographic images findings, and obviate the need for invasive neurosurgical 

procedures. Mutations in the Isocitrate Dehydrogenase (IDH) genes 1 and 2 are present in most 

of human World Health Organization grade II and III gliomas. The mutated enzymes have a 

neomorphic activity that results in elevated production of metabolite D-2-Hydroxyglutarate (D-

2HG) in the tumors. 

What is being proposed to meet this need?  

The objective of NOD-GMG project is to boost the specificity and develop a 

transformative biosensing technology based on nanostructured metasurfaces for liquid 

biopsy to detect and separate tandemly chiral biomolecules. 

Along these lines NOD-GMG project aims to conduct a fundamental study to develop 

nanophotonic platform, based on dielectric/plasmonic metasurfaces, to separate 

optomechanically chiral biomolecules related to low-grade (LGG) and high grade glioma 

(HGG) patients. 

The research hypothesis is that electromagnetic fields generated by metasurfaces can enable a 

precise optomechanical spatial control of submicrometric polarizable particles. By engineering 

epsilon-near-zero (ENZ) metasurfaces, we aim to achieve waves that exhibit “static-like” 

spatial distributions, while temporally they are dynamic. One consequence is the possibility of 

levitation of electrically-polarized chiral particles in the vicinity of ENZ substrates (axial 

forces). Such metasurfaces can also be nanopatterned with hybrid metal-dielectric 

nanostructures to imbue transversal field gradients and/or chiral optical activity (transversal 

forces). 

What are the expected outcomes? 

In NOD-GMG project we want to demonstrate that D-2HG can be detected through an optical 

platform in the biofluids of glioma patients with mutated IDH1/2, supporting its further 

development as a clinical test for diagnosis and follow-up. 

What will be the real-world impact of this project?  

The breakthrough objective of NOD-GMG project is to demonstrate that early and accurate 

analysis can be achieved using a non-invasive ‘liquid biopsy’ approach, by uniquely 

implementing Key Enabled Technologies: nanoscience, physical optics, artificial intelligence, 

and medicine. 
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Literature Review and Objectives: 

 

Sensor technologies have become crucial in medical research and clinical diagnostics for 

enabling the detection of small numbers of low molecular weight biomolecules relevant to 

diagnose and monitor diseases. However, to radically improve early disease diagnostics, 

tracking of disease progression and evaluation of treatments, sensing technologies require a 

paradigm shift to address the daunting problem of ultrahigh specificity and accuracy to 

recognize the chirality (handedness)  of nucleic acids and/or proteins.  Liquid biopsy (LB) is 

considered the most advanced diagnostic assay since it allows low invasiveness and wide 

spectrum biomedical analysis. Nonetheless, workflows remain complicated with technological 

limitations in terms of specificity at both nucleic acid and protein levels. Translation from 

research to clinical applications remains costly, limited by variability/reproducibility and lack 

of standardized protocols for sample preparation. Although it has developed a sensing 

technology to detect ultra-low molecular weight molecules with a limit of detection <1pg/ml 

[1], highly specific sensory systems to detect structural changes in proteins or single base 

mutations in nucleic acids have not yet been developed. Recent studies show that single base 

mutations result in changes of the handedness of biomolecules of clinical relevance. 

 

Chirality exists at all scales: Cells gain a substantial fitness advantage by either increasing the 

magnitude of their chirality or switching to the opposite handedness. So far, in medicine, 

stereochemistry has occupied a major role in drug design and development since chiral 

properties are crucial in the determination of the pharmacological actions of compounds [2,3]. 

More recently, the chirality of metabolites or small molecules which are end products of cell 

metabolism has gained increased attention in cancer research [4]. It has been shown that 

mutations in enzymes could favor the production of new endogenous chiral metabolites that 

allow cells to acquire new properties thus promoting cancer development and progression [5].  

As an example, mutations in isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2) genes [6] are 

characterizing both low-grade (LGG) and high-grade glioma (HGG) patients. The neomorphic 

activity of the mutated IDH1/2 enzymes results in the elevated production of the right D-

enantiomer of 2-Hydroxyglutarate (2HG) locally in the brain tissue and systemically in 

biofluids[7]. IDH1/2 mutation is present in 80% of LGG and in 10% of HGG and, in both, is 

considered a diagnostic, prognostic and predictive biomarker [8,9]. The development of a 

sensory system able to detect, with high sensitivity and specificity, the level of chiral biomarkers 

as the IDH1/2 mutations and/or D-2HG will result in a promising technological achievement 

for diagnosis and follow-up. Motivated by these striking examples, we started to investigate 

whether chirality - being a product of natural mutations rather than a historical accident - could 

allow to elevate the specificity of the biorecognition process to an unprecedented level.  

 

Metamaterials can be manufactured with specific electromagnetic properties, one of those being 

the capability to exert a repulsive force on an electric radiating dipole, resulting in levitation. 

This phenomenon, which was inspired as a classical analogue to levitated magnets in proximity 

of superconductors (Meissner effect), provides a new approach in opto-mechanics to 

manipulate electrically polarizable particles in the presence of optical fields[10].  
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Remarkably, photonic metamaterials [11] have been proposed for separation processes based 

on repulsive-attractive interactions enabling optomechanical control of nano- and micro-

particles[12]. The field of metamaterials has provided ample opportunities for scientists and 

technologists to design material platforms with unique characteristics in manipulating and 

structuring light[13-14]. 

More recently, it has been explored how metamaterials platforms, in particular epsilon-near-

zero (ENZ) substrates, can influence optical force on nano- and microscale polarizable particles 

in the vicinity of such substrates. Through numerical simulations and experimental 

investigations, it has been studied how the ENZ-based substrate can affect the direction 

(attractive and repulsive) and the strength of the optical force on such particles. 

The development of optomechanics based on optical tweezers [15] has stimulated the 

exploitation of optical forces and torques in several research areas, such as biophysics, 

nanotechnology, complex fluids, microrheology and microfluidics. Optical tweezers are a 

powerful tool to study forces and torques on physical systems both at the micro and the 

nanoscale, down to the femtoN range. Recently, chirality-dependent optical forces have been 

probed, aiming at obtaining enantiomeric separation at the micro- and nanoscale[16-20]. 

Circularly polarized light selectively interacts with chiral particles having similar helicity[16],  

inducing trapping and rotation, due to the transfer of spin angular momentum from the trapping 

beam. The extension to nano or even molecular scale is currently a hot research topic[17-20], 

allowing, in principle, the study of the handedness of a single, isolated chiral nanoparticle. 

While extensive theoretical modeling has predicted the ability to use optomechanical forces for 

separation of chiral objects [17-19,21], the experimental realization has yet to be achieved. 

 

The objective of NOD-GMG project is to demonstrate that highly selective enantiomeric 

separation can be achieved using optomechanical forces on ad hoc designed planar and 

nanopatterned metasurfaces. To pursue this goal we will be probing levitation forces as 

well as lateral forces on chiral biomarkers related to low-grade (LGG) and high-grade 

glioma (HGG).  
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Illustration of the structure of the project: Top left panel: Use of machine learning to inverse 

design optical metasurfaces. The neural network training is done via T-Matrix data. Top right 

panel: Optical Metasurfaces routinely fabricated and characterized.  Bottom panel: Illustration 

of the experimental techniques used to track, probe (optical tweezers)  and quantify (circular 

dichroism (CD) and Fluorescence detection circular dichroism spectroscopy (FDCD)) the 

separation process that will be used to the research of  the chiral biomarkers IDH1/2. 

 

 The main objectives of NOD-GMG project are distinct, but interconnected: 

 

Objective 1: Design of a novel optical enantioselective platform based on nanostructured 

metasurfaces, including characterization of optimally chiral electromagnetic fields and their 

interactions with chiral molecular and supramolecular structures. The difference in the effective 

refractive index of chiral samples exposed to left- and right-handed optimally chiral fields is 

expected to be up to 106 times greater than those observed in optical polarimetry. 

  

Objective 2: Fabrication and characterization of the inverse designed nanostructured 

metasurfaces. The central objective is to implement a process of selective separation of chiral 

analytes by means of optomechanical forces generated on nanostructured metasurfaces. The 

separation aims to discern chiral molecules, sorting them by their handedness within a wide 

range of size and chiral polarizability. The locally increased twisting of light polarization 

occurring under chiral conditions induces intense light-chiral matter interactions, causing the 

separation of enantiomeric excesses, thereby enabling ultra-specific chiro-selective separation. 

In particular, our objective is to reach an enantiopurity above 90% by separating chiral 

molecules with different size (5 nm – 1 µm), and chiral polarizability  as small as 10-21 cm3.  

 

Objective 3: The final objective is to quantify the efficiency and the selectivity of the separation 

methods by analyzing CD spectroscopy data. The CD spectroscopy analysis will be performed 

by collecting fractions of solution after exiting the flow cell and performing CD spectroscopy 

in the aliquots afterwards, we will characterize the selectivity of the separation. The platform 

will be tested for the separation and quantification of isocitrate dehydrogenase 1 (IDH1) and 2 

(IDH2) genes, first from racemic solutions prepared ad-hoc and followed by LB samples from 

low-grade (LGG) and high-grade glioma (HGG) patients. 

 

Outcomes: 

 

There are three intellectual merits to this proposal: 

 

1. This research will develop inverse designed sensing platforms based on chiral 

metasurfaces to enhance light – chiral matter interactions to manipulate 

optomechanically chiral biomolecules. 

2. The complementary methods used will find more general applications in materials 

science and energy research. Specifically, the behavior of chiral nano-objects 

interacting with chiral electromagnetic fields is not well understood, particularly for low 

polarizability systems. 

3. This research may enable high selectivity and throughput separation methods of 

biomolecules of relevance for the diagnosis and the prognosis of lethal diseases as 

glioblastoma, by identifying the chirality of biomarkers. 
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Impact: 

 

NOD-GMG is a project with transformational impact and true potential in healthcare, 

pharmaceutical industry and environmental science. Embedded in its combined technologies is 

a radical new approach to discriminate enantiomeric excess of chiral analytes and biomarkers 

of clinical importance. The results will definitely contribute to the advancement of knowledge 

in the framework of nanophotonic platform to induce chiro-selective optical forces. 

 

The project will have a significant scientific & technological impact on four Key Enabling 

Technologies (KETs): Nanotechnology, Advanced Materials, Biotechnology, Advanced 

Manufacturing & Processing, and  Medicine. The short-term program is devoted to investigate 

how opto-mechanics enables analytes separation at molecular level to elevate to an entirely new 

level the specificity in biosensing processes. The project is expected to put the foundations for 

a long-term objective, which aims to deliver a platform that detects in real time handedness  

gene mutations in precision medicine. Notwithstanding the project's total focus on the role of 

enantioselectivity through optomechanical forces, the advancements will clearly find 

significant new opportunities in healthcare and environmental challenges. The next level of 

specificity based on chiral sign recognition of nucleic acids and peptides could also prove highly 

valuable for monitoring the spread of pandemic infectious disease and other forms of cancer. 

The consequent diagnostic platforms will introduce new paradigms in clinical diagnosis and 

treatment decisions, improving patient’s life expectancy, with lower health care costs through 

the combination of higher accuracy and fast readout times, aided by deep machine learning 

protocols. 

 

Future social and economic impact will be truly global. Diagnostics currently costs the EU €126 

billion in 2020, with health care accounting for €51 billion (40%). Across the EU, health-care 

costs of cancer disease were equivalent to €102 per citizen; unsurprising given that the average 

cost for lethal diseases treatment per patient is a staggering €30K. The platform performance 

objective is to significantly outperform current technologies, while delivering improved patient 

outcomes at reduced health care costs. Success will lead to a unique new platform of importance 

in the in-vitro diagnostic field, which will pull in supporting R&D investment and growth of 

the European diagnostics sector, in particular for SMEs. A strong social impact is ensured 

through delivery of new, cost-effective and reliable liquid biopsy technology for improved 

diagnosis and tracking of socially important lethal diseases, including infectious diseases. Last 

but not least, an important expected impact of the project will be the involvement and mentoring 

of early stage EU researchers in a demanding but rewarding cross-disciplinary research 

activities and learning, including science, engineering of advanced materials, and 

biotechnologies, that will accelerate innovation and translation into nanoscience and human 

technologies. 

 

Use of Research Infrastructures: 

 

The research activities will be carried out in the CNR NANOTEC laboratories “Beyond Nano”   

and in the Nanoscience Laboratory for Human Technologies (NLHT) of the Physics 

Department of University of Calabria.  

The CNR NANOTEC laboratories “Beyond Nano” have facilities for fabrication (DLW 

workstation - Photonic Professional GT, Nanoscribe GmbH) and characterization of materials 

and devices for emerging photonics and optoelectronic technologies as Variable Angle 

Spectroscopic Ellipsometry, Time resolved spectroscopy, Near-field scanning optical 

microscopy (NSOM). 
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NLHT have state-of-the-art research laboratories that are connected with a larger and active 

research network with ultimate infrastructures that will allow them to accomplish all tasks and 

objectives proposed in this project. NLHT at UNICAL is a fully renovated and functional 270 

square meters Nanobiophotonics and Plasmonics research laboratory.  The laboratory includes 

last generation optical benches for bio-spectroscopy and bio-sensing experiments, CD 

biospectroscopy, , Transient Absorption Spectroscopy, an optical tweezers setup equipped with 

a white laser source.   

Aim of the clinical part will be to take advantage of the population of glioma patients treated 

and followed by the Neurosurgery Department of Udine to define whether identification and 

quantification of circulating factors (IDH1/2 mutation in ctDNA and D-2HG) can predict 

glioma presence and recurrence. 
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Revolutionizing Photonic Integrated Circuits: Achieving a 10,000-Fold Size Reduction with ITO 
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Engineering Department, University of Florida 

Objectives: The increasing demand 

for advanced artificial intelligence 

(AI) hardware stems from the 

necessity for improved efficiency, 

speed, and scalability, areas where 

conventional electronic methods like 

application-specific integrated circuits 

(ASICs) face challenges. Photonic 

accelerators offer significant potential 

in addressing these constraints, 

providing enhancements in power 

economy, processing speed, and 

overall performance of AI 

applications. Indium Tin Oxide (ITO) 

active devices are at the forefront of 

this advancement, exhibiting superior performance compared to traditional Mach-Zehnder Interferometer 

(MZI) modulators, boasting near-diffraction-limit capabilities, low insertion loss, and remarkable 

modulation depth. Furthermore, our innovative slot detector technology, with its compact footprint and 

high-speed operation, meets the demanding speed requirements critical for advanced AI applications.  

 Problem Statement: As PICs progress, they face new obstacles in the areas of dense integration, 

electronic-photonic integration (EIC-PIC), packaging, and system-level design metrology. Despite the 

potential of PICs for commercial use, their production efficiencies are currently lower than those of 

Complementary Metal-Oxide-Semiconductor 

(CMOS) technology owing to their substantial 

device size. This underscores the pressing need 

for advancements in fabrication processes, 

design methodologies, and quality control 

measures to meet and exceed industry 

standards. 

Novelty: Transition to compact photonics for 

AI hardware: This figure contrasts traditional 

MZI modulators with our novel ITO device, 

which drastically reduces size and lowers 

insertion loss to 0.5 dB with a 3-dB modulation 

depth at 100mV. Achieving a device density 10,000 times greater than Lithium Niobate, our technology 

also supports 100 Gbps operational speeds. Enhanced integration is achieved through photonic wire 

bonding, significantly advancing photonic AI applications. 

Heterogeneous Integration & Processing of ITO for Energy Efficient Photonic Active Devices: We use 

novel techniques like “critical coupling” mechanism. This technique enables us to have a figure of merits 

(FOM) of 30 dB/V (extinction ratio/bias voltage) for switching in free carrier-and coupling based 

modulators. The effective index-sensitive coupling mechanism here provides an efficient modulation 

technique boosting up the operational energy consumption enhancement by 10,000x. 

Broader Impact: In addition to scientific and technological impacts, the project aims addressing the 

national shortage of skilled labor in the semiconductor industry and enhancing US competitiveness in the 

global market. Through collaborative efforts and community engagement, the project aims to cultivate a 

sustainable domestic workforce while promoting diversity and inclusivity within the Florida semiconductor 

industry, thereby contributing to national security and technological leadership. 

mailto:hamed.dalir@ufl.edu
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I. Literature Review 
Advanced artificial intelligence (AI) hardware is needed to improve efficiency, speed, and scalability, 

which conventional electronics methods like application-specific integrated circuits (ASICs) are struggling 

to achieve. Despite their capabilities, ASICs have energy and expandability issues, which photonic 

accelerators can address [1]. Photonic technologies provide an attractive option that boosts power 

efficiency, processor speed, and AI performance. AI hardware must improve its processing power to handle 

increasingly complex computations. Photonic technology is led by compact, efficient Indium Tin Oxide 

(ITO) active devices. These devices outperform Mach-Zehnder Interferometer (MZI) modulators. When 

driven at 100mV, they have near-diffraction-limit capabilities, 0.5 dB insertion loss, and 3 dB modulation 

depth at 40 GHz [2]. These devices also outperform conventional techniques by 10,000 and sophisticated 

technologies by 1,000 in device density. Our novel slot detector, with a footprint of 1um2, sub voltage 

energy efficiency, and a frequency of 30 GHz and 300 GHz [3], meets the speed requirements for most 

artificial intelligence applications. Combining these devices with lasers advances photonic integration by 

employing photonic wire bonding (PWB) in distributed feedback (DFB) [4] and even flip-chip vertical-

cavity surface-emitting laser (VCSEL) [5]. This integration heralds the next generation of photonic 

integrated circuits (PICs) [6]. However, renowned foundries like AIMs Photonics in the US have placed 

environmental limits on operating devices, which is hindering their development and adoption. The 

constraint emphasizes the necessity for a pilot effort that examines photonic technology's boundaries in AI 

hardware and ensures that the next generation of AI hardware is produced within a framework that supports 

scalability and trust.  

II. Problem Statement/Objective 
As PICs progress, they face new obstacles in the areas of dense integration, electronic-photonic integration 

(EIC-PIC), packaging, and system-level design metrology. Despite the potential of PICs for commercial 

use, their production efficiencies are currently lower than those of complementary metal-oxide-

semiconductor (CMOS) technology owing to their substantial device size. This underscores the pressing 

need for advancements in fabrication processes, design methodologies, and quality control measures to 

meet and exceed industry standards. To address these challenges, a co-design approach integrating materials, 

devices, and systems is pivotal. Photonic Accelerators (PA) are a groundbreaking advancement in the realm 

of AI hardware, offering transformative potential for accelerating AI computations. By co-designing 

material properties alongside device structures, higher integration densities, superior signal integrity, and 

enhanced functionality can be achieved within compact footprints [7-8]. Lasers, modulators, photodetectors, 

and DFB lasers in PA encounter specific obstacles that limit their capability [9]. Co-design is used for 

heterogenous integration (HI) difficulties including temperature management and silicon photonics. 

Problems with lasers For Si-PICs, Indium Phosphide (InP) lasers with output power above 20 mW and 

continuous-wave (CW) operation are popular. Their enormous footprint exceeding 0.5 mm2 hinders dense 

integration, scalability, and cost. GaAs lasers, used in PICs for data transmission, have smaller footprints 

(50-300 μm2). InP and GaAs lasers need additional downsizing to provide better integration densities, 

performance, and cost advantages in next-generation PICs. PICs need electro-optic modulators, yet 

footprint size is a problem. Lithium niobate (LiNbO3) modulators have excellent efficiency (>80%) but 

large footprints (>500 μm2). PICs with high integration density and power efficiency are difficult to make 

due to their size. Micro-disk modulators using whispering gallery mode resonators provide low footprints 

of 10 μm2 and are promising for compactness [10]. Larger Mach-Zehnder designs often have higher 

modulation efficiency and bandwidth than ultra-compact ones [11]. The balance between miniaturization, 

performance, and energy efficiency across varied modulator designs and material substrates is a continuing 

PIC research and development goal. PIC photodetectors, which convert optical signals into electrical 

impulses, have footprint size issues. AIM photonics, IMEC, AMF, and other Germanium (Ge) and Silicon 

(Si) photodetectors have great responsivity and speed but different footprints. Ge PIN photodetectors 

combined with waveguides have great responsivity and speed, but they need sophisticated production 

procedures that are incompatible with CMOS technology. Monolithically integrated Ge photodetectors on 

Silicon-On-Insulator (SOI) substrates have high responsivities (>1 A/W) in the optical communication 
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wavelength range, although their footprints sometimes surpass 100 μm2. In contrast, silicon-based 

integrated photodetectors such lateral pin diodes and avalanche photodiodes have achieved tremendous 

downsizing, with footprints as tiny as 10 μm2 and exceeding 0.8 A/W. New III-V materials, such as InGaAs, 

have allowed small, efficient waveguide-integrated photodetectors with footprints below 10 μm2 and good 

responsivities, although the footprint remains a hurdle for all. The fundamental physics of design and the 

rising costs of producing, assembling, incorporating, and aligning lasers on the chip make laser integration 

in silicon photonics difficult. More laser channels and bandwidth increase the challenges. This scenario 

illustrates the limitations of current technology and production methods, stressing the need for creative 

ways to overcome the inherent obstacles of incorporating efficient laser sources into silicon-based photonic 

circuits. Modern photonic components including lasers, innovative materials, CMOS technology, creating 

nanophotonic structures, pursuing heterogeneous integration, and using improved production processes. 

These research thrusts seek to build small and efficient photonic components to create high-performance, 

highly integrated PICs for a variety of applications. This study proposes unprecedented device density and 

performance enhancements to overcome existing constraints in AI hardware. By leveraging unique Indium 

Tin Oxide (ITO) active devices and slot detectors, the suggested technique increases device density 10,000 

times over traditional Lithium Niobate (LN) modulators and 1,000 times over current technology. Our novel 

ITO device offers a transformative shift in AI hardware by drastically reducing size and achieving a device 

density 10,000 times greater than Lithium Niobate. It also lowers insertion loss to 0.5 dB with a 3dB 

modulation depth at 100mV, supports operational speeds of 30 GHz scalable beyond 100 GHz, and 

significantly advances photonic AI applications. Enhanced integration through photonic wire bonding 

further propels the potential of compact photonics in AI hardware, potentially revolutionizing power 

efficiency, data processing rates, and scalability. 

 
Figure 1: Transition to Compact Photonics for AI hardware: This figure contrasts traditional Mach-Zehnder Interferometer 
modulators with our novel ITO device, which drastically reduces size and lowers insertion loss to 0.5 dB with a 3dB modulation 
depth at 100mV. Achieving a device density 10,000 times greater than Lithium Niobate, our technology also supports 30 GHz 
operational speeds, scalable beyond 100 GHz. Enhanced integration is achieved through photonic wire bonding, significantly 
advancing photonic AI applications. 
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III. Outline of Tasks/Work Plan 
Task 1: Heterogeneous Integration: On-chip Lasers 

for AI Hardware: CHIP Lab is advancing silicon 

photonics through the integration of semiconductor lasers, 

specifically 1550 nm DFB lasers for silicon platforms. The 

project aims to integrate light sources into silicon-based 

electronics using PWB technology to address ultra-compact 

device packaging and reduce integration losses. The goal is 

to enhance optical computing, high-speed data transport, and 

sensor technologies by reducing integration losses and 

maintaining high Side Mode Suppression Ratios (SMSR). 

Initial results show integration losses at 1.7 dB, with an 

objective to reduce this to 0.9 dB while upholding an SMSR 

of 55 dB. CHIP Lab focuses on integrating sophisticated 

laser sources and electrical components into Silicon 

Photonics devices, addressing the challenges of silicon's 

indirect bandgap and the complexities of incorporating III-

V materials. Using heterogeneous materials and 2.5D 

technology at the Back End of Line (BEOL), the lab aims to 

expand the functionality and performance of photonic 

devices. Leveraging advanced technologies like PWB, 

CHIP Lab aims to set new standards for efficiency and scalability in Silicon Photonics, pushing the 

boundaries of the field with a goal of minimizing insertion losses to 0.5 dB. 

Task 2: Processing of ITO for Energy Efficient Photonics Integrated Circuits: For photonic 

devices and thin film contacts, our ITO integration technology uses atomic layer deposition (ultra-thin, 

high-quality film) and sputtering deposition (high and complex conformality). We employ UV-Vis-NIR 

spectroscopy to measure ITO thin film transmittance and absorbance at various wavelengths. We use 

spectroscopic micro-

ellipsometry to 

determine the optical 

constants of the 

generated ITO thin 

films, allowing 

accurate film 

thickness and 

refractive index 

adjustment for 

optoelectronic device 

applications (ENZ, 

carrier tuning, optical 

index tuning). 

Electrical conductivity, 

carrier concentration, 

and mobility of 

developed ITO thin 

films (high-

speed >40GHz 

devices) are measured using Hall effect and four-point probe methods. An in-house thermal annealing 

recipe lets our researchers study post-annealing effects on electrical and optical characteristics and project 

device reliability parameters (athermal operation >100oC).  Conductive atomic force microscopy (C-AFM) 

Figure 3: The current global and national market trends for ITO. The inclusion of ITO in PIC 
components strongly aligns with the semiconductor and material development in United States 
as seen in the chart above. 

Figure 2: Overview of Laser Integration 

Techniques on Silicon Photonics (SiPh) 

Achieving a SMSR of 55dB for the DFB laser, 

Demonstration of the cascading capability of 

multiple lasers. Attainment of an insertion loss as 

minimal as 2dB.  
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can map electrical characteristics at the nanoscale, showing film conductivity and flaws that affect device 

performance. SEM and TEM provide high-resolution imaging of film shape and grain boundaries, helping 

optimize deposition settings for desired film qualities. Nanoscale surface roughness, morphology, and 

topography are characterized using AFM. Critical coupling mechanism and dynamic insertion loss isolation 

(-5dB to -1dB) are unique methods. We can switch free carrier- and coupling-based modulators with a chip-

chip 3dB extinction ratio using these methods. An efficient modulation strategy using the index-sensitive 

coupling mechanism increases operating energy usage by 10000x. Due to its transparency, ITO material 

interaction over photonic components preserves system symmetry and passive photonic component 

effective coupling requirements. With its optical index tuning characteristics, ITO can scale devices down 

by ~1000x compared to platforms based on Si, lithium niobate, and SiN. 

Task 3: Monolithic Atomically Thin Film Photodetectors for Compact & Energy Efficient PICs: For 

photonic chip energy efficiency, speed, and footprint, optoelectronic device design demands material design 

improvements. The necessity to overcome silicon CMOS and silicon photonic 2D scaling limitations drives 

this 

requirement 

[12-13]. Co-

designing 

alternative 

materials and 

device design 

paradigms to 

develop 

semiconductor 

technology 

maintains 

Moore's Law 

[14]. To solve 

this problem, 

we provide a 

physical model 

for a 

plasmonic-

enhanced 

photodetector integrated with 2D materials to demonstrate device and material co-design. This technique 

lets photonic computing devices like photonic tensor core computers use 2D-based plasmonic 

photodetectors. This method might allow dimensional scaling and energy-efficient computation by using 

2D materials' thin structure and efficient carrier transport [15]. These materials can also be incorporated 

into 3D nano systems, which might change computer systems by enhancing energy efficiency and data 

processing. In our breakthrough study, slot width greatly affected the frequency response of plasmonic slot 

photodetectors of 15 nm, 30 nm, 60 nm, and 120 nm slot widths (Figure 4). These devices showed 3dB 

roll-off frequencies of 30 GHz, 10 GHz, 2.5 GHz, and 200 MHz at 1 V bias, showing that smaller slots 

increase frequency responses. Our slot design significantly minimizes transit lengths for photo-excited 

carriers, increasing drift velocity (v = μE) due to reduced electrode distance (L) and stable MoTe2 in-plane 

carrier mobility (μ). We found that the plasmonic slot design reduces carrier transit distance to a few 

nanometers, enabling device speeds limited only by RC time. Because few-layer MoTe2 has a carrier 

mobility of 0.01 cm²/Vs, we predict an ideal device speed of 100 GHz. TMDC-based photodetector 

technology is developing toward ultra-high-speed optoelectronic devices, as shown in Figure 4. We will 

focus on numerous crucial areas to enhance TMDC-based plasmonic slot photodetectors' frequency 

responsiveness from 30 to 100 GHz. Optimize MoTe2's in-plane carrier mobility to 0.01 cm²/Vs. We will 

research material engineering strategies to decrease defects and increase MoTe2 crystal quality.  

 

 
Figure 4: Illustration of our holistic photodetector modeling strategy, aimed at advancing beyond the 

scaling constraints of traditional silicon-based technologies using 2D materials. This approach facilitates 

further miniaturization and enhances performance in electronic and optoelectronic devices. 
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Task 4: Dense Integrated Photonic Accelerator for Large Bandwidth & Low Power Computing:  

We are finally proposing an integrated photonic 

computing accelerator surpassing traditional silicon 

photonic technology. It features an on-chip integrated 

source, high-speed, compact, and energy-efficient 

ITO based Mach-Zehnder modulators (MZM) and 

microring resonators (MRM), along with high-

performance 2D material-based plasmonic 

photodetectors. 

Our ongoing research indicates that the integration of 

high-performance optoelectronic components is 

essential for advancing the capabilities of these 

computing systems.  

IV. What are the Outcomes& Impacts 

(Science & Technology & 

Community)? 
The proposed project aims to pioneer novel material structures optimized for photonic applications through 

a co-design approach, integrating materials science with device engineering and system-level 

considerations. This interdisciplinary approach will lead to the discovery of new phenomena and the 

development of innovative material structures tailored specifically for photonic applications. The project's 

advanced knowledge of PICs and their potential in photonic computing, particularly in enabling high-speed 

and energy-efficient information processing, promises to significantly advance our understanding of PICs 

and their broader applications. This research will have profound impacts across various domains, benefiting 

researchers and engineers in material science, hardware design, artificial intelligence, computer vision, 

physical inspection, and hardware testing. Moreover, the project aims to develop scalable, reliable, and 

highly energy-efficient system-on-chip solutions, fostering a deeper appreciation of the value and 

interconnectedness of components across diverse fields. In terms of the semiconductor industry, the 

project's outcomes will offer advanced material integration techniques, co-design methodologies, and on-

chip laser integration methods, enhancing performance efficiency, testing quality, and overall effectiveness. 

These advancements will not only benefit chip designers and manufacturers but also critical components in 

other sectors such as transportation, military, and computing. On a societal level, the project seeks to bolster 

consumer confidence in the safety and reliability of electronic equipment by emphasizing the importance 

of physical inspection. Furthermore, by addressing the national shortage of skilled labor in the 

semiconductor industry through workforce training initiatives, the project aims to cultivate a sustainable 

domestic workforce, thereby 

bolstering US competitiveness 

in the global market and 

enhancing national security. 

(PI) Dr. Hamed Dalir and the 

entire team have been 

instrumental in advancing 

technology from fundamental 

research to applied innovations 

and further into practical 

applications. With a strong 

focus on the transition of 

technology, the team ensures 

that as soon as a technology 

evolves, there is a seamless 

progression towards its application in relevant fields.  

Figure 5: Schematic of the Integrated Photonic 

Computing Accelerator. 
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Introduction: The growing demand for advanced optical information technologies, including display, 
communications, and computing, necessitates adaptive components that support real-time, reconfigurable 
control of optical responses in multiple dimensions. Recent research in flat optics has significantly reduced 
the size of optical components such as sensors and detectors. However, a major limitation of passive flat 
optics is their inherent rigidity, which confines them to a limited set of functionalities in processing optical 
information. Current free-space on-chip flat optics devices lack multidimensional tunability. The recent 
development of tunable flat optics, which utilizes external stimuli on resonant subwavelength scatterers, 
enables dynamic control over the wavefront of light. Nonetheless, these tunable flat optics still lack the 
multidimensional controllability of electromagnetic wave properties due to the absence of tunability across 
multiple degrees of freedom. This project aims to develop a 'universal' tunable flat optics solution that 
provides independent and continuous control over multiple characteristic properties of light for 
deterministic optical information processing. 
 

Objective and outcomes: We propose strategies for realizing this goal, specifically using our recently 
developed microelectromechanical system (MEMS)-based Cascaded Flat Optics (MECO) platform. This 
platform offers multiple mechanical degrees of freedom for various layers of flat optics, such as relative 
twist angle, gap, translational displacement, and tilting angle between different layers (Tang et al., 
arXiv:2312.09089; arXiv:2311.12030, 2023). The MECO platform serves as a programmable transfer 
element that can encode arbitrary functions and perform complex tasks using a single dynamic component 
with universal tunability to multidimensional optical properties. In this proposal, we will: (1) Discuss five 
multidimensional control architectures involving frequency, direction, polarization, spatial and 
spatiotemporal orbital angular momentum, and field intensity. We aim to harness these controls and 
integrate them into a wide range of functions, including filtering, beam-steering, multiplexing, and 
switching. This is particularly relevant for applications such as free-space communications, analog 
computing, and holographic displays that require enhanced information processing capabilities. (2) Use the 
MECO platform to explore fundamental physics properties such as photon-material interactions with 
unparalleled cavity modulation and precision. We aim to achieve robust control over structures at quantum-
relevant length scales, which is crucial for harnessing quantum effects. This capability will facilitate the 
discovery of innovative methods to manipulate single photons or entangle photons, applicable in quantum 
computing. 
 

Plan: The project will span 12 months and include optical modeling, fabrication, and measurement, as well 
as MEMS modeling, fabrication, and characterization. The MECO platform will be fabricated on a wafer 
scale at the Marvell Nanofabrication Laboratory at UC Berkeley. All measurements will be conducted at 
UC Berkeley, utilizing tunable CW, ultra-fast laser sources, and a home-built MEMS characterization kit 
in PI Tang’s lab. We will acquire an additional lens kit, polarization optics, Photomultiplier tubes, and a 
spectrometer to build and characterize our setup. We will collaborate with Prof. Shanhui Fan from Stanford 
University on the theoretical modeling of cascaded flat-optics design, with Prof. Eric Mazur from Harvard 
University on the measurement of second harmonic generation, and with Prof. Evelyn Hu from Harvard 
University on III-V material fabrication. 
 

Impact: Efficient and versatile on-chip manipulation of optical responses in multiple dimensions will 
facilitate their widespread use in a variety of applications, such as free-space communications (including 
6G and IoT), analog computing, remote sensing, holographic displays, and quantum computing, which 
presents significant opportunities for the optics community. Additionally, the MECO platform enables 
researchers to investigate fundamental physical properties with unmatched cavity modulation precision at 
quantum-relevant scales, which is essential for single-photon manipulation in quantum communication. 
Lastly, given their large-scale CMOS compatibility and compact footprint, the MECO platform is not 
limited to single-pixel multidimensional information processing but also extends to row-column and 
perimeter operation. 
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LITERATURE REVIEW 
Flat optics1–10, such as metasurface and photonic crystal slabs, are engineered as two-dimensional arrays of 
nanoscale resonant structures that manipulate light at a subwavelength scale, altering its fundamental 
properties such as phase,11–15 polarization,8 wavelength,5,16,17 and momentum.18 However, a critical 
drawback of passive flat optics is their inherent rigidity; once manufactured, their properties cannot be 
tuned, confining them to a set of predetermined functionalities. In contrast, the large demand for advanced 
optical applications, such as imaging, communications, LiDAR, remote sensing, and computing, calls for 
adaptive components that support real-time, reconfigurable wavefront customization.19–22 Recent 
advancements in active, reconfigurable flat optics have made a significant leap in the field of optical 
modulation. Dynamic control over the optical response of the flat optics is then obtained upon application 
of an external stimulus, including field-effect tuning23–27, electro-optical tuning27–35, thermo-optical 
tuning36,37, electrochemical tuning38, structural changes in phase change materials39–50 and liquid crystals51–

58, all-optics modulation59–64, and mechanical deformation65–75. These external stimuli can change the 
resonant properties of subwavelength scatterers, dynamically controlling the wavefront of light at visible 
and near-infrared wavelengths. The ability to dynamically control optical responses in flat optics unlocks a 
multidimensional design space, which can be exploited by developing nanophotonic structures for arbitrary 
light manipulation.  
 

PROBLEM STATEMENT/OBJECTIVE 
However, current tunable flat optics typically allow only active and continuous control over the amplitude 
and phase of light from each nanostructure, limiting their use in multi-channel signal processing. Several 
key questions emerge regarding the development of universal tunable flat optics: How can we have 
universal tunable flat optics that enable more dynamic, independently addressable, and comprehensive 
control over all constitutive properties of light? Can these optics serve as programmable elements to encode 
functions and perform complex tasks, integrating them into applications like free-space communications 
(including 6G and IoT),15,76 analog computing,77 and holographic displays? 2,78–81 Several constraints exist 
in terms of addressing these key questions. First, from a design perspective, conventional flat optics are 
often limited to one-dimensional spatial modulation on the guided-mode resonances and extended modes.82  
Second, multidimensional control is constrained by the nature of external stimuli, and current technology 
primarily allows modulation across an entire array,83–85 limiting the functionality of single-chip devices.86 
Therefore, advanced strategies to overcome interference between electromagnetic modes and ensure 
directed phase control, necessitating extensive multiphysics analysis and design, are essential for realizing 
these capabilities. Electrostatic MEMS-based mechanical modulation involves complex designs and offers 
modulation speeds from several kHz to GHz. The MEMS modulation gives rise to a wide-range optical 
response suitable for controlling multiple properties. It offers precise control, works across various 
temperatures and magnetic fields, and is compatible with thin-film and quantum materials.69,87 These 
features make MEMS-tunable cascaded flat optics a promising approach for enabling multi-dimensional 
control at the single-unit cell level, allowing controllable interference between neighboring nanostructures 
within and across layers. 
 

The tunability of advanced cascaded flat optics mainly stems from dynamically adjusting far- or near-field 
interactions between layers.88–93 State-of-the-art devices typically manipulate far-field coupling, where 
layer separation exceeds the wavelength. Each layer modulates light propagation independently, combining 
to produce the optical effect. Examples include varifocal and Alvarez lenses,94–100 tunable beam 
steering,98,101–103 and more. However, many such devices operate sub-optimally due to oversized interlayer 
gaps or remain theoretical simulations. Achieving the desired overall function by directly adding the phase 
profiles of each layer is challenging due to the suboptimal gap sizes between layers, which are neither 
infinitely small nor equal to the Talbot length, requiring precise alignment and motion control.104,105 Efforts 
to precisely control gap sizes in static cascaded flat optics through microfabrication have led to devices that 
support multiwavelength achromatic functions or minimize monochromatic aberrations with gaps close to 
or smaller than a wavelength.91,92,106–108 Moreover, efforts have also been made in static cascaded flat optics 
to control the relative layer positions, such as creating moiré patterns or superlattices, while maintaining 



small vertical gaps smaller than the operating wavelength for effective near-field coupling. 69,87,109–124 The 
guided mode and evanescent field in each layer couple simultaneously. While fine-tuning the topology and 
geometry of these resonant structures can significantly modulate the coupling behavior, changing the 
relative positions of different layers also disrupts system symmetry, enhancing mode coupling and phase 
accumulation. This approach adds functionalities such as anisotropic propagation,125–128 beamforming,115 
tunable nanocavities,121,129–131 tunable filters,112,113 spatial light modulation,101,117,132,133, and spatiotemporal 
light modulation.109 
 

OUTCOMES 

 
Figure 1  Overview of our proposal: Objective, tasks, challenge, and impact. 

Achieving multidimensional control of universal optical properties in cascaded flat-optics requires active 
manipulation of optical layers with any relative position. The main challenges include precise layer 
alignment, parallelism, nanoscale motion control, and compact integration. Current MEMS-flat optics 
designs do not offer nanometer-scale controllability in multidimensions,65,67,68,71,94,97,134–136 and using a 
motion stage often fails to maintain parallelism and stability. Our recent research shows that electrostatic 
MEMS, with their multidimensional nanoscale precision, have significant potential to address these 
issues.69,137 Building on prior results, we propose to use our recently developed MEms-tunable Cascaded 
flat Optics (MECO) platform that resolves the problems of low integrability and limited tunability in 
existing tunable cascaded metasurface devices (Fig. 1). The MECO platform integrates six rigid bodies and 
two flexural degrees of freedom (DoFs) in a single MEMS flat optics device, allowing for active 
manipulation of far-field, near-field, symmetry, topology, effective index, and nonlinearity of the meta-
structures. This design enables independent control of various optical properties, including frequency, phase, 
intensity, direction, spatial, and temporal light. Unlike systems that depend on optical matrices, The MECO 
platform consolidates multiple functionalities into a single pixel, with modulation speeds ranging from 
several kHz to GHz. Additionally, it can be combined with other modulation methods, such as electrical, 
thermal, and optical modulation. This proposal outlines strategies for achieving universal light control using 
the MECO platform. We identify key challenges in mechanical control architecture and tunable cascaded 
flat optics design and applications. 

Mechanical control architecture. Conventional flat optics are dielectric or metal nanostructures with 
small elasticity, which can be regarded as rigid bodies. They have six DoFs, which can be specified with 
three orthogonal coordinates and x, y, z, and three angles of rotation, θx, θy, and θz (Fig. 2a). Movement of 
the body is defined by three translations, inplane translation Δx, Δy, and vertical translation Δz, and three 
rotations, the inplane tilting Δθx, Δθy and twisting Δθz. In comparison, flexure flat optics, such as polymer 
nanostructures or nanostructures embedded in the elastic substrate, have three additional mechanical DoFs: 
stretch and compression Δg (Fig. 2b) and bending Δσ (Fig. 2c). The spacing between unit cells can be 
directly changed. MEMS electrostatic actuators will be used to control both rigid body and flexure DoFs, 
which offer a fast response, zero backlash (hysteresis), and compatibility with a wide range of environments 
and are ideal for low-power, on-chip cascaded flat optics devices. The MECO platform achieves both rigid-
body and flexure DoF of a layer of flat optic through a coupling design of vertical actuators, translational 
actuators, and rotary actuators (Fig. 2c-e). The basic operation of our designed electrostatic vertical 



actuators involves a parallel plate capacitor setup with a fixed plate and a movable plate that displaces 
perpendicularly to a fixed platform, controlled by an external voltage Vz (Fig. 2c). This action allows the 
vertical actuator to provide motion in the z-direction (Δz=0-5μm) and tilt motions (Δθx, Δθy=0-3°). We 
designed the translational actuators that operate on a similar principle, where the movable plate moves 
horizontally in response to external voltages Vx or Vy, enabling motion in the x and y directions (Δx, Δy=0-
20μm) (Fig. 2d). This mechanism also allows for stretching, compressing (Δg), and bending (Δσ) motions 
in flat optics by varying Vx and Vy positively and negatively. The rotary actuators (Fig. 2e), also use the 
actuation force from parallel capacitors. Our design breaks the capacitor into as many smaller capacitors as 
possible. One ends up either in a `comb' design or a `teeth' design. This design allows for constructing a 
stepper motor-like mechanism around a rotary core138, optimizing force and range for rotation (Δθz=0-60°), 
corresponding to in-plane twisting. Multidimensional control of cascaded flat optics requires tunability in 
multiple DoFs. Therefore, the basic actuators above need to be coupled together. We designed an inter-
stage electrical network with vias to allow each actuator to operate independently while collectively driving 
the flat optics, minimizing crosstalk between actuators. Other layers of flat optics can be wafer bonded to 
the active flat optics layer, allowing the relative position between the two layers to be tuned arbitrarily (Fig. 
2f). This integration strategy, when combined with devices like photonic crystal surface-emitting lasers 
(PCSELs),12,139 metalenses,140 and space plates,141 aims to enable previously inaccessible on-chip 
applications such as miniaturized tunable lasers142 and miniaturized atomic clocks143,144. 

 
Figure 2 Mechanical degrees of freedom (DoFs) of MECO platform. (a) Three-dimensional rigid bodies have six DoF, which can 
be specified with three orthogonal coordinates, x, y, z, and three angles of rotation, θx, θy, and θz. (b) Flat optics as flexures can 
obtain three DoF through MECO: in-plane stretch and compression (gx and gy) and bending (only σx is represented). (c-h) Principle 
of the vertical actuator, translational actuator, and rotary stepper. (c) The vertical actuator is driven by a voltage Vz. (d) The 
translational actuator is driven by a voltage Vx. (e) Rotary actuator with three-phase electrode driven by micro-stepping voltage 
waveform. (f) Illustration and microscope image of a MECO flatform featuring three basic actuators (translational, vertical, and 
rotary) coupled together. One layer of flat optics is fabricated at the core of the MEMS, and another layer is fabricated on the top 
capping layer (made transparent for illustration), wafer-bonded to the bottom layer. All cascaded flat optics layers are suspended 
in a window. 
MECO for multidimensional light manipulation. We propose using MEMS-enabled tuning DoFs in 
combination with cascaded flat optics to develop multifunctional devices. We have already developed a 
MEMS-tunable twisted bilayer photonic crystal (PhC) and demonstrated the modulation of bandstructure, 
frequency, and polarization by tuning twist angle (Δθz) and vertical gap (Δz). This work led to a chip-based 
single-pixel sensor that simultaneously resolves hyperspectral and hyperpolarimetric images.69 Triggered 
by this successful demonstration, we also propose the following devices. In the following section, we will 
show how we use one MECO device for multiple purposes in light modulation. 

Purpose A. Frequency and linewidth modulation (tunable filter). Color filtering is a key function in 
applications such as sensors and optical communication devices. Yet, there are many challenges in using a 



flat optics structure with one tunable DoF to create a tunable narrow-band filter. It is difficult to 
independently tune frequency and linewidth while maintaining high transmission simultaneously in a 
miniaturized device.145–148 We aim to use MECO to develop an ideal tunable filter that fully controls 
broadband wavelength and linewidth, leveraging the DoFs of Δθz and Δz in bilayer cascaded flat optics. 
Our initial simulations (Fig.3a) demonstrate the ability to tune the band frequency response over a 100nm 
range around the telecom wavelength, maintaining constant linewidth and reflection, allowing for 
independent frequency and linewidth tuning. 
 

Purpose B. Direction and frequency modulation (Beam-steering).  Free-space beam steering is important 
for applications like LiDAR and telecommunications. Typical methods involve phased array design, 
requiring intricate control over many active components.136 Other methods that avoid complicated phase 
control rely on wavelength tuning.149 A compact free-space beam steering device that takes input from and 
sends the output to the free space is highly desired but absent. We propose demonstrating such a device 
based on tuning the Δθz, Δx, and Δz of the two designed cascaded flat optics slabs. Our preliminary 
simulations (Fig. 3b) show that these slabs can be rotated in-plane to diffract incident light at various angles 
up to ±87° while maintaining the same wavelength, with 80% power efficiency across a wide angle range 
that is unaffected by polarization. This wide-range tunability and power efficiency cannot be achieved with 
state-of-the-art free space beam steering devices.98,101–103  
 

Purpose C. Spatial and spatiotemporal vortex light 
modulation. The bilayer cascaded flat optics have 
shown potential in tailoring chiral-optical effects and 
elliptical polarizations and creating robust vortex 
beams.101,109,117,132,133 Recently, we showed 
theoretically that the bilayer tunability around 
topological optical singularities allows precise control 
of arbitrary polarization states in momentum space150, 
bound-state-in-continuum,69,132,150 spatial117 and 
spatiotemporal109 orbital angular momentum, and 
unidirectional radiation109. While this modulation type 
is still far from being explored, the experiment 
remains unrealized due to the lack of a precision 
tuning approach. We propose to use the MECO 
platform to enhance this capability through its ability 
to disrupt the σz-, rotation-, and mirror-symmetry of 
electromagnetic modes. We will further advance this 
research by developing a high-speed MECO platform 
with a modulation speed ranging from MHz to GHz, 
which allows the nano-scale spatial modulation that 
significantly alters different topological vortices (Fig. 
3c). By matching the modulation speed with the laser 

rep-rate, we will multiplex each pulse with different topologically protected information. The high-speed 
multiplexing of optical vortices will be combined with the imaging capability in nonlocal flat optics to 
develop the time-varying optical holography device.151,152 The actuation rate can potentially exceed the laser 
linewidth (typically under 1 MHz), enabling the generation of additional frequency harmonics.  
 

Purpose D. Arbitrary polarization states.  Nonlinear optical frequency conversion is pivotal in classical and 
quantum information processing, where phase matching is necessary. Such phase matching can be achieved 
through several different mechanisms, including the use of anisotropy or the use of a proper waveguide 
geometry design. The cascaded flat optics system introduces an additional DoF for phase matching. We 
recently found that, in a system with C3 rotational symmetry, twisting adds a nonlinear Pancharatnam-Berry 
phase term to the second harmonic polarization increased by 3θz, which, along with the Δz and cavity 
interference, tune the nonlinear phase drastically around topological singularities.87 This controllability 
applies to any harmonic order nonlinearity in structures with varying symmetries.153,154 Reversely, the 
spontaneous parametric down-conversion process produces entangled photon pairs, where the bell states 

 
Figure 3 Proposed tunable cascaded flat optics devices based 
on the MECO platform. (a) Tunable filter that tunes the 
wavelength and linewidth independently. (b) Ultra-wide Field 
of view beam-steering. (c) Modulation of spatial and 
spatiotemporal vortex beam through symmetry breaking. (d) 
The tunable nonlinear and quantum light source for arbitrary 
polarization and entangled states. (e) 3D cavity for single 
photon lasing and manipulation. 



and entanglement entropy can also be fully modulated through Δθz and Δz as well. This extensive tunability 
works in all wavelength ranges. We propose to realize such on-chip tunable nonlinear and entangled 
photon-pair sources through the combination of the MECO platform flat optics based on Silicon Nitride 
(Fig. 3d). The result will lead to new mechanisms for arbitrary ultrafast and entangled photon switching 
and develop applications in quantum logic gating155–157 and optical auto-correlation.158  
 

Purpose E. Facilitating quantum interconnects with bespoke modes in 3D nanocavities. A general problem 
in nanophotonics is the limited precision in positioning single emitters within the high-field intensity region. 
While conventional Fabry-Perot cavities offer high Q-factors, they come with large mode volumes and 
limited achievable Purcell enhancement, emitter directionality, and polarization. Cascaded flat optics 
introduce innovative opportunities in emitter-photonic interfaces. Such a system unlocks unconventional 
dynamic nanocavities, including tunable chiral cavities,133,159–161 tunable flat-band localization 
cavities,121,129,162,163 tunable frequency cavities,110–112,164 tunable structural light cavities,117,132,150 and tunable 
anisotropic cavities.122,124,127 We propose to use the MECO platform to customize the tuning of cascaded 
flat optics nanocavities, creating specific electromagnetic field environments for single-photon emitters and 
other optical materials. We anticipate two primary scientific pursuits: (1) The exploration of methods to 
tune the high-field positioning, polarization, orbital angular momentum, emission lifetime, and optical 
coherence of single-photon emitters, and (2) the enhancement of the chiral light-matter interaction in 
chirality-preserving nanocavities.165,166 For (1), we will study the integration of III-V quantum dots and 
defects in diamonds through the MECO platform. A specific first cavity design relies on the twist-angle 
(Δθz) tuning between two opposing III-V semiconductor PhC slabs (Fig. 3e)112,129. At a so-called ‘magic’ 
twist angle, the band structure of the material exhibits high-Q flat bands, giving rise to momentum-free 
trapping of Bloch waves in both transverse and vertical directions. The position of superlattice localization 
can be changed through translational displacement (Δx, Δy), providing positional control over the high-
field region. This capability will be harnessed to show tunable coupling with spatially varied quantum 
emitters. These 3D nanocavities should not cause extra dephasing, with anticipated Purcell factors nearing 
103 that enable highly coherent single-photon emission. We will establish a fully controllable emitter-
photonic interface that paves the way for applications like spectrally-selective enhancement of biexciton or 
single-exciton emission in quantum dots167,168 and tailored emission directivity and polarization in single-
photon emitters.169 For (2), the design of arbitrary bilayer flat-optics cavities at low temperatures is a unique 
approach to access bespoke states of exciton-polaritons with optical chirality. Several recent works propose 
3D tunable bilayer meta-optical cavities that preserve chirality and possess high Q-factors and degrees of 
circular polarization.165,166 Such structures generally require precise (several nanometers) positioning of the 
two substrates with respect to each other, which we will realize through the MECO platform. The 
integration of gain materials, e.g., semiconducting polymers of perovskite nanoplatelets, can form chiral 
exciton-polaritons,170 expected to possess high chiroptical activity in addition to other well-known exotic 
effects common to exciton-polaritons, including spatially-coherent emission,171 Bose-Einstein-
Condensation,172 polariton-lasing,173 single-photon optical non-linearities, bi-stability, optical limiter 
behavior,174 and long-range coherent energy transport.175 
 

IMPACTS 
The active control of the optical response in multidimensions presents significant opportunities for our 
society as a bottleneck solution to the lack of wide tunability in the current on-chip tunable device. No other 
multidimensional tunable flat optics devices exist. The MECO platform provides a pathway for 
multidisciplinary researchers to design universal tunable on-chip optical devices, which is particularly 
interesting for many imaging and communication applications requiring enhanced information processing 
capability. The MECO platform will empower researchers to explore fundamental physics properties such 
as topological photonics and photon-material interactions with multiple cavity modulation and precision. It 
also achieves robust control over structures at scales of quantum-relevant lengths and facilitates the 
manipulation of single photons or entangled photons applicable in quantum computing. The MECO 
platform will critically impact education and workforce development. We expect it to be used in the 
research training of at least 1-2 Ph.D. students/year. Integration with several optics courses at Berkeley is 
permitted, which will be disseminated for democratized access. Undergraduate and high school students 
will participate in all research phases through NSF REU and Berkeley’s URAP programs. 
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Scalable room-temperature quantum computing based on nonlinearities in 

microcavities (Executive summary) 

 

Quantum computing leverages parallel information processing based on quantum 

mechanics, leading to exponential speed improvements for specific tasks compared to classical 

computers. Yet, prevalent quantum systems like superconducting qubits, trapped ions, neutral 

atoms, and silicon quantum dots necessitate cryogenic cooling or high-vacuum chambers to 

mitigate the relentless deleterious influence of the environment. Photons, as light quanta, 

naturally evade environmental effects, presenting a promising avenue for achieving universal 

quantum computing at room temperature and atmospheric conditions. This positions photons 

as the key to democratizing quantum computing, akin to how silicon semiconductors 

revolutionized classical computing. However, the historical challenge remains: the absence 

of single-photon level photon-photon interactions, impeding the realization of this 

transformative vision. 

In this project, we propose a configuration of interconnected optical microcavities exhibiting 

robust  χ(2) nonlinearity as a viable solid-state platform for achieving high-precision quantum 

computing at room temperature. Leveraging the intense nonlinearity inherent in the materials, 

we disrupt the harmonic nature of cavity energy levels, enabling the fulfillment of essential 

criteria—such as well-defined qubit states with prolonged coherence times, qubit initialization, 

single- and two-qubit operations, and qubit readout—with superior efficiency and accuracy. 

Notably, this represents the pioneering instance of a large-scale qubit operating at room 

temperature, encompassing over 1010 atoms within a single qubit. Furthermore, this CMOS-

compatible scalable design is poised for realization in the near future, given the rapid 

advancements in high-Q cavity fabrication techniques using nonlinear materials. 

Given the current state of quantum control technologies, achieving this ambitious goal 

requires substantial technological accumulation and simplification of theoretical approaches in 

order to develop this direction into a competitive research field in quantum computing. In 

current stage, our team has developed a throughout detailed theoretical scheme to realize this 

aim (which has been submitted to Nature). Moreover, we have developed the most advanced 

nano-fabrication technologies on both LiNbO3 and III-V semiconductors crucial for fabricating 

a novel scalable qubit. As this project spans two years, it is expected to achieve two milestone 

objectives: i) room-temperature single-photon source based on photon blockade, and ii) strong 

coupling between microcavity modes to form a qubit, and its coherent operations. 



Scalable room-temperature quantum computing based on 

nonlinearities in microcavities 

 

Introduction 

Quantum computing harnesses the rule of quantum mechanics to deliver a huge 

leap forward in computation to solve certain problems. Very recently, we have 

witnessed the strong supports of quantum supreme by quantum sampling tasks [1,2], 

multipartite entanglement preparation [3-6] for noisy intermediate-scale quantum 

(NISQ) applications, etc. However, unrelenting hazardous effect of environment 

grievously hinders the scalability and development of quantum computing. To combat 

it, most of the physical system must be cooled to cryogenic temperature to protect the 

coherence of quantum hardware, either by sophisticated laser cooling [7,8] or by 

expensive refrigerators [9,10]. This makes quantum computers costly and impractical 

for future’s applications. 

A long sought-after goal here is to directly realize a universal quantum computer at 

room temperature. Extensive efforts have been devoted into this direction [11-19]. 

Among all candidates, photon [11-15] is a prominent alternative to realize this 

enormous goal since it perfectly decouples with environment and thus is potentially 

free from decoherence at room temperature. However, this also prohibits an 

interaction between photons, while such an interaction is essential for scalable 

quantum computing. The lack of high-fidelity photon-photon gate is the main 

bottleneck of current photonic quantum computing with single photons. 

Literature brief review 

In 2001, a pioneering work by Knill, Laflamme, and Milburn (KLM) [20] 

demonstrated that single photons, linear optical elements and projective 

measurements are sufficient for universal quantum computing. However, the 

prohibitively large overhead of a nondeterministic two-photon gate renders KLM 

scheme daunting for physical implementation [21]. For a deterministic photon-photon 

logic gate, it’s strongly believed that nonlinearity should be added to linear optics for 

scalable quantum computing. To this end, several alternative ways are developed to 

obtain strong nonlinearity for deterministic two-photon gate, including 

electromagnetically induced transparency (EIT) using atomic ensembles [22], 

strongly coupled atom-cavity system (also called Duan-Kimble scheme) [23], 

Rydberg blockade [24,25], chiral quantum optics in waveguide [15], and natural 

occurring nonlinearities in materials [11-13,26]. 

Nevertheless, all previous methods face a number of limitations to make two-



photon quantum gate with high efficiency and fidelity simultaneously. For example, 

EIT faces a great challenge to realize photon-photon interaction at a single-photon 

level [27]. An experiment based on Duan-Kimble scheme showed a photon-photon 

gate with an efficiency of 4.8% and a fidelity of 76.2% [28], which suffers from 

inefficient photon storage and retrieval during whole process, and the gate fidelity is 

limited by precision of spin characterization. Same issues happen to several recent 

experiments utilizing Rydberg blockade [29-31]. By storing single photons to a long-

lived Rydberg state, the efficiency of single-photon storage and retrieval has been 

improved to 39% [30]. Even so, the average efficiency is only ~40%, which is far 

away from the threshold of quantum error correction. Until now, the former four 

approaches are unrealistic to realize quantum computing at room temperature. For the 

latter one, it has been commented that realizing high-fidelity two-photon gate faces 

many challenges due to causal, noninstantaneous nature of the nonlinear response 

both in second- and third-order nonlinear medium. 

Problem statement & Objectives 

In this project, we propose that a series of coupled microcavities with strong 

second-order nonlinearity provide a reliable and realistic physical system to 

implement a scalable room-temperature quantum computing. Owing to the strong 𝜒(2) 

nonlinear susceptibility, the harmonicity of microcavity can be broken so that one and 

only one photon can inject in. This so-called photon blockade in strong coupling 

regime enables all key elements for scalable quantum computing—well-designed 

qubit with long coherent time, qubit initialization, single- and two-qubit logic gates, 

and high-fidelity readout. The distinctive features of our work include (i) this is the 

first solid-state qubit based on macroscopic quantum effects meanwhile working at 

room temperature, (ii) the dominant error in our system—loss—can be detectable and 

erased, (iii) the final qubits can be measured by a nondemolition mean, and (iv) all 

elements can be integrated on a single chip working at room temperature under 

atmospheric condition. 

For the second-harmonic generation (SHG) in a microring, the Hamiltonian of the 

system can be written as 𝐻 = 𝜔𝑎𝑎
†𝑎 + 𝜔𝑏𝑏

†𝑏 + 𝑔(𝑎2𝑏† + 𝑎†2𝑏), where 𝜔𝑎 and 𝜔𝑏 

are the frequency of pump light and its second harmonic generation, the photon-

photon interaction strength is denoted as g. If g is larger than the loaded dissipation 

rate 𝜅 of the microcavity, the harmonicity will be broken such that a two-level system 

formed by vacuum and the first excited state is well isolated (see Fig. 1a). This effect 

is very similar in superconducting qubits, both are based on the anharmonicity of 

cavities due to the strong nonlinear effects of devices. the main difference is that 

superconducting qubits works at microwave frequency while our system is for optical 

wavelength. This brings a remarkable advantage of our system over superconducting 

qubits---free from decoherence at room temperature. 



Based on this two-level system, we can realize room-temperature quantum 

computing with either flying photon qubits or solid-state qubits. Here, we do not 

intend to provide any further details on this. However, it is worth noting that this 

project explores a completely new field of physics, named as quantum nonlinear 

optics [32]. Compared to traditional linear optics and nonlinear optics, quantum 

nonlinear optics allows photon-photon interaction at single photon level, without 

neither post-selections in linear optics nor strong pumping of light field.  

 

 

Figure 1. A microring cavity with strong 𝜒(2) nonlinearity can break the harmonicity 

of the cavity, thus forms a two-level system for quantum computing. 

 

Figure 2. Comparison of quantum nonlinear optics and conventional linear optics, 

nonlinear optics. From [32]. 

 

  This is the first macroscopic qubit working at room temperature, containing more 

than 1010 atoms in a single qubit. This CMOS-compatible scalable scheme can be 

carried out within next few years in view of rapid development of high-Q cavity 

fabrication on nonlinear materials. Given the current state of quantum control 

technologies, achieving this ambitious goal requires substantial technological 

accumulation and simplification of theoretical approaches in order to develop this 

direction into a competitive research field in quantum computing. As this project 

spans two years, it is expected to achieve two milestone objectives:  



1. room-temperature single-photon source based on photon blockade, and  

2. strong coupling between microcavity modes. 

Outline of tasks 

This project will span two years. The main focus of the first year's work is to 

mature and streamline the nano fabrication process. This process will take around 

seven months to optimize all parameters to improve the quality factor of microrings. 

After that, we will develop various quantum control technologies to achieve 

controllable cavity modes and develop a cavity-cavity coupling system. The 

assessment criteria include observing unconventional photon blockade phenomena in 

the weak coupling regime with high Q-factor and high nonlinear coefficients, as well 

as preparing single-photon sources. 

The focus of the second year's work is primarily centered around achieving a strong 

coupling system with high Q-factor and high nonlinear coefficients through 

technological innovation and iteration. Based on this system, the objectives include 

demonstrating single-photon source experiments and two-qubit gate operations using 

different encoding schemes. Further experiments aim to enhance the scalability of the 

system and demonstrate error-correcting codes and scalable quantum computing 

achieved through optical nonlinear systems. 

Impact 

The deterministic interaction between single photons is recognized as a great 

challenge in the field of photonic quantum computing. The breakthrough of this 

project will not only hold the potential to revolutionize the field of optical quantum 

computing but also paves the way for a new discipline called quantum nonlinear 

optics, which will have a profound impact on fundamental research. In some sense, 

this project's room-temperature optical quantum computing can be considered as 

"room-temperature superconducting quantum computing," with similarities both in 

principles and performance. In the future, room-temperature quantum computing will 

undoubtedly become an important branch, not only contributing to fundamental 

research but also providing a more feasible and cost-effective research path for 

quantum computing. 
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Probing intracranial epileptic biomarkers using silicon photonic biosensors 

Category: Health  
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Project Summary 

There is an urgent need to understand the biochemical fundamentals of ictogenesis and 

epileptogenesis to allow earlier and better-directed pharmacotherapy and surgical approaches 

for epilepsy. One significant challenge in treating epilepsy is a lack of accurate diagnosis due 

to our limited knowledge of the disorder and inefficient diagnostic technology. Current 

diagnostic modalities include electroencephalogram (EEG), magnetoencephalogram (MEG), 

CT (computed tomography), PET (positron emission tomography), MRI (magnetic resonance 

imaging), and fMRI. While there has been tremendous growth in our knowledge through the 

use of EEG, intracranial EEG, and structural and functional imaging in epilepsy, our ability to 

follow conjoint changes in neurochemistry with fine temporal resolution is limited. There are 

no implantable devices that can detect chemical cues in epileptic brains in-vivo. In the past 

decade, many researchers have explored the implications of a wide range of techniques for 

developing biosensors for neurochemical detection. The three main ones are: separation-based, 

electrochemical-based, and optical-based. Separation-based techniques are cumbersome and 

expensive and require highly skilled operators to perform the experiment. Electrochemical-

based techniques are suitable for the detection of some neurotransmitters, and it is extremely 

difficult to monitor non-electroactive neurotransmitters such as GABA because neither an 

oxidase nor a dehydrogenase is available for GABA. These techniques also suffer from poor 

sensitivity and low temporal and spatial resolution. 

Our proposal centers around a silicon photonic device based on loop-terminated Mach-Zehnder 

interferometric (LT-MZI) configuration for rapid and accurate brain biomarker detection. 

Photonic biosensors offer a promising alternative to conventional tools due to their high 

sensitivity, short response time, excellent specificity, and multiplexed analyzing and integration 

capabilities. They hold significant potential as a future compact neuromonitoring tool. We aim 

to develop a real-time multianalyte photonic sensing system that can provide an analysis of 

biomarkers associated with epilepsy. The key advantage of our photonic system is its potential 

to be used as an implantable optical probe, a point-of-care (POC) system, and to monitor 

multiple compounds in real-time, rapidly with high accuracy and ease of operation, thereby 

potentially revolutionizing epilepsy diagnosis.  

Impact of this project: This research aims to utilize an innovative photonic neuroprobe to 

better understand the complex functions of the human brain, which remains one of the 

challenges of neuroscience. Our photonic neuroprobe will contribute to finding effective 

treatments for diseases such as epilepsy, Parkinson's, depression, and schizophrenia. In 

addition, this sensor will help to provide individual treatment for each patient, leading to more 

effective interventions.  
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Epilepsy 

For many years we have understood that functional electrophysiological networks in the brain 

are associated with and served by prominent neurotransmitters, biochemicals, and other 

metabolites1-3. Examples are the excitatory/inhibitory relationship of glutamate and GABA 

where their imbalance is a frequent hypothesis underlying causality in epilepsy and in 

psychiatric problems, especially depression which is a prominent comorbidity of epilepsy 4,5. 

Likewise, a balanced noradrenergic and cholinergic system is associated with memory 

modulation along with emotional networks which also may be deranged in anxiety and 

depression6. Most of this evidence comes from animal studies using pharmacologic 

manipulation often associated with microdialysis which provides offline relatively slow 

measurements of the intracerebral biochemical milieu and most often from a single point. 

Despite these limitations, microdialysis has provided us with data, for example, regarding 

glutamate and the branch chain amino acids (BCAAs) role in deranged epileptogenic networks 

and  in predicting seizure onset 7. Despite significant progress, real-time in-vivo monitoring of 

changes in neurotransmitters in dynamic brain processes, such as disease progression and 

response to pharmacologic, cognitive, behavioral, and neuromodulation therapies has not been 

achieved. 

The number of known neurotransmitters exceeds 100, and based on their chemical structure 

they are classified as amino acids, monoamines, neuropeptides, purines, and gasotransmitters 
8. Gamma-aminobutyric acid (GABA) and glutamate are two key neurotransmitters that play 

important roles in brain function. GABA, discovered in 1950, has been established as the main 

inhibitory neurotransmitter, which is widely distributed in the central nerve system 9. In-vivo, 

real-time, or near-real-time measurements of GABA in biological fluids are important because 

changes in GABA concentrations have been implicated in many neurological and psychiatric 

disorders, such as epilepsy, schizophrenia, anxiety, and bipolar disorders. In addition, 

GABAergic neurons are critically involved in oscillatory network activities that underlie sleep-

wake cycles and cognitive function 10-13.  Glutamate is the main excitatory neurotransmitter in 

the central nervous system. It is involved in many brain functions, including sensory 

perception, motor control, learning, memory formation, higher-level cognition, and behavior 
14-17. As a result, changes in glutamate signaling or processing are involved in the 

pathophysiology of various neurological and neurodegenerative disorders. Glutamate is rapidly 

removed from the synaptic cleft by excitatory amino acid transporters (EAATs) to prevent 

glutamate-mediated excitotoxicity. Therefore, it is important to understand how glutamatergic 

activity is regulated, not only because much of the brain energy is spent on sustaining synaptic 

activity at the glutamatergic synapse but also because of glutamate’s critical role in brain 

function at normal and disease-related levels 18-20. Also, the excitatory and inhibitory 

relationship of glutamate and GABA plays an important role in brain function. Their imbalance 

is a frequent hypothesis underlying causality in epilepsy and in psychiatric disorders, especially 

depression which is a prominent comorbidity of epilepsy 21. 

 



Current Technology for Neurochemicals Detection and Limitations 

The current detection methods for neurotransmitters can be classified into four categories: (1) 

Analytical chemistry techniques (ACT), including high-performance liquid chromatography 

(HPLC). In HPLC, the sample is injected into a chromatography column (stationary phase) and 

forced through the column using the flow of liquid (mobile phase). Various stationary and 

mobile phases can be used in a sample to separate a wide range of chemicals, including 

neurotransmitters. HPLC is often coupled with mass spectrometry (MS), which significantly 

increases the specificity and sensitivity (signal-to-noise) of the technique. However, most ACT 

technologies have limited spatial and temporal resolution, high cost, and require complex 

instruments, time-consuming sample preparation, and maintenance and operation of the 

instrumentation. (2) Electrochemical detection 22, including voltammetry and amperometry. 

This technology consists of a three-electrode configuration (working, counting, and reference 

electrodes), and either the voltage difference between the working electrode and the counter 

electrode or the current flow from the working electrode to the counter electrode is measured 

to estimate the concentration of neurotransmitters. With the development of novel 

nanofabrication process methods, this technology is now low-cost, easy to use, and allows real-

time sensing. However, it may suffer from low sensitivity and low selectivity (specificity) for 

neurotransmitters, such as GABA because neither an oxidase nor a dehydrogenase is available 

for GABA. (3) Microdialysis 23, a well-known technology that has been used for over three 

decades. Although it can be used to detect multiple neurotransmitters including acetylcholine, 

neuropeptides, and amino acids, the temporal resolution is not high enough for real-time or 

near real-time study of brain dynamics and brain function. (4) Optical sensing includes surface-

enhanced Raman spectroscopy 24, fluorescence 25, near-infrared spectroscopy 26, optical fiber-

based biosensors 27, and surface plasmon resonance (SPR)28,29. In this technology small 

variations in neurotransmitter concentration are converted to a readable optical signal. This 

optical signal can be defined as changes in optical intensity, light spectrum, or light polarization 

and is delivered to an appropriate detector for reading and further analysis. Among all-optical 

sensing methods, fiber optic SPR biosensing has been considered one of the most promising 

techniques for the high performance, robustness, label-free, and rapid detection of 

neurochemicals. However, the transfer of the optical signals through an optical fiber presents 

a challenge for the in-vivo use of this technology. This is primarily due to the high probability 

of damage to the optical fiber (breaking) and, thus, the degradation of optical signals.  

To this end, we propose a silicon photonic device for rapid and accurate brain biomarker 

detection (Figure 1). Photonic biosensors represent a promising alternative to conventional 

tools based on their high sensitivity, short response time, excellent specificity, and multiplexed 

analyzing and integration capabilities. They have enormous potential as a future compact 

neuromonitoring tool. We will develop a real-time multiplexing silicon photonic sensing 

system to provide an analysis of biomarkers associated with epilepsy. This system's strength 

lies in its versatility—it can serve as an implantable optical probe or a point-of-care (POC) 

unit—and its ability to monitor various neurochemicals simultaneously, offering rapid, high 

precision, high sensitivity, and user-friendliness in operation. 

The development of this sensing platform follows three phases. First, we will design and 

fabricate a prototype system as a portable point-of-care unit with a loop-terminated Mach-

Zehnder interferometric (LT-MZI) sensor and microfluidics. Next, we will use the system to 

measure biomarkers, including glutamate, GABA, and lactate in buffer and artificial cerebral 



spinal fluid (aCSF), a biofunctionalization method will be developed for each neurochemical, 

and the results will be validated with mass-spectroscopy. After thorough benchtop testing, our 

goal is to transition the photonic system into an implantable format for trials in rodent models. 

We discuss the four aims in the following section.  

 

Figure 1. A schematic of the Photonic NeuroProbe device. General view of the main components 

and the biosensing principle. The diagnostic probe employs a looped optical waveguide structure 

and specifically designed surface chemical functionalization. Light transmits via the waveguide to 

the sensing area and interacts with the biomolecules. Biomarker detection is based on the principle 

that electrically polarized biomolecules on the waveguide would alter the light’s refractive index. 

Thus, comparing the incident and outgoing lights discovers biomarkers and their concentration.  

 

 

Specific aims 

Specific Aim 1 (Months 1-6): Design and fabrication of the photonic neuroprobe: We will 

design and fabricate the silicon photonic device for measurement of glutamate, GABA, and 

lactate. a cleanroom foundry will be used to fabricate MZI sensors. A novel MZI configuration 

based on a Loop-Terminated waveguide will be used. Devices will be designed and optimized 

for nanostructures, material properties, and layout to achieve the expected performance 

(sensitivity in the picomolar to femtomolar range and reproducibility). A final design is 

planned, including dozens of nanophotonic neuroprobes into a wafer substrate. Each photonic 

neuroprobe will contain up to 3-4 independent MZI waveguide sensing devices. An optical 

characterization of the photonic neuroprobe, which allows the simultaneous analysis of the 

devices, will be done to determine the performance. The photonic sensors will be tested in a 

benchtop optical set-up that incorporates all the necessary components (i.e., light sources, 

optical parts, electronics, data processing, and software). In addition, a microfluidic system will 

be accurately designed and integrated into the nanophotonic sensor. Finally, the photonic 

sensors will be evaluated in terms of sensitivity, selectivity, and response time. 



Specific Aim 2 (Months 6-12): Perform benchtop evaluations of the sensitivity and specificity 

of GABA, glutamate, and lactate photonic sensors: GABA, glutamate, and lactate detections 

will be performed by using specific bioreceptors (enzymes, antibodies, aptamers) immobilized 

on the surface of the photonic biosensor. Quality tests of the bioreceptor molecules in terms of 

affinity and specificity will be done to select those with better performance. Immobilization of 

bioreceptors would be challenging because it leads to a decrease in their activity. Thus, the 

biofunctionalization of the bioreceptors will be optimized to enhance the interaction with high 

sensitivity. With the optimal surface chemistry in terms of stability and reproducibility, 

individual bioassays for each biomarker in buffer solution will be performed with the photonic 

platform to obtain the optimal features. Finally, the photonic biosensors will be performed in 

aCSF. The results of the photonic sensors will be compared with gold-standard mass 

spectrometry to evaluate the analytical performance of the photonic neuroprobe in complex 

fluids.  

Specific Aim 3 (months 13-18): Test the photonic neuroprobe sensors in rodents and validate 

with mass-spectrometry. We will perform measurements of all biomarkers using the photonic 

system developed in Aim 2 in rodents, with the results being validated with “gold standard” 

mass spectrometry measurements to evaluate the analytical performance of the photonic 

sensors in an animal model system. An animal model will be used to evaluate each biomarker 

(GABA, glutamate, and lactate) as a proof of concept. Collaborative efforts with the Eid 

laboratory at Yale will facilitate the in-vivo examination of the device's performance within rat 

brains. 

Intended Outcomes 

We plan to develop a new silicon photonic neuroprobe to monitor neurochemicals related to 

epilepsy and validate the system using gold-standard technology. This photonic technology will 

facilitate the study of fundamental mechanisms of brain function, providing reliable techniques 

for understanding normal and pathological brain activity. Real-time and in-vivo simultaneous 

detection of GABA, Lactate, and glutamate will significantly improve treatment and research, 

potentially leading to cures for epilepsy and other brain diseases. 

 

Impact of this project 

 

This project aims to utilize an innovative photonic neuroprobe to better understand the complex 

functions of the human brain, which remains one of the challenges of neuroscience. Our 

photonic neuroprobe will contribute to finding effective treatments for diseases such as 

epilepsy, Parkinson's, depression, and schizophrenia. In addition, this sensor will help to 

provide individual treatment for each patient, leading to more effective interventions.  
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Near-Field Microwave-Based Plasmonic Nanoneedle for Monitoring Water in Plants 

Water scarcity is a pressing issue globally, with climate change and unsustainable water usage 
exacerbating the problem. Even regions with abundant water reserves, such as South America, 
are beginning to feel the impact. The presence of diverse biomes in Brazil, such as the Amazon 
rainforest and the “Cerrado”, plays a crucial role in addressing water challenges. The frequency 
of extreme climate events like wildfires, heatwaves, and floods, due to the exacerbated growth 
and accumulation of greenhouse gas levels, underscores the urgent need for immediate action. 
The water cycle is complex and poorly understood, because it is highly challenging to analyze the 
water content variation with high precision. Understanding the water cycle, as well as the 
adaptability of plants to adverse events like what we experience today, is essential, especially in 
complex ecosystems like the Amazon and the “Cerrado”. Field-based vegetation monitoring is 
carried out in two ways: manually through sample collection that is subsequently analyzed in the 
laboratory and in situ using water potential meters, which provide an approximate value and are 
highly susceptible to temperature, considerably limiting their action. Implementing new 
technologies to study water behaves within the vegetation, and its impact on taxonomic and 
functional diversity, water dynamics in the soil, and response to polluting agents is not just 
essential, but it could be a game-changer in our fight against water scarcity and its impact on 
biodiversity and water stress. To address this critical need, this proposal presents a 
groundbreaking and innovative platform to better understand the behavior of water in plants and 
how vegetation responds to changes in water availability (in the soil and atmosphere) on a daily 
and seasonal scale, as well as the impact that water variation has on tree performance and how 
climate changes contribute to a collective deterioration of vegetation in the various ecosystems. 
As an alternative for this purpose, we propose a microwave-based plasmonic nano-needle 
platform, which combines plasmonics, optics, microwaves, and electronics to obtain a highly 
precise and stable analysis and monitoring system. 

This proposal aims to develop plasmonic nanoneedles for real-time analysis and monitoring of 
water content in plants through near-field generation using microwave radiation. Thanks to the 
properties of water in this range of the spectrum, that is, extremely high relative permittivity, it 
will be possible to extract discretized information from its content with high precision and 
reliability. This platform will comprise a hybrid microwave–optic system, which offers several 
advantages over existing methods, as detailed previously. It will convert the generated optical 
signal to the frequency of operational interest, bringing the best optics and microwaves to a single 
platform. This integration will enhance the sensitivity and accuracy of the system, allowing for 
more precise and reliable measurements. Initially, we will focus our research on a single topic, 
the water analysis and monitoring in the vegetation, however, this platform will have the potential 
to analyze the xylem and phloem variations in plants, evaluate the control of the sap flow, analyze 
the increase or reduction of water in the vegetation, and even monitor carbon dioxide 
concentrations absorbed during photosynthesis. 

The successful execution of this proposal will result in a technology that surpasses all current 
vegetation analysis and monitoring methods. This innovative approach, integrating optics and 
microwaves, will continue to grow and strengthen, opening new paths for diverse applications. 
The dissemination of our research results through leading scientific publications and conferences 
will foster a global exchange of knowledge. Finally, our findings will significantly advance our 
understanding of the water cycle, potentially influencing public policies for environmental 
conservation. 

 



 

 

Near-Field Microwave-Based Plasmonic Nanoneedle for Monitoring Water in Plants 

1. Literature review / Problem statement / Objectives 

Water is a finite resource, part of a natural cycle that allows recycling, ensuring the constant 
renewal of natural reservoirs like rivers, lakes, groundwater, and aquifers. It is important to 
remember that water cannot be formed on the surface of the Earth but arrived on our planet 
millions of years ago. In a simplified way, these reservoirs are replenished with rainwater, 
absorbed by the soil, preserves, evaporates, transpires, and falls as rain. However, the increasing 
frequency of droughts and environmental imbalances have significantly reduced the amount of 
water available for human consumption and the maintenance of life on the planet, underscoring 
the urgency of the issue. 

Water scarcity threatens the health and development of communities around the world. Climate 
change, changes in vegetation cover, and indiscriminate use of water intensify the problem, 
pushing governments to find more innovative and collaborative ways to address water stress. This 
problem is present throughout the planet; however, in Fig. 1, we can see that the region with the 
least water stress is South America, with a percentage below 10%. The reasons are obvious: the 
presence of the six Brazilian biomes (Amazônia, Caatinga, Cerrado, Mata Atlântica, Pampa, and 
Pantanal), which contribute enormously in the most diverse ways to water issues, as well as the 
natural reserves of neighboring countries. 

 

Fig. 1. Water stress around the globe1 

The Amazon rainforest, a treasure trove of biodiversity, plays a unique role in our planet's health. 
It stores an astounding amount of carbon, equivalent to 15-20 years of CO2 emissions (150-200 
Pg C), and provides a cooling effect that stabilizes the climate on Earth. The forest's contribution 
of up to 50% of the rainfall in the region is a lifeline for moisture supply across South America2. 
However, the emission of greenhouse gasses by human activities is accelerating global warming, 
leading to degenerations that ecosystems are struggling to cope with. It is crucial to understand 
that our actions are directly contributing to this crisis. 

Every day, we are confronted with news about climate change and its devastating impact on our 
society. The frequency of events such as wildfires in Greenland, extreme heat waves shattering 
records in Europe, and torrential rains causing extreme flooding in Latin America, coupled with 
the alarming levels of greenhouse gasses in the atmosphere, serve as a stark reminder of the 
imminent catastrophe our planet is hurtling towards. The urgency of the situation demands 
immediate action. 

One of the main actions to be taken is to understand the problem, and in this context, 
understanding the water cycle and the behavior of plants and their adaptability to events that 
potentiate water stress is essential. The water cycle in the Amazon rainforest and the “Cerrado” 
(a vast tropical savanna ecoregion in Brasil) ecosystems, two of the most biodiverse regions on 
the planet, is particularly complex and poorly understood. For this reason, new technologies must 

 
1 Source: National Geographic; Navajo Water Project; UNICEF; World Resource Institute. 
2 Flores, B.M., Montoya, E., Sakschewski, B. et al. Critical transitions in the Amazon forest system. Nature 626, 555–564 (2024). 



 

 

be implemented to understand how water behaves within the vegetation and its impact on 
taxonomic and functional diversity, water dynamics in the soil, and response to polluting agents, 
among others. 

Currently, field-based vegetation monitoring in the Amazon and the “Cerrado” is carried out 
manually through sample collection that is subsequently analyzed in the laboratory. The results 
are an approximation and provide limited information about the tree's status. The available 
devices on the market for plant water analysis are very limited. Among the most notable is the 
ICT International Psychrometer, which, as the manufacturer reports on its website, is a unique, 
non-destructive, standalone, and in situ logging device3. However, it is costly, making its use on 
a wide scale difficult; and limited to measuring plant water potential. 

Plasmonic nanostructures are pivotal in recent transformative breakthroughs spanning 
biosensing4, waveguiding5, imaging6, energy harvesting7, and beyond8. Rooted in surface 
plasmon polaritons, these nanostructures exploit the resonant coupling of optical fields with 
surface charge density oscillations on metal surfaces, enabling the confinement, enhancement, 
and localization of light at subwavelength scales. Such resonances foster innovation across 
diverse domains, facilitating the development of high-performance optical devices that surpass 
the diffraction limit9. 

In this context, as an alternative to better understand the behavior of water in plants, we propose 
implementing a microwave-based plasmonic nano-needle platform capable of monitoring water 
content variation in trees in the Amazon and “Cerrado” ecosystems. Our proposal offers several 
benefits, including real-time data collection and extremely high precision, and despite being an 
invasive monitoring platform, the nanometric size of the nano-needle significantly reduces the 
impact on trees during the measurements. Through this technology, it will be possible to evaluate 
the increase or reduction of water in the trees. 

Knowing the behavior of water in plants will provide information that will be crucial during 
decision-making in the process of preserving the various biomes. Similarly, with the reduction of 
water in the vegetation due to droughts and considering the large number of thunderstorms in this 
environment, we can assume that trees are more susceptible to being burned when drier, 
generating wildfires in the region and causing deforestation. Additionally, extreme droughts alone 
can already cause widespread tree mortality. By implementing our proposed technology, we can 
monitor these water dynamics not only effectively but also potentially predict and prevent such 
events, thereby contributing to preserving these vital ecosystems. 

1.1. Objective 

Develop and implement a novel microwave photonics platform based on a plasmonic nano-needle 
device for real-time analysis of water variation in plants. Our proposal aims to revolutionize the 
detection of subtle variations in plants´ water content through a high-tech platform that makes it 
a powerful tool for predicting performance and understanding how vegetation responds to 
changes in water availability (in the soil and atmosphere) on a daily and seasonal scale. In 
addition, it has the potential to provide information that allows a better understanding of the 
impact that water variation has on tree performance and how climate changes contribute to a 

 
3 https://ictinternational.com/product/psy1-psychrometer-for-plant-water-potential/ 
4 Wang, X. et al. 3d hybrid trilayer heterostructure: Tunable au nanorods and optical properties. ACS Appl. Mater. Interfaces 12, 
45015–45022 (2020). 
5 Ono, M. et al. Ultrafast and energy-efficient all-optical switching with graphene-loaded deep subwavelength plasmonic waveguides. 
Nat. Phot. 14, 37–43 (2020). 
6 Okamoto, H., Kamada, S., Yamaguchi, K., Haraguchi, M. & Okamoto, T. Experimental confirmation of self-imaging effect between 
guided light and surface plasmon polaritons in hybrid plasmonic waveguides. Scientific Reports 12, 17943 (2022). 
7 Dhiman, M. Plasmonic nanocatalysis for solar energy harvesting and sustainable chemistry. J. Mater. Chem. A 8, (2020). 
8 Rizal, C., Shimizu, H. & Mejía-Salazar, J. R. Magneto-optics effects: New trends and future prospects for technological 
developments. Magnetochemistry 8 (2022). 
9 Gramotnev, D. K. & Bozhevolnyi, S. I. Plasmonics beyond the diffraction limit. Nature Photonics 4, 83–91 (2010). 



 

 

collective deterioration of vegetation in various biomes, as well as predict and prevent events such 
as wildfires and tree mortality due to extreme droughts in the Amazon and Cerrado ecosystems. 

1.2. Outcomes 

● Development and implementation of a novel microwave photonics platform based on a 
plasmonic nano-needle device for real-time analysis of water content variation in plants. 

● Implementing a plasmonic system based on nanoneedles will allow obtaining a tool that, 
despite being invasive, will significantly reduce the damage induced to the plant. This is 
a completely different approach to anything currently used. 

● Revolutionizing the detection of subtle variations in plants' water content. 

● Comprehensive testing and validation of the platform's ability to detect subtle changes in 
plant water availability, ensuring its reliability and robustness. 

● Platform integration into field monitoring systems for real-world application. 

● Training researchers in photonics and microwaves applied to solving environmental 
problems will strengthen our community in this specific field. 

1.3. Preliminary results 

We have been investigating various effects in near-field microwaves, and the various studies have 
allowed us to explore the applicability of these effects in impedance microscopy using radiation 
with a wavelength of 0.1m. Through our experiments, we were able to observe the spontaneous 
formation of a 2nm diameter water nano meniscus, which, thanks to its high relative permittivity 
(εr = ε/ε0 ≈ 80 at 3GHz), allowed the focusing of the electric field in a metal tip with 10um in 
height and 8um at the top (Fig. 2a). The effect above is then responsible for allowing the 
visualization of surfaces with a resolution down to 1nm. This work was published in Nature 
Communication10. 

 
Fig. 2. a. Capacitance with and without water meniscus10. (b-c) Honeycomb-based near-field 

microwave device11. (d-e-f) Measurement of blood glucose variation11. 

Taking advantage of the principle of operation of the near-field in microwave systems, in the 
master's thesis of my student Reinaldo José Velasquez Gomez, we study the variation of the 
electromagnetic response in a microwave system in aqueous media11. We modeled a 
complementary split-ring resonator integrating the FDTD numerical method and an Artificial 
Neural Network to optimize the sections that compose it. This device demonstrated excellent 

 
10 Ohlberg, D. A. A., Ramirez, J. C., et al., The limits of near field immersion microwave microscopy evaluated by imaging bilayer 
graphene moiré patterns. Nat. Comm., 12, 8–13. (2021). 
11 Reinaldo José Velasquez Gomez. Microwave-based Complementary Split-ring Resonator for Detection of Variations In Aqueous 
Media. Master's Thesis. Electrical Engineering Graduate Program (PPGEE) – Universidade Federal de Minas Gerais (UFMG). (2024). 
Advisor: Jhonattan Cordoba Ramirez. 



 

 

performance in monitoring the amount of water in a container and detecting variations in low 
glucose concentrations in the blood of the individuals evaluated, as seen in Fig. 2. It is important 
to highlight that glucose is the main component of the elaborate sap, which is composed of organic 
compounds produced in the leaves through photosynthesis. 

As shown in Fig. 2, the non-invasive response thanks to the near-field generated, is interesting to 
develop our proposal. However, as presented in Fig. 3, the response of the capacitance in direct 
contact with the analyzed sample improves by 50%-a significant increase in sensitivity, and the 
conductance in direct interaction with a dielectric sphere improves by 4000%-a dramatic 
enhancement in the ability to detect and monitor of water content variation in plants. 

 
Fig. 3 Simulated capacitance (a-b-c) and conductance (d-e-f) in the MIM for non-contact with a 

1nm gap, contact through a 1nm radius water meniscus with 1nm thick, and direct contact. 

Other works developed by our group have demonstrated the electromagnetic response of 
pyramidal structures. With their unique geometry, these structures enhance the interaction of light 
with the sample, leading to enhanced Raman signals and localized plasmon. This has been 
particularly useful in applications including Tip-Enhanced Raman Spectroscopy (TERS) 12,13, and 
Surface-Enhanced Raman Spectroscopy (SERS), as well as applications that focus on improving 
high-intensity plasmon-polariton interaction14. The previously mentioned devices were evaluated 
in some bio-detection processes, demonstrating very high sensitivity. This is because the 
pyramidal structure favors the movement of electrons at its vertices. 

1.4. Hypothesis 

Based on the information provided, we hypothesized that the utilization of microwave radiation 
around 3GHz, in combination with a highly efficient plasmonic device based on a pyramidal 
shape (nano-needle) and a photonic system for the generation and processing of the required 
microwave signals, has the potential to revolutionize the detection and monitoring of subtle 
variations, such as changes in water content in plants. Despite being invasive, this innovative 
approach does not harm the plants analyzed due to the proposed nanometric dimensions; in 
addition, it could significantly enhance our ability to understand and analyze the impact of water 
variation and how climate changes contribute to the collective deterioration of vegetation in 
various biomes.  

1.5. Methodology 

We will develop the proposal using the following methodology: it will be divided into four work 
packages (WP1 to WP4), each aimed at achieving specific objectives. 

 
12 Portes, A., Ramirez, J. C. et al., Electro-optical properties of a graphene device on a tip-enhanced Raman spectroscopy system. 
Optics Letters, 49(4), 871. (2024). (Editor’s Pick) 
13 Nadas, R. B., Ramirez, J. C., et al., Spatially Coherent Tip-Enhanced Raman Spectroscopy Measurements of Electron − Phonon 
Interaction in a Graphene Device. Nano Letters. (2023). 
14 Marques, T. E. M., Ramirez, J. C. et al., Tunable Surface Plasmon-Polaritons Interaction in All-Metal Pyramidal Metasurfaces: 
Unveiling Principles and Significance for Biosensing. arxiv.org/abs/2405.12428 
 



 

 

● WP1: Development of the plasmonic nano-needle device integrated with the microwave 
photonics platform for real-time monitoring of water content variation in plants. This WP 
will involve modeling and optimization of the plasmonic nanoneedles using FEM and 
FDTD numerical methods. Subsequently, we should proceed with manufacturing the 
plasmonic nano-needles and the implementation of the experimental setup responsible 
for converting the generated optical signal to the frequency of operational interest. 

● WP2: Once the device is ready, we can conduct comprehensive testing and validate the 
platform's ability to detect sap concentration and composition changes. This will involve 
conducting laboratory tests to analyze the system's plasmonic response obtained at 
frequencies around 2.5 - 3GHz.  

● WP3: We will calibrate our platform using an in situ water potential meter. Because they 
are susceptible to temperature, the calibration process will be carried out in a controlled 
environment. At the same time, we will study the impact of temperature on the variability 
of our calibration standard. We will instantly measure water content in the leaf or stem 
of different trees with different wood properties to get an idea of how some of these 
parameters influence this measurement. 

● WP4: We will adapt our bench test system for use in field studies. As part of this WP, 
native plants in the Amazon and Cerrado biomes will be processed and analyzed.  

This platform could be adapted into a portable system for performing real-time monitoring studies 
in situ over a certain period, allowing us to analyze the impact of water content variations on 
vegetation performance. In addition, by integrating this technology with a pattern recognition 
system and machine learning, it will be possible to predict models to anticipate events such as 
wildfires and tree mortality due to extreme droughts in the Amazon and Cerrado ecosystems. 
These are some of the future work established after the successful completion of this project. 

2. Impact 

2.1. Originality 

The microwave photonics platform based on a plasmonic nano-needle device for analysis and 
monitoring of water in plants is a groundbreaking and innovative approach to understanding how 
vegetation responds to changes in water availability (in the soil and atmosphere) on a daily and 
seasonal scale, as well as the impact that water variation has on tree performance and how climate 
changes contribute to a collective deterioration of vegetation in various biomes. Importantly, it 
ensures non-damage, preserving the plants´ integrity due to the nanometric dimensions of the 
proposed device. In addition, this platform enables real-time data collection with high precision 
and has the potential to enhance our understanding of the impact of sap compound variations on 
the water cycle in diverse biomes. It also has the potential to predict and prevent events such as 
wildfires and tree mortality caused by extreme droughts. Integrating this technology into field 
monitoring systems will revolutionize how we monitor and preserve vital ecosystems like the 
Amazon and Cerrado, potentially leading to more effective and targeted conservation efforts. 

2.2. Impact 

The proposed research, though challenging, is of paramount importance. It is a journey into the 
unknown, and with the aid of highly sensitive platforms like the one we propose, we aim to shed 
light on how environmental degradation impacts plant behavior in complex biomes such as the 
Amazon and the “Cerrado” and in the adaptability of plants under water stress. By addressing 
these crucial questions, we can uncover other factors that endanger the future of the forests and, 
subsequently, water security on our planet, making our potential contribution invaluable in the 
collective efforts for environmental conservation. 



Cavity Electro-Optics for Efficient Integrated Circuits Beyond 100 Gigahertz 

This proposal aims to tackle pressing global challenges in information technology by utilizing 

cutting-edge photonic integrated circuits.  

The primary objective of this research initiative is to deploy ultra-efficient photonic integrated 

circuits operating at high frequencies, extending into the THz domain, a frontier yet to be fully explored. 

This endeavor seeks to address two enduring challenges: 1) enhancing the efficiency of photonic 

integrated circuits employing electro-optic (Pockels) effects, and 2) overcoming obstacles at high 

frequencies in the THz gap, demonstrating signal generation and detection beyond 100 GHz. 

Achieving these ambitious aims hinges on the utilization of cavity electro-optics, integrating 

emerging nonlinear optical materials with exceptionally high electro-optic coefficients onto silicon 

photonic chips. This integration will involve the meticulous design and fabrication of optical and THz 

cavities to enhance field confinement while minimizing losses. Two strategies are proposed to overcome 

limitations in efficiency at high frequencies: 1) optimizing THz cavity design using an innovative “dual 

cavity” concept for superior field confinement, and 2) utilizing superconducting materials to mitigate 

losses in THz integrated circuits. Anticipated outcomes of this research include the development of a 

THz-optic frequency conversion photonic chip with record-high efficiency, facilitating room-

temperature THz signal generation, manipulation and detection monolithically, which remains a 

technical challenge so far. 

Another objective of this research is to create the first-ever superconducting THz integrated 

photonic device on a chip. With full capabilities for high-frequency signal generation, manipulation, 

and detection, this device will provide a groundbreaking platform to investigate exciting fundamental 

questions, including the performance of superconducting materials at high frequencies, the dynamics 

of Cooper pairs dissociation and recombination, and the control/readout of qubits in a high-frequency 

Josephson junction. These advancements will pave the way for future developments in quantum 

computing and information processing. 

In summary, the proposed research not only promises to yield powerful chip-scale devices for 

fundamental research at high frequencies but also anticipates advancements in sensing capabilities 

within the THz domain. This transformative impact extends to various applications, including wireless 

communication, LiDAR technology, non-invasive imaging, and beyond. Overall, this research endeavor 

holds immense potential to enhance the efficiency and functionality of photonic and quantum devices, 

driving innovation across telecommunications, quantum computing, and sensing technologies. The 

integration of novel materials and sophisticated cavity designs constitutes critical steps towards 

realizing high-performance, scalable photonic and quantum systems, making this work highly relevant 

and impactful in both academic and industrial settings. 
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Cavity Electro-Optics for Efficient Integrated Circuits Beyond 100 Gigahertz 

1. Literature review: the development of photonic integrated circuits (PIC) 

The monolithic integration of electronic circuits has revolutionized our lives since the last century.
1
 

Exploiting linear and nonlinear optical phenomena, photonic integrated circuits (PIC) have rapidly 

transitioned from academic research to widespread applications. One extremely successful platform is 

silicon-on-insulator (SOI) with CMOS technology compatibility. Over the past two decades, SOI 

devices have achieved significant advancements, including light amplification and lasing,2,3 data 

interconnects,4 and communications systems.5 Silicon nitride (SiN) is another CMOS-compatible 

integrated photonic platform which allows efficient optical pumping due to its weaker two-photon 

absorption, and low-loss waveguides and resonators.6 These characteristics make SiN suitable for 

applications like optical frequency combs7 and parametric amplifiers.8  

Lithium niobate (LiNbO3) is notable for its large nonlinear-optic, electro-optic, and piezo-electric 

coefficients, making it an attractive material for generating and manipulating electromagnetic waves.9 

Using similar methodologies, LiNbO3 has been transformed into lithium niobate-on-insulator (LNOI) 

structures, emerging as a superior platform for ultrahigh-speed, low-voltage photonic integrated devices 

such as modulators10 and more11,12. Very recently, lithium tantalate (LiTaO3) has also been introduced 

to photonic integrated circuits. With a similar structure and properties to LiNbO3 but featuring lower 

fabrication costs, weaker photorefractive effects13, and lower losses at microwave frequencies,14,15 

LiTaO3 shows promise for future volume manufacturing.13 Demonstrations on this platform include 

electro-optic modulators16 and soliton microcombs.13 

Other disruptive materials for the next generation of photonic integrated circuits include silicon-

carbide,17 gallium phosphide18 and more. Among these, optical nonlinear polymers stand out due to 

their ultra-high nonlinear optical coefficient,19 and other key advantages such as flexibility and 

processability in integrated circuits.20,21 Combining the benefits of silicon technology (low cost, easy 

micro-nanofabrication, and integration with existing semiconductor manufacturing technologies) with 

the versatility of organic materials, the silicon-organic hybrid (SOH) platform has enabled numerous 

potential applications, including low-consumption high-speed modulators,22 laser sources,23 and 

quantum transduction.24  

 
Figure 1. Emerging materials for “next generation” integrated photonics. 

2. Challenges in next generation PIC, proposed solutions and objectives 

Challenge #1: High-efficiency electro-optic frequency conversion on a chip. The interaction of 

two electromagnetic waves in nonlinear optical materials leads to frequency conversion through the 

electro-optic effect (Pockels effect), which has drawn extensive attention in imaging and spectroscopy 

applications.
25

 With the growing demands for optical networks linking various information processing 

nodes over long distances,
26

 frequency conversion is of escalating significance for coherently mapping 

quantum states between different frequency domains. To improve electro-optic conversion efficiency, 

cavity electro-optics has been proposed27,28 and demonstrated29,30 for direct signal transduction, which 

has the potential for better efficiency and less added noise31 compared to the non-direct optomechanical 

systems.32–34 However, electro-optic chips for frequency conversion still face a longstanding challenge 

– low efficiency, recently reaching only 1-2%29,30 or even much lower35 due to factors such as the small 

electro-optic coefficient of the nonlinear optical material or small single-photon coupling rates caused 

by large optical and microwave mode volumes. 

Solutions and objectives: Our solution to this issue is twofold. First, we need to maximize the 

electro-optic coupling efficiency using emerging materials with higher 𝜒2  coefficients. Emerging 
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nonlinear optical polymers, which possess 𝜒2 coefficients 10-100 times higher than state-of-the art 

materials like LiNbO3, play a key role in this. Second, by combining these polymers with mature silicon 

photonic technologies, we will seamlessly incorporate them into photonic circuits with minimized mode 

volumes at micro-scale. This will substantially improve the electro-optic coupling strength in on-chip 

devices. In the proposed research we will systematically investigate and optimize hybrid Si-organic 

circuits, aiming to demonstrate an on-chip device with unprecedented electro-optic coupling efficiency.  

Challenge #2: High-frequency signal generation/detection beyond 100GHz on PIC. THz 

technologies have become increasingly impactful in chemical and biological research,36,37 due to their 

superior ability to probe fundamental vibrational modes of molecules within this frequency range. 

However, the development of crucial components operating within the 100 GHz to 10 THz frequency 

range, such as continuous wave and pulsed sources, detectors, amplifiers, and waveguides, remains in 

a rudimentary stage.38 These limitations hinder important applications in daily life, such as wireless 

communications, LiDAR system for autonomous vehicles, and noninvasive imaging. A significant 

limitation is the prominence of ohmic losses as the resonance frequency increases from the microwave 

domain to higher frequencies39 due to the skin effect.40 

Solutions and objectives: Our solution to this issue involves two main strategies. First, we focus 

on optimizing the design of THz cavities to achieve extraordinary field confinement and enhancement. 

We propose the concept of a “THz dual cavity”, where a THz antenna cooperates with a coplanar 

waveguide (CPW) cavity to provide extra enhancement of the THz field, as introduced in section 3.1. 

Second, mitigating losses in THz integrated circuits is a top priority. We aim to employ superconducting 

materials for THz cavities and test their performance at THz domain. By implementing these strategies, 

we aim to achieve quantum-limited electro-optic coupling efficiency. This research holds the promise 

of revolutionizing the design and implementation of efficient high-frequency integrated circuits for 

future classical and quantum applications in the THz domain.  

Challenge #3: High-frequency superconducting circuits for quantum information. Microwave 

superconducting circuits currently stand as the leading platform for quantum computing. Increasing the 

operating frequency of current microwave quantum circuits to the THz level offers several advantages: 

1) it allows faster operation, and smaller footprints for large-scale integration; 2) it enhances the 

tolerance to thermal perturbations, enabling the maintenance of quantum states at higher temperatures 

(e.g., a few kelvin instead of few millikelvin Despite being a long-desired pursuit in the quantum science 

community, efforts to investigate high-frequency quantum circuits remain sparse, with recent 

breakthroughs reaching only 20GHz.41 This falls far short of the THz domain, primarily due to the 

underdevelopment of THz technologies. 

Proposed solution: We plan to use ultra-efficient photonic integrated circuits to address this open 

question. By harnessing cavity electro-optics within PICs, we anticipate achieving THz generation, 

waveguiding, and detection on the same chip with unprecedented efficiency. This method opens up new 

avenues for investigating and deploying THz quantum circuits, laying the groundwork for future 

breakthroughs in quantum computing and information processing. 

3. Research plan 

Phase #1: Efficient signal generation and detection using hybrid Si-organic circuits  

Concept of cavity electro-optics. As illustrated in Figure 2(a), the resonant frequency of the 

optical cavity is modulated by changes in the refractive index of the electro-optic medium, induced by 

an electrical field confined within the THz cavity. This process produces Stokes and anti-Stokes 

sidebands through wave mixing in the electro-optic medium (Figure 2b), which will then be sensitively 

detected using mature optoelectronic instruments. Achieving high electro-optic conversion efficiency 

requires meticulous design of the electro-optic system, evaluated by two key figures of merit: 1) the 

electro-optic coupling rate 𝑔𝑒𝑜(𝜔𝑃) =  
1
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which sideband optical photons are generated through electro-optic coupling, determined by the mode 

volume of the confined THz field 𝑉𝑇𝐻𝑧 and THz-optic mode overlapping Γ𝑐, and 2) the total frequency 

conversion efficiency 𝜂 =
𝑛𝑆𝐵

𝑛𝑇𝐻𝑧
=
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  with cooperativity 𝐶 = 𝑛𝑝

4𝑔𝑒𝑜
2

𝜅𝑜𝑝𝑡𝜅𝑇𝐻𝑧
 ,35 which 

describes the competition between photon generation, readout and losses.  

In our current design, we utilize silicon ring resonators as the optical cavity to confine a continuous-

wave pump (@1.55 µm), while the THz cavity takes the form of a LC circuit or antenna, as shown in 

Figure 2(c). Simulations of such optical and THz cavities are shown in Figure 2(d) and (e) respectively. 

  
Figure 2. (a) schematic of the electro-optic cavity. (b) Principal of THz-optic frequency conversion. (c) 

Examples of designed photonic circuits on a silicon chip with a THZ antenna. (c) Simulation of an 

exemplary electric field distribution (left) and transmission (right) in the optical ring resonator. (d) 

Simulations of electrical fields confined in the capacitive gap of a THz split ring resonator (left) and its 

transmission spectrum (right). 

Integration of high-efficiency 𝝌𝟐 materials in PIC. From the expression of 𝑔𝑒𝑜, a high electro-

optic coefficient 𝑟 is essential for efficient electro-optic coupling. Emerging molecules JRD1
42

 exhibit 

remarkable electro-optic coefficients of several hundreds of pm/V, surpassing those of other promising 

materials such as lithium niobate by 10-100 times. This organic material also features excellent 

characteristics including thermal stability, slow ageing rate, low acoustic losses, and the ability to create 

compact structures with nanoscale footprints. The current design incorporates the integration of JRD1 

polymer into silicon photonic circuits, as illustrated in Figure 2(c), where the ring resonator is 

configured as a slot waveguide (Figure 3a). Thus, optical fields will propagate in the 100 nm wide slot 

full of JRD1, maximizing field confinement and light-matter interaction (Figure 3c). Optical losses 

within the system are another crucial aspect to consider. Silicon photonic waveguides have a typical 

loss of 2.7 dB/cm, while preliminary studies (Figure 3d) show that JRD1 exhibits also low loss 

characteristics of about 5 dB/cm at 1550nm. This suggests the potential for constructing low-loss 

silicon-organic slot ring waveguides, with Q factor easily exceeding 10000 and a significant field 

enhancement (Figure 3b). For the optical cavity, we need to engineer the free spectral range (FSR) in 

such a way that the sideband photon ℏ𝜔𝑆𝐵 is supported by the resonance mode of the ring resonator 

for superior signal-to-noise ratios. Additionally, we will investigate different fabrication strategies for 

achieving smooth sidewalls in the slot ring to reduce scattering losses. 

Dual cavities for enhanced THz confinement and THz-optic interaction. Inspired by the 

successful superconducting transmission line in circuits QED,43 we design THz coplanar waveguide 

(CPW) cavity where THz field can be well-confined inside (Figure 4a-c). Building upon this design, 

we have further developed the concept of a THz dual cavity (Figure 4e), incorporating a bowtie antenna 

to capture THz irradiation and a CPW cavity carefully designed to match the resonance of the antenna, 

thereby enhancing the confined THz field. Figure 4(d) illustrates the simulation results of a conventional 

bowtie antenna, with a narrow gap of only 1µm which allows for a field enhancement of 1000. This 

design also facilitates a strong overlap between the optical and THz fields on the nonlinear optical 
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medium (Figure 3e-g), resulting in an extraordinary electro-optic coupling rate 𝑔𝑒𝑜  approaching 

100MHz, surpassing even the recently reported plasmonic configurations.31 Furthermore, Figure 4(e) 

showcases the field confinement in the dual cavity, where an additional factor of 3-4 enhancement in 

the amplitude is achieved (equating to a factor of 10 in terms of intensity or photon numbers), as 

compared in Figure 4(f). 

 
Figure 3. (a) SEM of fabricated slot ring waveguide. (b) Transmission measurements of the slot ring. 

(c) Simulation of evanescent coupling region. (d) Optical losses of JRD1. (e-g) Simulation of field 

confinement for THz mode (e) and optical mode (f) respectively. The strong overlap of the two mode 

is depicted in (g). 

Anticipated results in Phase #1: Efficient THz signal detection and generation on PICs. We 

anticipate creating THz silicon-organic PIC for the THz-optic frequency conversion on a chip with 

record-high efficiency, enabled by the optimized fields confinement and interaction in ultrahigh electro-

optic coefficients nonlinear optical medium. The research aims to implement chip-scale THz sensors 

characterized by high efficiency and rapid operation at room temperature, meeting the demands of 

applications in wireless communication, LiDAR technology, THz imaging, and beyond. 

Phase #2: Superconducting THz integrated circuits for quantum information  

Design and fabrication of superconducting THz cavities. The superconducting material to 

investigate is Nb or NbN, which exhibits a high critical temperature typically around 15 K, and a gap 

frequency reaching 1.2 THz.
44

 Figure 4(g) showcases a preliminary lift-off result of Nb deposition on a 

sapphire substrate by electro-beam evaporation. Structures with critical dimensions of 500 nm can 

already be well implemented successfully in the current test. In the Laboratory of Hybrid Photonics at 

EPFL, we are in the process of establishing an optical experimental system combined with a dilution 

refrigerator, as depicted in Figure 4(h). This setup will facilitate cryogenic investigations in quantum 

regimes within the THz frequency range. By conducting these experiments, we aim to understand and 

benchmark the performance of emerging materials at high frequencies. This research marks a pivotal 

stride towards the development of superconducting THz integrated circuits for quantum information 

processing. 

Stretched goal: fundamental study of THz superconducting circuits. The on-chip 

superconducting THz-optic system realized in previous steps can simultaneously serve as a platform 

for fundamental studies of quantum electrodynamics at the THz domain. With capabilities of on-chip 

signal generation, detection, and modulation that have never been accessible before, this platform offers 

exciting opportunities to explore various fundamental questions, including the performance of 

superconducting materials at high frequencies, dynamics of Cooper pairs dissociation and 

recombination, and control/readout of quantum states in a THz Josephson junction These THz 
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superconducting circuits, unexplored until now, hold tremendous potential for groundbreaking research 

fields such as THz quantum computing. 

  
Figure 4. (a) Schematic of THz CPW cavity. (b) Simulation of field confinement in the THz CPW 

cavity. (c) Simulation results of S11 and S21 of CPW cavity. (d) Simulation of electrical fields confined 

by a simple bowtie antenna at around 250 GHz. (e) Simulation of electrical fields confined in THz dual 

cavity. (f) Simulation of amplitudes of confined THz fields in bowtie antenna (yellow), dual cavity (blue) 

and reference case without any metallic structure. (g) lift-off result of Nb resonator deposition on 

sapphire substrate. (h) Dilution fridge with optical input and output channels for cryogenic study. 

Anticipated results in Phase 2: Superconducting THz PIC for quantum information. By the 

end of the second research phase, we anticipate gaining profound insights into the cryogenic behavior 

of THz superconducting materials. Additionally, we aim to create the first-ever superconducting THz 

integrated photonic device on a chip, equipped with full capabilities of high-frequency signal generation, 

modulation, and detection. This device will facilitate THz-optic frequency conversion with 

unprecedented efficiency, reaching the single-photon level. This breakthrough will unlock a broad 

spectrum of applications in both classical and quantum domains. We believe this research will 

illuminate a brand-new approach to designing and implementing efficient high-frequency integrated 

circuits for future classical and quantum applications in the THz domain. 

4. Relevance and impact 

This proposal aims to establish cutting-edge interdisciplinary research in THz photonic integrated 

circuits, cavity electro-optics, and quantum superconducting circuits. Phase 1 focuses on developing 

highly efficient THz signal detection and generation on photonic integrated circuits. This will be 

achieved by leveraging high electro-optic coefficient materials like JRD1 and designing novel dual THz 

cavities for strong field enhancement. This innovation could revolutionize applications in wireless 

communication, LiDAR technology, and THz imaging by offering superior performance with compact, 

low-cost devices. Phase 2 extends the impact by exploring superconducting THz integrated circuits for 

quantum information. By fabricating and characterizing superconducting THz cavities, this research 

aims to achieve unprecedented electro-optic coupling efficiencies and facilitate the development of on-

chip systems capable of quantum state manipulation and readout. This has profound implications for 

quantum computing, as it could lead to new methods of controlling and detecting quantum states at THz 

frequencies. 

Overall, this research holds the potential to significantly enhance the efficiency and functionality 

of photonic and quantum devices, driving innovation across multiple fields including 

telecommunications, quantum computing, and advanced sensing technologies. The integration of novel 

materials and the development of sophisticated cavity designs are crucial steps towards realizing high-

performance, scalable photonic and quantum systems, making this work highly relevant and impactful 

in both academic and industrial contexts. 
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     The development of devices able to monitor 

multiple gas species is a pressing need in 

environmental science. Although this need 

motivated the study of a great set of gas 

sensors, selectively and remotely detecting 

multiple gas species using a single platform 

lingers as a challenging task. This project 

proposes the realization of a multi-gas sensing 

platform endowed with power-over-fiber 

capabilities using fiber-enhanced Raman 

spectroscopy (FERS) and ultralow-loss hollow-

core photonic crystal fibers (HCPCFs). 

Performing FERS with such fibers will allow 

enlarging the interaction lengths to potentially 

achieve lower detection limits for greenhouse 

gases and gaseous pollutants sensing. 

Furthermore, the use of HCPCFs, known for their ability to transmit high-power optical 

beams, introduces a novel dimension to environmental sensing. Through power-over-

fiber (PoF) schemes, complementary electrical sensors can be activated, enhancing the 

platform's versatility by enabling assessments of parameters such as temperature, 

pressure, and humidity. Thus, the proposed platform represents a significant 

advancement in environmental sensing, promising enhanced efficacy and broader 

applicability in gathering data for environmental assessments. 

     The outcomes of my project will yield both scientific and practical achievements. 

Scientifically, my endeavors will delve into understanding HCPCF properties, including 

modal content, polarization characteristics, and sources of loss. Practically, the 

development and application of these sensors will enable the detection and quantification 

of greenhouse emissions and gaseous pollutants. This contribution aligns with broader 

community efforts towards a sustainable future by furnishing stakeholders engaged in 

production, monitoring, and control activities with an effective means of assessing multi-

gas environments. The development of the proposed multi-gas HCPCF sensors will 

hence highly impact the scenario of environmental monitoring systems and, therefore, 

significantly contribute to the efforts regarding environment preservation. This has the 

potential to supply information on the environmental conditions capable of guiding 

strategic discussions on environmental conservation and climate change assessment. 

Furthermore, given Brazil's strategic importance in global environmental discourse, 

owing to its abundant natural resources and imperative for environmental monitoring, the 

amplification of this project's impact is noteworthy. Following laboratory characterization, 

the developed devices will be deployed in on-the-field applications across diverse 

environments such as urban and rural areas, plantations, livestock production sites, and 

forests, further magnifying their significance. 
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The development of devices able to monitor multiple gas species is a 

pressing need in environmental science. Indeed, although this has driven 

extensive research on a great set of gas sensors, selectively and remotely 

detecting multiple gas species using a single platform lingers as a 

challenging task. In this framework, my project proposes the realization of 

multi-gas fiber-enhanced Raman spectroscopy (FERS) with newly 

demonstrated hollow-core photonic crystal fibers (HCPCFs) displaying 

ultralow loss in the short-wavelength range. Performing FERS with such new 

fibers, which stand nowadays as the lowest loss fiber optics guiding in the 

visible range, will allow enlarging the interaction lengths of the current 

systems and achieve lower detection limits for greenhouse gases and 

gaseous pollutants sensing. Additionally, this platform enables setting up 

power-over-fiber (PoF) configurations thanks to the HCPCFs’ capability of 

successfully transmitting and delivering high-power optical beams. This 

offers a new dimension to the realization of environmental sensing as it 

allows for the activation of complementary electrical sensors for temperature, 

pressure, and humidity assessment, thereby enhancing the platform's 

versatility. Therefore, the platform I propose herein promises a significant 

advancement in environmental sensing with enhanced efficacy and broader 

applicability in gathering data for environmental assessments. 

 

Literature review 

 Bountiful results have been achieved by the gas sensors research community in 

the latest years both regarding the demonstration of the sensing schemes and their 

corresponding performances. Indeed, these efforts have been highly motivated by the 

pressing need for the development of such devices, which became of paramount 

importance to medical and industrial applications, as well as to environmental science 

(e.g., for the detection of greenhouse emissions and gaseous pollutants). 

 Among the different gas sensing approaches, optical methods appear as highly 

promising ones as they afford excellent selectivity, sensitivity, and very low detection 

limits whilst keeping the possibility of being set in compact, lightweight, and 

electromagnetic interference-immune setups. Thus, techniques such as laser absorption 

and photothermal spectroscopies [1, 2] have been investigated and successfully applied 
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to the detection of different gas species. Although these techniques can provide superior 

performances, they are typically designed to probe single gas molecules. Alternatively, if 

one wishes to perform multiple gas sensing using the latter, the complexity of the 

experimental setups can greatly increase, as multiple optical sources might be needed 

to assess the different absorption lines of the gases under study. 

 In this context, Raman spectroscopy [3] emerges as a potent alternative to the 

realization of multi-gas sensing as it is able to detect the molecules’ spectral fingerprints 

and, hence, afford a highly selective measurement for the study of complex gas mixtures 

while using a single optical source. Despite its potentialities for the detection of multiple 

gases, the Raman scattering cross-sections of gases are diminutive (typically in the order 

of 10–27 cm2), hence entailing feeble Raman signals. To circumvent this limitation, 

resonant or multi-pass configurations have been approached [4]. 

 Hollow-core photonic crystal fibers (HCPCFs), in turn, appear as an excellent 

alternative for the realization of Raman scattering-based gas sensing. This is so because 

HCPCFs, special optical fibers exhibiting an internal microstructure that defines a void 

core, can simultaneously act as performant waveguides and hosts for gas molecules. 

This capability readily allows for significantly increasing the interaction length between 

the optical fields and the analyte gas molecules, hence heightening the Raman signals 

and enabling the development of sensors with smaller detection limits. Due to the latter, 

one typically refers to the Raman spectroscopy experiments using HCPCFs as fiber-

enhanced Raman spectroscopy (FERS). Similarly to free-space configurations, FERS 

has allowed the development of gas sensors with sub-ppm detection limits [5, 6]. 

Noteworthily, as they rely on fiber optics, FERS sensors enable the realization of remote 

gas detection measurements, an advantage over free-space setups. 

 In this framework, we observe that HCPCF technology has experienced intense 

development in recent years. Amid the important results in the area, we find my recent 

work that demonstrated the fabrication of record low-loss HCPCFs guiding in the visible 

and ultraviolet wavelength ranges [7]. My fibers display, in fact, the lowest loss figures in 

the visible and ultraviolet considering all fiber optics as they lie below the silica Rayleigh 

scattering limit (a fundamental hindrance for loss decreasing in solid-core fibers). 

Therefore, the availability of these new-generation ultralow-loss HCPCFs stands as the 

core of my grant proposal since applying such fibers as a platform for FERS opens a 

promising path for demonstrating gas sensors with better performances. This is so 

because their reduced loss enables the utilization of longer fibers to enhance the 

measured signals and potentially reduce the detection limits. 

Additionally, my recent research has also demonstrated the potential of HCPCFs 

as promising platforms for power-over-fiber (PoF) applications [8]. PoF systems use 

optical fibers to deliver high-power beams for activating electrical systems. In turn, 

HCPCFs, thanks to their outstanding capability to efficiently transmit and deliver high-

power optical beams, emerge as excellent candidates for PoF integration. Therefore, 

HCPCF technology offers a pathway to establish sensing configurations endowed with 

PoF capabilities, presenting itself as an opportunity to integrate complementary electrical 

sensors into a fibered platform for a comprehensive environmental assessment. Through 

this integration, one enables the collection of data on gas composition and 

supplementary parameters such as temperature and humidity levels. 

Therefore, my project proposes to pursue the demonstration of multi-gas sensors 

with better performances than those reported hitherto and with PoF capabilities to 
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seamlessly integrate complementary sensors for comprehensive environmental 

assessment. The efforts of my project will hence focus on deploying these advanced 

sensors for detecting greenhouse gas emissions and gaseous pollutants. The 

development of this project in Brazil, a country with salient importance to climate change 

scenario due to its great availability of natural resources and the critical need for 

environment preservation, will enhance the impact of the efforts to be devoted to my 

research. Moreover, the broader impact of these advancements extends beyond 

environmental monitoring, with potential applications in industries, agriculture, and 

livestock production. Moreover, future applications may also encompass the 

characterization of liquid samples, offering potential utility in critical areas such as water 

quality monitoring. 

Problem statement/Objective 

 

 The development of multi-gas sensors for environment monitoring is a pressing 

need for environmental science. In this framework, this project’s objective is to develop 

multi-gas sensors with power-over-fiber capabilities based on Raman spectroscopy and 

new-generation HCPCFs with ultralow loss in the short-wavelength range. The devices 

I will develop within the context of this project will therefore be applied in monitoring 

greenhouse gas emissions (e.g., methane and carbon dioxide) and gaseous pollution 

detection, such as hydrogen sulfide. Additionally, the devices will incorporate electrical 

sensors, activated by optical beams, to assess parameters such as temperature, 

atmospheric pressure, and humidity. 

 Fig. 1 displays representative diagrams of my project’s aims and actions. As 

indicated in the introduction, my recent work [7] demonstrated HCPCFs with record low-

loss figures in the visible and ultraviolet ranges (typical HCPCFs’ cross-sections are 

shown in Fig. 1). The availability of such new-generation HCPCF allows proposing the 

realization of Raman spectroscopy of gaseous samples to attain multi-gas sensors with 

better performance than those reported up to date. I mention that I keep with me several 

samples of these fibers, which are readily available for being employed in this project. 

Additionally, I mention that I coordinate the Multiuser Laboratory of Optics and Photonics 

(LaMOF) at the Department of Physics at the Federal University of Lavras, which 

encompasses the fundamental infrastructure for the realization of my project.  

As represented in Fig. 1, the initial tests will take place in a laboratory environment 

by accounting for the Raman spectra of known gas species at known concentrations (in 

single-gas and multi-gas scenarios) to determine the response of the sensors and obtain 

an adequate calibration of the latter. In this context, I will study the proposed platform 

using different fiber lengths and light coupling conditions to evaluate the optimum 

configuration for the sensor operation. Additionally, by using appropriate lasers and 

photovoltaic converters (PV), the developed gas sensor will also act as a PoF platform 

to activate supplementary electrical sensors to monitor parameters such as temperature, 

atmospheric pressure, and humidity levels. The data gathered from the optical gas 

sensor and complementary electrical sensors will be consolidated in a user-friendly 

interface to provide valuable information for having a broad characterization of the tested 

environment. My effort, therefore, will generate a prototype that will include the optical 

fiber-based multi-gas sensor and the electrical sensors powered by the beams 
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transmitted by the very same fiber. The fiber will hence act as the gas reservoir, the 

sensor itself, and a transmission medium for optically activating the electrical sensors.  

 Finally, following the laboratory testing of the sensors, I will approach on-the-field 

applications. In this context, one of the HCPCF ends will be placed into real-world 

environments of interest (e.g., urban environment and agriculture sites) and a pump will 

be used to fill the fiber with the gaseous sample to be assessed. It is expected that the 

developed sensors will enable remote detection and quantification of gaseous pollution 

and greenhouse gas quantities in the studied environments besides an account of 

supplementary environmental parameters such as temperature, atmospheric pressure, 

and humidity levels. 

Outcomes 

The outcomes of this project will encompass both scientific and practical 

achievements. From the scientific viewpoint, the activities to be developed within the 

scope of my project will allow delving into HCPCF properties – modal content, 

polarization characteristics, and sources of loss –, to identify the most suitable 

configuration for the sensors’ operation. Indeed, although there are previous studies in 

the literature regarding FERS in HCPCF, the latter are mostly related to the applications 

themselves. Thus, more comprehensive studies on the impact of HCPCF properties on 

sensing performance are highly desirable. Hence, one can expect that my efforts will 

generate relevant scientific papers on the subject. 

 

Fig. 1. Diagram of the project activities, which will encompass the use of ultralow-loss 

HCPCFs for the development of multi-gas sensors based on FERS with PoF capabilities. The 

tests will evaluate the sensor response under laboratory-controlled conditions and in on-the-

field applications involving greenhouse gas emission and gaseous pollution monitoring. 
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From a practical point of view, the development and application of the sensors 

will allow for demonstrating devices able to detect and quantify greenhouse gases and 

gaseous pollutants. This will contribute to the broad community efforts on environment 

preservation towards a better future for humanity and will provide the society actors 

involved in productive, monitoring, and controlling actions with an effective means for 

assessing multi-gas environments using a simple configuration. 

Additionally, this grant will act as seed funding for the consolidation of the 

research line proposed in this project at the University of Lavras. This is highly beneficial 

as obtaining substantial financial resources for initiating a research line in Brazil is very 

challenging due to strict economic conditions. The funding by Optica, therefore, will allow 

me to consolidate the infrastructure for the development of HCPCF-based multi-gas 

sensors in Brazil and enable future advancements via local funding.  

Impact 

The development of the multi-gas HCPCF-based sensor with PoF capabilities I 

propose herein will impact the broad scenario of environmental monitoring systems and 

supply the social actors with an efficient means for remotely assessing multi-gas 

compositions in environments of interest. The endeavors to be devoted to this project 

will, therefore, significantly contribute to community efforts regarding environment 

preservation by providing a means for attaining data on greenhouse emissions and 

gaseous pollution. This, together with other techniques, has the potential of supplying 

information on the environmental conditions hence guiding discussions on the strategies 

for environmental conservation and climate change assessment.   

Additionally, being Brazil a country with strategic importance to the world’s 

environmental issues due to its wide availability of natural resources and urgent need for 

environmental monitoring, I highlight that the development of my project has the potential 

of having amplified repercussions of its gas sensing results, as the developed devices 

will be, after laboratory characterization, employed in on-the-field applications in areas 

of interests such as urban and rural environments, plantations, livestock production sites, 

and forests. This direct field application highlights the practical utility and broader 

relevance of my research, positioning it as a significant contributor to addressing 

pressing environmental challenges on both local and global scales. 
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Meta spectral imaging for wildfire monitoring 
Wildfires are an increasingly severe global issue, exacerbated by climate change and impacting 
ecosystems, human health, and economies. Traditional wildfire monitoring systems, which rely 
on multispectral imaging from satellites and airplanes, face significant challenges such as high 
energy consumption, extensive data volume, and poor thermal stability. This project seeks to 
address these challenges by developing innovative systems that combine metasurface-based 
hyperspectral imaging with neuromorphic optical processing, offering a new approach to 
satellite-based forest fire monitoring. 
Our approach leverages metasurfaces—ultra-thin, sub-wavelength structures capable of 
precise light manipulation. These metasurfaces enable one-shot hyperspectral imaging, 
capturing detailed spectral data across a wide range of wavelengths without the need for 
moving parts. This innovation significantly enhances the speed and resolution of wildfire 
detection, allowing for the rapid identification of fire hotspots, smoke plumes, and other critical 
indicators of wildfire activity. 
In addition to the advanced imaging capabilities, we integrate neuromorphic optical processing 
through multiplane light conversion meta-optics. This integration forms an inbuilt optical 
neural network that processes spectral images in real-time with minimal latency and energy 
consumption. By performing optical neural computations directly on the spectral data, we 
reduce the computational load and data transmission requirements, facilitating efficient 
onboard data processing and communication with ground stations. 
The project's primary objectives for the next two years focus on three main areas:  

• Thermal infrared hyperspectral imaging for fire spot detection, where we will use 
metasurfaces to detect fire spots within the 8-14μm atmospheric window by optimizing 
point spread functions for multiple wavelengths and compressively reconstruct the 
spectral images. 

• Neuromorphic pre-processing of spectral images, where we will employ multiplane 
light conversion based on reflective metasurfaces, performing complex linear 
transformations to preprocess the spectral images, thus reducing data bandwidth 
requirements and number of detectors in the array. 

• Near-infrared multispectral imaging for vegetation detection, where we aim to design 
metasurfaces that differentiate between burned and healthy vegetation, enhancing our 
ability to assess fire damage and vegetation health. 

The outcomes of this project will include the development of high-resolution, real-time 
imaging systems, successful fabrication and testing of metasurface prototypes, and 
dissemination of research findings through high-impact scientific publications and conferences. 
Additionally, we anticipate establishing research collaborations and securing further financial 
support to sustain and expand our research efforts. 
The impact of this project extends beyond technological advancements. Enhanced wildfire 
monitoring capabilities will enable quicker detection and response, potentially mitigating the 
devastating effects of wildfires. The lightweight, thermally stable metasurface-based systems 
will reduce operational costs and extend the lifespan of satellite monitoring systems. Improved 
wildfire monitoring will have significant environmental and economic benefits, helping to 
protect ecosystems, human health, and property. 
By addressing the critical need for advanced wildfire monitoring technologies, this project aims 
to revolutionize how we detect and respond to wildfires. Our innovative approach promises to 
contribute significantly to the global effort to manage and mitigate the impacts of climate 
change and natural disasters. 
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Meta spectral imaging for wildfire monitoring 
This project aims to develop paradigm-shifting systems that combine metasurface-based 
hyperspectral imaging and real-time neuromorphic optical processing for satellite-carried 
forest fire monitoring. Here, the meaning of meta spectral imaging is two-fold: on the one hand, 
it employs a one-shot hyperspectral imaging system enabled by metasurfaces; on the other hand, 
the functionality of the system is beyond conventional imaging or computation imaging – it 
has an inbuilt optical neural network based on multilayer meta-optics for the low-latency and 
energy-efficient all-optical neuromorphic pre-processing of the spectral image, minimizing the 
overhead for onboard computation and data communication.  
Background/Problem Statement 
Wildfires are a growing global concern, worsened by climate change and increasingly affecting 
ecosystems, human health, and economies. The situation's urgency necessitates robust 
monitoring systems, often space-borne or airplane-based and typically reliant on multispectral 
imaging. Traditional satellite-carried wildfire monitoring systems suffer from the following 
main problems [1]: 

• Large onboard energy consumption and instability associated with the moving parts for 
scanning-based spectral imaging. 

• Fluctuations in the atmospheric transparent windows that reduces the sensitivity, 
resolution, and reliability of the detection. 

• A huge amount of imagery data presents a challenge in downloading the data from the 
satellite as well as processing the data in real time. 

• Conventional optics are bulky and heavy and exhibit poor thermal stability in hush 
environments of space. 

These issues constitute bottlenecks in current satellite-based wildfire monitoring devices, 
making them extremely difficult to operate in real-time and provide timely alerts to forest fires 
at an early stage.  
Metasurfaces composed of judiciously designed sub-wavelength structures, offer 
unprecedented capabilities in manipulating light in all degrees of freedom, from spatial to 
spectral to polarization. In fact, metasurfaces are extremely suitable for tackling all the above 
challenges associated with conventional satellite-carried wildfire monitoring devices for the 
following reasons: 

• Highly resonant features of metasurfaces can be easily utilized to achieve one-shot 
multi-spectral or even hyper-spectral imaging systems across a wide wavelength range, 
with no need for any moving parts. 

• Multilayer metasurfaces can perform a wide range of linear transformations for the 
neuromorphic pre-processing of the multi-spectral images, minimizing the data 
bandwidth requirement for communication with the ground. 

• Unlike bulk optics that have a volume, ultra-thin metasurfaces have the advantage of 
miniaturization with good thermal stability and are, therefore, highly suitable for space-
related applications. 

By harnessing these capabilities, our project will develop one-shot hyperspectral imaging 
systems that can capture a wide range of spectral data in a single snapshot. This approach 
significantly enhances the speed and resolution of imaging, enabling rapid identification of fire 
hotspots, smoke plumes, and other critical indicators of wildfire activity. Unlike traditional 
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sensors that require multiple exposures or scanning mechanisms, our meta-optic-based 
hyperspectral imaging can provide instantaneous and comprehensive spectral information, 
crucial for timely wildfire response. The combination of meta-optic elements and 
neuromorphic optical processing represents a paradigm shift in wildfire monitoring technology. 

 
Figure 1 Conceptual sketch of the space-borne meta spectral imaging system for wildfire monitoring 

I personally experienced three of the world’s most disastrous forest fires in the past five years, 
including the 2019–2020 Australian wildfire season when I was a PhD student at the Australian 
National University in Canberra, Australia, the 2020 California wildfires right after I became 
a postdoctoral scholar at Stanford University in California, US, and the 2023 Canadian 
wildfires right after I started a faculty position at McGill University in Montreal, Canada. Such 
experiences especially motivated me to utilize my optics and photonics expertise to help tackle 
the global challenge of increasingly severe wildfires. However, since my primary research 
program and publication track records are on quantum and topological photonics, it is 
very hard for me to obtain financial support to seed my research on wildfire monitoring 
and climate change. By applying for the Optical Challenge program, I aim to partially switch 
my research to tackling this global challenge of wildfires, the outcome of which will enable a 
new long-term research program in my research group, secure other financial support based on 
the established track record through this project and establish potential collaborations with 
relevant research institutions and teams.  

Literature review 
Current wildfire monitoring relies heavily on satellite and aerial imaging systems using 
multispectral cameras. These systems face challenges such as high energy consumption, large 
data volumes, and limited thermal stability [1]. Hyperspectral imaging captures a wide 
spectrum of light across many bands, providing detailed information about the material 
properties and composition of objects in the scene. Traditional hyperspectral imaging systems 
are bulky and require scanning mechanisms, which are unsuitable for real-time applications 
and space deployment [2].  
Metasurfaces composed of sub-wavelength resonators are capable of manipulating light with 
high precision [3]. They have revolutionized optical technologies by replacing traditional bulk 
optics with ultra-thin, planar components. Recent advancements have demonstrated 
metasurfaces' ability to control various aspects of light, including phase, amplitude, frequency, 
and polarization, making them ideal for compact, efficient optical systems. While metasurfaces 
are in the process of replacing many of the conventional optics, such as lenses, structured light 
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illumination for facial recognition, and polarization cameras, their application in space 
technology and environmental remote sensing remains largely under-explored. Metasurface-
based hyperspectral imaging holds great potential to play a transformative role in such 
applications by enabling one-shot acquisition of hyperspectral data without moving parts, 
significantly reducing size, weight, and power consumption [4,5]. 
Neuromorphic optical processing leverages the principles of neural networks using optical 
components. This approach offers significant advantages in speed and energy efficiency by 
performing computations with light instead of electrons. Optical neural networks have shown 
promise in various applications, including image recognition and data compression, due to their 
ability to perform parallel processing with extremely low latency and energy consumption. 
They are particularly suitable for applications where the task is fixed (i.e. no need of 
reconfiguration once the device is designed and fabricated). Integrating neuromorphic 
processing with metasurface technology enables the creation of advanced imaging systems 
capable of real-time data analysis. Multilayer metasurfaces can be designed to implement 
complex linear transformations required for optical neural networks, providing a compact and 
efficient solution for onboard data processing. 

Objectives 
The proposed research project has a long-term vision to revolutionize wildfire detection and 
monitoring through the development of advanced meta-optic elements for multi-spectral 
imaging and neuromorphic optical processing. 

The short-term objectives for the next two years focus on the following three thrusts:  
1) Thermal infrared spectral imaging for fire spot detection 

2) Neuromorphic pre-processing of computational spectral images 
3) Near-infrared (NIR) multi-spectral imaging for vegetation detection 

The detail on each objective is described as follows: 
Objective 1: Thermal infrared hyperspectral imaging for fire spot detection 

In this objective, we aim to use the atmospheric transparent window of 8 − 14𝜇𝑚 to detect fire 
spots based on one-shot multi-spectral imaging enabled by a dielectric metasurface. The 
metasurface will be designed to operate in the transmission mode, and we will use inverse 
design to jointly optimize the point spread function (PSF) of the metasurface for 
computationally imaging 
multiple wavelengths 
chosen in 8 − 14𝜇𝑚 , 
ensuring that the PSFs for 
different wavelengths are 
highly incoherent. Then, 
by reading out the image 
from an infrared image 
sensor, we can 
computationally 
reconstruct the images for 
each of the chosen 
wavelengths, taking 
advantage of the typical sparsity nature of fire-spot images.  

Figure 2 Inverse design of thermal hyperspectral imaging metasurface 
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We will base our inverse design [6] on GPU optimized finite domain time difference solver [7] 
and latest frequency domain solvers such as augmented partial factorization [8], a solver that 
can calculate the scattering matrix of a large-scale metasurface in an extremely fast manner. 
We have tested such solvers when we did other works related to metasurface for quantum 
photonics. These solvers enable the combination of the simulation of the entire structure or a 
large-size unit cell of the metasurface with the optimization algorithm. The optimization will 
be based on gradient descent.  
We will prototype the metasurface using amorphous-silicon-on-glass structures using top-
down fabrications and characterize the wavelength-dependent PSFs. As we have expertise in 
fabricating metasurfaces for optical wavelengths, it is straightforward to scale to 8-14 𝜇𝑚 
where the minimum feature size is larger. Then, we will perform proof-of-principle 
experiments with emulated fire spots to test the capability of our metasurfaces. We will 
demonstrate the robustness of our multi-spectral imaging system against fluctuations in 
transparent windows by adding dynamical IR filtering.  

Objective 2: Neuromorphic pre-processing of computational spectral images 
In this objective, we will design reflective metasurfaces that use multiplane light conversion to 
form an optical neural network for the pre-processing of the computational spectral images. By 
reflecting light multiple times from the metasurface before it is sent to the image sensor, we 
can achieve a wide range of linear transformations. Compared to using a multilayer 
metasurface design, such a configuration features the simplicity of having only one piece of 
metasurface and hence is potentially more stable and presents less challenges in the alignment. 
The pre-processed image will have an advantage over the bare image produced by the imaging-
metasurface in Objective 1: Instead of generating many frames of raw image data, here the 
photonic neural network can generate a pre-processed data that is minimum necessary for 
reconstructing a fire-spot image. Thereby we also no longer need a large array of IR detectors.  
Objective 3: Near-infrared (NIR) multi-spectral imaging for vegetation detection 
In this objective, we aim to inversely design resonant metasurfaces for multispectral 
computational imaging that is optimized for vegetation detection, i.e. obtaining images that can 
be processed to indicate areas that are burned in contrast to areas that are still covered by 
healthy vegetation.  
We will achieve this goal by designing a dielectric imaging metasurface that is highly 
transmissive only for a few signature wavelengths. For the NIR that can be used with a silicon-
based image sensor, the metasurface will need to at least achieve two-wavelength images – one 
as a reference wavelength around 690 nm, where the reflectance of healthy vegetation is the 
same as the burned ones, and we will also choose a few other NIR wavelengths that can exhibit 
a pronounced contrast in reflectance, e.g. around 750 nm. The design will also be based on PSF 
engineering for different wavelengths. For such evaluation-purpose imaging, we will only use 
a few wavelengths while focusing on an excellent imaging resolution. The PSFs will all be 
designed to be nearly optimal for computational image reconstruction.  

Outcomes 
The proposed project on meta spectral imaging for wildfire monitoring is expected to yield 
several significant outcomes: 
Development of Advanced Imaging Systems: Creation of a one-shot hyperspectral imaging 
system enabled by metasurfaces, capable of capturing detailed spectral data in a single snapshot 
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without the need for moving parts. This system will significantly enhance the speed and 
resolution of wildfire detection. 
Integration of Neuromorphic Optical Processing: Implementation of an optical neural 
network using multilayer meta-optics, enabling real-time, low-latency, and energy-efficient 
processing of spectral images. This will reduce the computational overhead and data bandwidth 
requirements for satellite communication. 
Prototyping and Validation: Successful fabrication and testing of metasurfaces for thermal 
infrared and near-infrared imaging. The prototypes will demonstrate the robustness and 
effectiveness of the metasurface-based imaging systems in identifying fire spots, smoke plumes, 
and vegetation health. 
Publication and Dissemination: Dissemination of research findings through high-impact 
scientific journals and conferences. The results will contribute to the broader scientific 
community's understanding of metasurface applications in environmental monitoring and 
remote sensing. 
Collaboration and Funding: Establishment of collaborations with relevant research 
institutions and teams focused on wildfire monitoring and climate change. The project will also 
lay the groundwork for securing additional financial support for long-term research in this 
domain. 

Impact 
The successful completion of this project will have a profound impact on wildfire monitoring 
and response, with several key implications: 
Enhanced Early Detection and Response: The advanced hyperspectral imaging and 
neuromorphic processing capabilities will enable rapid and accurate identification of wildfire 
hotspots, smoke plumes, and vegetation health. This will facilitate timely alerts and 
interventions, potentially reducing the scale and damage of wildfires. 
Energy and Cost Efficiency: The metasurface-based imaging systems are ultra-thin, 
lightweight, and thermally stable, making them ideal for space deployment. The reduction in 
onboard energy consumption and elimination of moving parts will lower operational costs and 
increase the lifespan of satellite monitoring systems. 
Environmental and Economic Benefits: Improved wildfire monitoring will help mitigate the 
devastating effects of wildfires on ecosystems, human health, and economies. Early detection 
and intervention can save lives, protect property, and preserve natural resources. 
Technological Advancement: The integration of metasurface technology with neuromorphic 
optical processing represents a paradigm shift in remote sensing and environmental monitoring. 
The project's outcomes will drive innovation in optical technologies, with potential applications 
beyond wildfire monitoring, including climate change studies, natural disaster management, 
and agricultural monitoring. 
Educational and Research Opportunities: The project will provide valuable training and 
research opportunities for students and early-career researchers in optics, photonics, and 
environmental science. It will also raise awareness of the critical role of advanced optical 
technologies in addressing global challenges such as climate change and natural disasters. 
Overall, this project aims to revolutionize wildfire monitoring through cutting-edge optical 
technologies, delivering tangible benefits to society and the environment. 
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Introduction: Global warming is a growing threat to society, which is caused by greenhouse gas 

emissions from ever-increasing energy consumptions. Glass skyscrapers are energy-greedy giants in 

modern cities: their large-area glass windows and facades offer poor thermal insulation against 

temperature variations throughout the year, while their complicated heating, ventilation, and air-

conditioning (HVAC) systems require prodigious energy to maintain an optimal indoor temperature. 

For example, the Al Hamra Tower in Kuwait City (height: 413 m), consumes 116.6 MWh of electricity 

per day, equivalent to 82.6 ton of CO2 emission. Existing solutions include expensive double-paned 

low-emissivity glass windows priced at $70-310/sqft, which yet offer inadequate thermal insulation. 

Thus, economical and energy-efficient technologies are urgently desired to further reduce the HVAC 

energy consumption in glass skyscrapers.  

Photonic radiative cooling materials have been considered as the next generation of energy-efficient 

building envelope, with maximum thermal emissivity that can passively mitigate the energy 

consumption for cooling the buildings. However, the problem of overcooling has been overlooked: they 

continue to radiate heat from buildings even at low temperatures, leading to unwanted heating load 

penalties in winter. Recently, temperature-adaptive radiative coatings successfully addressed this 

problem by self-switching thermal radiation along with temperature changes. Unfortunately, they are 

still limited by problems such as opaqueness, small size, high costs, and poor appearance. The goal of 

this project is to develop economical photonic window films with temperature-adaptive thermal 

emissivity for smart passive thermal regulation of glass skyscrapers. 

Objectives: Our research objectives are to develop practical 

temperature-adaptive radiative window (TARW) films 

based on flexible photonic metamaterials and phase-change 

nanomaterials: (1) Temperature-adaptive thermal emissivity 

around 22 

oC with a large emissivity modulation depth 

(Δε>0.5); visible transparency (Tnon-colored>60%) with rich 

color selection (>10 color options). (2) Scalable economical 

manufacturing with high throughput (>10 m/hour) and low 

costs (<$2/sqft) for roll-to-roll nanoimprinted flexible 

photonic metamaterials. (3) Robustness against UV 

irradiation and thermal cycles. (4) Experimental 

demonstrations and energy-saving calculations. 

Impacts: This project will lead to an economical photonic solution to the gigantic HVAC energy 

consumption by worldwide glass skyscrapers. Our innovative TARW films will cool down glass 

windows in summer as normal radiative coolers, and passively switch to a low-emissivity, heat-

retaining mode in winter. This will provide year-round reduction of the HVAC energy consumption and 

greenhouse gas emissions of glass skyscrapers. Moreover, TARW films can be easily installed to the 

external surface of glass windows and facades with aesthetic advantages. Additionally, this project’s 

impacts will easily extend beyond skyscrapers, ranging from various resident houses to vehicles with 

large glass roofs. Energy-poverty populations will also benefit from this affordable smart material for 

thermal comfort in extreme weather events.  

In conclusion, our research project holds significant promise for drastically decreasing the energy 

consumption and greenhouse gas emissions of glass skyscrapers and significantly contributing to the 

worldwide efforts to fight global warming. 

Executive Summary 

Figure: Proposed low-cost, colored 

transparent TARW films on glass. 
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1. Literature Review 

1.1 Global Warming and Skyscrapers’ Energy Consumption  

Global warming is endangering everyone in a way that has never been so grievous before. Crises 

including extreme weather, sea-level rise, hurricanes, and wild fires are witnessed frequently in recent 

years, leading to numerous climate refugees and economic losses [1]. Human activities associated with 

excess burning of fossil fuels are among the main drivers of global warming via greenhouse gas 

emissions [2]. On the other hand, our modern society has an ever-increasing need for energy and 

hundreds of millions of people in the world are still suffering from energy poverty [3]. Therefore, it is 

extremely important to develop innovative technologies to reduce energy consumption for long-term 

sustainability. Building operations, which account for 30% of global final energy consumption and 26% 

of global energy-related emissions, are in pressing need for energy-efficient technologies [4]. Notably, 

the heating, ventilation and air conditioning (HVAC) system is typically the most energy-consuming 

element and concentrating 38% of the total energy consumption in a building [5].  

Among all buildings, skyscrapers with glass curtain walls are energy-greedy giants: For example, in 

New York City (Fig. 1A), the annual electricity consumption of a skyscraper may be several thousand 

times of that used by a residential building [6]. The Empire State Building consumes 196 MWh of 

electricity per day with 43-ton CO2 emissions [7]. The prodigious HVAC power consumption in 

skyscrapers mainly comes from large-area glass windows and facades with poor thermal insulation 

against large temperature variations throughout the year. For example, even if windows only covering 

15%-25% of the building envelop, they could easily contribute to 40%-70% of the total heat loss of the 

building [8]. Existing solutions include expensive double-paned windows with low-emissivity coatings 

at a cost of $70-310/sqft, but their thermal insulation is still insufficient [9]. Thus, energy-efficient 

retrofit technologies are urgently desired to further reduce the all-season HVAC energy consumption in 

glass skyscrapers. 

 

Figure 1. Skyscrapers in modern cities. (A) Skyscrapers in New York City, U.S. (B) A glass 

skyscraper under construction in Shenzhen, China. Modern skyscrapers are only enveloped by glass 

curtain walls with rather limited thermal insulation. 

1.2 Temperature-adaptive Photonic Radiative Cooling  

Photonic radiative cooling, featured with nearly ideal thermal emissivity and solar reflectance, is 

one promising green technology to passively reduce the energy consumption of air conditioning in 

buildings (Fig. 2A and 2B) [10]. Based on Planck’s law of blackbody radiation, those radiative coolers 
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passively cool down buildings by emitting heat into the cold universe. Meanwhile, solar heating effect 

is minimized for diurnal cooling. Thanks to the great advances in photonics, high-performance radiative 

coolers started to emerge since 2014, which are mostly based on artificial, deep-subwavelength photonic 

nanostructures [11]. In the past ten years, we have witnessed the fast development of scalable-

manufactured photonic radiative coolers, such as microparticle-embedded flexible coatings [12], porous 

polymers [13], and structural materials [14]. 

Nevertheless, further improvements are required for photonic radiative coolers. Though the above 

implementations are all excellent static coolers in summer, they continue to radiate heat in cold weather 

when space heating is needed. As a result, static photonic radiative coolers cause over-cooling problems 

in winter and exacerbate heating energy consumption [15], which has been verified by real-world tests 

and applications. Note that space and water heating almost account for half of global energy use in 

buildings [16]. To eliminate the unwanted heating load penalties, actively switchable radiative coolers 

were invented, whose thermal emissivity can be switched “ON” for cooling and “OFF” for heat-

retaining. Most demonstrations in this field utilized active approaches for switching, including 

mechanical actuation [17], electrical actuation [18], and flip-over Janus membranes [19].  

 

Figure 2. Temperature-adaptive radiative coatings (TARCs). (A) Roadmap of photonic radiative 

coolers [15]. (B) Schematic of (static) photonic radiative cooling [15]. (C) Thermal emissivity of TARC 

as a function of surface temperature [20]. (D) Year-round space-conditioning source energy saving 

advantage of TARC over locally best performing roofs in U.S. cities (red and blue circles indicate 

positive and negative values) [20]. (E) Roll-to-roll fabricated opaque TARC [21]. Inset: a microscopic 

image of the photonic metamaterial structure in TARC. Scale bar: 20 μm. (F) Colored opaque TARCs 

[21]. Scale bar: 1 cm. 

To fully eliminate the energy requirements for the “ON/OFF” switching process, and to facilitate 

deployment and long-term applications, temperature-adaptive radiative coatings (TARCs) were 

invented very recently (Fig. 2C) [20]. One representative technology is our temperature-sensitive 

flexible metamaterial based on the thermally driven phase change of vanadium dioxide (VO2), whose 



3/5 

 

phase-change temperature can be tailored by doping. As such, TARC delivers high radiative cooling 

power with thermal emissivity up to 0.90 exclusively for high-temperature conditions. When the surface 

temperature drops below a preset switching temperature, TARC automatically switches its thermal 

emissivity to 0.20 without external energy input or user intervention, thus retaining heat for the building 

to prevent over-cooling. Energy simulations using real climate database reveal the energy-saving 

advantages of TARC over all existing roof coatings (including static photonic radiative coolers) in 80% 

climate zones of U.S., leading to a paradigm shift in this research field (Fig. 2D). However, this 

prototype of TARC is far from practical application due to its small size and expensive microfabrication 

costs. In 2023, we demonstrated a low-cost colored TARC crafted from recyclable materials with a 

high-throughput roll-to-roll process (Fig. 2E and 2F) [21]. It is estimated that, compared with locally 

most energy-efficient roofs, one house in San Francisco whose 1700-sqft roof is covered by TARC will 

save 12.63 GJ each year, equivalent to the elimination of 2.49-ton CO2 emission. Nevertheless, this 

colored TARC is opaque with poor appearance, severely limiting its deployment on glass skyscrapers 

for all-season energy saving of HVAC energy consumption.  

2. Problem Statement and Objectives 

TARC can help regulate the exterior surface temperature 

of buildings against environmental temperature variations, 

thus reducing their HVAC power consumption. However, 

the opaqueness and poor appearance of TARC severely 

hamper this cutting-edge green technology from practical 

installation onto skyscrapers. The objective of this project is 

to develop economical temperature-adaptive radiative 

window (TARW) films as a next-generation TARC 

technology for smart passive thermal regulation of glass 

skyscrapers (Fig. 3).  

3. Tasks with Work Plans 

3.1 Development of Temperature-adaptive Radiative Window Films (8 Months) 

(1) High visible transparency with decorative colors. The visible transparency of TARW films is of 

critical importance to their deployment on glass windows and facades without impeding magnificent 

views of surrounding environment or ample natural light. Hence, both the photonic structural materials 

and mechanical supporting materials in TARW films should be highly transparent. Moreover, colored 

transparent window films are always demanded by customers for decorative or aesthetic reasons. 

Technological measures to color TARW films without affecting its temperature-adaptive thermal 

emissivity will also be developed in this project. Our research is targeted at developing noncolored 

TARW films with >60% average transparency in the wavelength range of 380-700 nm. For colored 

TARW films, the 380-700 nm wavelength transparency can be arbitrarily designed in the range of 30%-

60% with >10 color options. 

(2) Temperature-adaptive thermal emissivity. Passive radiative coolers operate in the atmospheric 

transparency window of 8-13 μm wavelength (also coined as “sky window”). In order to help 

skyscrapers passively maintain more manageable interior building temperatures in all seasons, the sky-

window emissivity of TARW films should be high in hot weather for strong radiative cooling, and low 

in cold weather for heat-retaining. Therefore, the modulation depth of sky-window emissivity is the 

core technical parameter of TARW films, determining its year-round energy-saving performance. This 

project is aiming at developing noncolored and colored TARW films with a >0.5 modulation depth of 

sky-window emissivity. According to World Health Organization’s Guidelines [22], the switching 

temperature for TARW films will be designed around 22 oC in order to help achieve optimal human 

thermal comfort in skyscrapers with minimum HVAC energy consumption. 

Figure 3. Proposed low-cost, colored, 

transparent TARW films on glass. The 

red and yellow arrows indicate thermal 

emission and solar light, respectively. 
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3.2 Scalable Manufacturing at Low Costs (6 Months) 

The proposed TARW films should be readily upgraded for commercialization, so large-area 

manufacturing at low costs is a mandatory aim of this project. Similar to commercial window films [23], 

TARW films will also be produced using the roll-to-roll processing technology with key technical 

innovations including: (1) judicious selection of component materials, which should all be roll-to-roll 

processable and economical. (2) high-precision and high-throughput nanoimprinting technology to 

mass-produce infrared photonic metamaterials with phase-change nanomaterials. (3) mature laminating 

procedures with high yields. Our research will enable roll-to-roll manufactured TARW films with high 

throughput (>10 m/hour), low costs (<$2/sqft), and micrometer-scale thickness. 

3.3 Durability against UV Irradiation and Thermal Cycles (6 Months) 

Two major reasons for window film deterioration are ultraviolet (UV) irradiation and thermal cycles. 

Firstly, UV irradiation from the sun gradually breaks down the organic chemicals in window films, 

leading to an inevitably fading process. In order to prolong the lifespan of TARW films, UV-resistant 

materials will be investigated and added for enhanced robustness against UV irradiation. Secondly, 

since TARW films will be installed onto the external surfaces of skyscrapers, exposure to extreme 

temperature swings will be another fatal environmental aging factor. The interlayer bonding strength in 

a TARW film has to be large enough to survive a large number of thermal cycles. The proposed TARW 

films will be able to survive 1,000 hours of xenon lamp irradiance and 1,000 thermal cycles between 

10 oC and 60 oC without significant decrease in their thermal regulation performance. 

3.4 Experimental Demonstrations with Energy-saving Calculations (4 Months) 

The passive thermal regulation capability of TARW films on glass will be verified by outdoor 

experiments. Model skyscrapers will be 3D printed and glass windows will be installed on them. Four 

groups of windows will be tested simultaneously: single-paned windows with TARW films, single-

paned windows without TARW films, double-paned windows with TARW films, and double-paned 

windows without TARW films. The 24-hour records of the interior building temperatures will be 

compared and analyzed. Energy-saving calculations of TARW films for skyscrapers will be conducted 

using EnergyPlus simulation [24], where adiabatic approximation, real climate parameters using TWY3 

weather files, and building thermal inertia will be included.  

4. Outcomes 

The completion of this project will yield an innovative smart radiative coating for zero-power 

thermal regulation of glass skyscrapers. The resultant TARW film is a light-weighted, flexible 

membrane with enhanced durability and can be scalable manufactured at low costs. Moreover, the 

installation of transparent TARW films onto the external surfaces of glass windows and facades will 

allow natrual light in and an unobstructed view out (Fig. 4A and 4B). Optional colors of TARW films 

further meet various decorative and aesthetic requirements. When the environment is hot, the TARW 

film is able to effectively cool down the (external) glass via passive thermal radiation. As the 

temperature drops below a preset switching temperature, the TARW film automatically switches to a 

low-emissivity mode and help the (external) glass keep warm. The above emissivity-switching process 

is enabled by the incorporated temperature-sensitive phase-change nanomaterials, whose infrared 

response is amplified by the subwavelength photonic structures imprinted in the TARW film. Therefore, 

the smart thermal regulation capablity of TARW film is totally automatic without any electricity input 

or user intervention.  

The smart thermal regulation performance of TARW film is compatible with multi-paned windows, 

which, optionally with low-emissivity coating(s) and/or trapped gas, are designed for better thermal 

insulation (Fig. 4C and 4D). Since the low-emissivity coating(s) is not deposited onto the external 

surface of the outside glass [25], the installation of TARW films onto existing multi-paned windows 

will not affect its thermal insulation performance. Specifically speaking, the TARW film modulates the 
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temperature of outside glass and further boosts the energy-efficiency of multi-paned windows. 

 

Figure 4. Energy-saving scenarios for TARW films. (A, B) TARW films installed on single-paned 

windows in a hot environment (A) and a cold environment (B). (C, D) TARW films installed on double-

paned windows in a hot environment (C) and a cold environment (D). The red and yellow arrows 

indicate thermal emission and solar light, respectively. The green and purple coatings indicate TARW 

films and low-emissivity coatings, respectively. 

5. Impacts 

The implementation of this project will lead to significant impacts on photonic technology, building 

industry, modern society, and global environment. 

(1) Photonic technology. The development of TARW films is a transdisciplinary research pursuing 

a real-world energy-saving technology based on temperature-sensitive photonic metamaterials and 

phase-change nanomaterials. This project will not only lead to the invention of transparent TARC for 

the first time, but also create a low-cost, nanoimprinting fabrication approach for large-scale photonic 

metamaterials. We envision a future where the contribution of photonic technologies to energy-efficient 

society will be widely acknowledged by the world. 

(2) Building industry. With the uprising concern of global climate change, the world is seeking for 

economical solutions to the energy challenge of glass skyscrapers, especially those aged skyscrapers. 

For example, it was estimated that replacing all 6,514 windows of the Empire State Building with 

energy-efficient new models would cost $20 million in the year of 2009. Our proposed TARW film is a 

suprisingly cheap building envelope material for skyscrapers that has never existed before, triggering a 

pradigm shift of the building industry.  

(3) Modern society. This project’s impacts will easily extend beyond skyscrapers, ranging from 

various resident houses to vehicles with large glass roofs, making widespread impacts on the modern 

society. Furthermore, energy-poverty populations will also benefit from this affordable smart 

technology for thermal comfort in extreme weather events. 

(4) Global environment. The proposed TARW film will be widely adopted to reduce the energy 

consumption and greenhouse gas emissions from HVAC systems in skyscrapers. Owing to the 

thousands of energy-greedy skyscrapers in the world, it is expected that TARW films will significantly 

alleviate global warming with a collosal impact on the global environment.  
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Distributed fiber optic Hydrogen leak detector 
Applicant: Dr. Korina Hartmann, United Fiber Sensing B.V., The Hague, The Netherlands 

Category: Environment 

Challenge 

Global warming is a pressing challenge, with countries covering 88% of global emissions committed 

to net zero goals. Hydrogen is vital in the future energy mix, and pipelines are recognized as a cost-

effective transportation solution, leading to numerous pure hydrogen or blended hydrogen with natural 

gas (NG) grid projects. However, hydrogen’s wide flammability range (4% - 75%) and leak potential 

pose significant safety risks. Although generally considered environmentally benign, recent studies 

show hydrogen emissions can be potent indirect greenhouse gases, highlighting the need for reliable, 

real-time leak detection systems for large-scale applications. Optic sensors which are 100% free from 

electronics offer intrinsic safety and a reliable performance. Current technologies for continuous 

monitoring are inadequate, with traditional point sensors offering limited coverage and few fiber optic 

methods suggesting feasible distributed solutions. 

Project 

The project aims to develop and demonstrate a hydrogen leak detection system capable of continuously 

detecting gaseous hydrogen leaks over distances spanning several tens of kilometers. This system will 

be deployed along hydrogen transport infrastructure using commercially available Distributed Fiber 

Optic Temperature Sensing (DTS) instruments. Trace amounts of hydrogen induce a detectable 

temperature change at leakage points, using Raman DTS technology. This innovative fiber optic sensor 

system provides fully distributed sensing without the need for separate point-based hardware, operating 

passively along the sensor's length. The hydrogen-sensitive coating for the fiber optic sensor is based 

on patented technology invented by Dr. Hartmann. The next development step focuses on employing 

Raman DTS technology for real distributed sensing over unprecedented distances. The system's target 

requirements include a spatial resolution of <1 meter, a detection limit of 0.1% hydrogen, a linear 

response to hydrogen concentrations between 0-4%, and a detection response time of <30 seconds. The 

project plans to refine the hydrogen-sensitive coating for direct application onto optical fibers during 

manufacturing in the draw tower. This research will be multi-disciplinary, combining advanced 

chemistry with specialty fiber manufacturing processes. Key topics include optimizing fiber draw 

speed, curing time and temperature of the coating, and assessing optical fiber characteristics such as 

micro-bends induced by the coating. 

Outcome and Impact 

The result of the project will be a unique, first of its kind, laboratory demonstration of a distributed fiber 

optic hydrogen leak detection system. Meeting the target system requirements on spatial resolution, 

limit of detection, linearity and response time will enable real-time, distributed sensing over several 

kilometers. As such the project will make a significant contribution towards the safety aspects 

associated with the use of hydrogen in production, storage and foremost transport of hydrogen. The use 

of hydrogen in the battle against global warming is on the agenda of almost all major countries across 

the globe, emphasizing the relevancy and potential impact of this project. This scalable detection system 

will be cost-effective, leveraging existing production techniques and off-the-shelf Raman DTS systems, 

thus facilitating the perception of safety in society associated with the use of hydrogen, decrease 

escalation risks of hydrogen leakages and in turn will reduce insurance costs. 
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Literature review 

Hydrogen is a crucial and versatile energy carrier for a sustainable energy future, yet its flammability 

over a wide concentration range (4% - 75%) and potential for leaks pose significant safety challenges. 

Therefore, accurate and reliable hydrogen detection is essential. Traditional hydrogen sensing 

techniques, such as gas chromatography mass spectrometry and specific ionization gas pressure 

sensors, involve ion-pair extraction and mass spectrometry quantification, achieving detection levels 

down to parts per million. However, these methods are time-consuming, costly, require skilled 

operators, necessitate off-site analyses, and depend on matrix-matched calibration standards that are 

not readily available. To overcome these limitations, alternative hydrogen detection methods have 

been explored, including electrochemical, catalyst-based, and resistance-based sensors. Despite their 

utility, these electronic-based sensors consume power and pose safety risks due to potential electrical 

sparks. A more advanced solution necessitates innovative sensors that are fully passive and capable of 

detecting leaks along entire pipelines extending several kilometers. Optical technology offers several 

inherent advantages over electrical measurement methods. These include being inherently explosion-

proof, providing faster response times, experiencing less signal degradation, being more robust, 

having a lower total cost of ownership (TCO), being smaller in size, and enabling multi-parameter 

sensing. Consequently, optical fiber sensors represent a promising approach for enhancing hydrogen 

leak detection, ensuring both safety and efficiency in hydrogen infrastructure. 

Numerous fiber optic technologies have been studied for hydrogen sensing. A comprehensive 

overview of these technologies is available in various reviews [1] [2]. Most efforts have focused on 

developing detectors for discrete point sensors. To enhance hydrogen detection, many sensor 

embodiments use metal or metal oxide coatings that strongly interact with hydrogen at room 

temperature (RT), such as palladium (Pd) and tungsten trioxide (WO3). Palladium selectively absorbs 

hydrogen, forming palladium hydride (PdHx) even at room temperature. The formation of PdHx 

induces changes in the lattice constant, refractive index, density, and stress, affecting acoustic wave 

propagation through the Pd surface layer. Grating-type fiber optic sensors exploit these strain changes 

and are widely studied. However, stabilization of these sensors takes minutes or hours, making them 

unsuitable for leak detection. WO3 also forms hydrogen bronzes at RT, resulting in a detectable color 

change. Fast response times, in the order of seconds, can be achieved by decorating WO3 with a metal 

catalyst such as Pd or platinum (Pt), which facilitates an exothermic reaction with hydrogen. 

Caucheteur et al. demonstrated that covering a Fiber Bragg Grating (FBG) with a WO3 layer doped 

with Pt results in fast response times, high sensitivity, reversibility, and the capability for frequency 

multiplexing [3]. This sensor can detect hydrogen concentrations well below the explosion limit of 4 

vol%, making it highly effective for safety applications. 

Among the various fiber optic methods, only a few published concepts mention the potential for truly 

distributed solutions. Some distributed concepts rely on hydrogen molecules diffusing into the silica 

glass, measuring the induced optical attenuation in the fiber. For example, Delepine-Lesoille et al. 

proposed such solutions, which are promising for slowly evolving hydrogen environments like 

nuclear storages but are too slow for applications such as transport of pure or Natural Gas blended 



hydrogen (H2NG) using pipelines [4]. Other research papers claim potential for fully distributed 

solutions. Early work by Sumida et al. used evanescent field sensing on the colour change of WO3:Pt 

fiber coating, a technology that is inherently lossy and limited to short-length sensing [5]. Recent 

work by Chen et al. probed hydrogen-induced strain changes in a Pd/Cu coated section of fiber using 

Rayleigh backscattering, achieving 1 cm resolution over a 2-meter fiber [6]. However, resistive 

heating of the coating was needed to increase sensitivity, resulting in a complex and expensive 

solution with safety concerns in a hydrogen atmosphere. Yang et al. used stimulated Raman scattering 

to detect and locate the presence of hydrogen in hollow-core photonic crystal fibers, a technology that 

relies on the gas being present inside the fiber and can at best be considered quasi-distributed, likely 

making it prohibitively complex and expensive [7]. Wang et al. probed a fiber with acoustically 

induced traveling long-period gratings (LPGs), a technology greatly limited in length due to the 

acoustic damping of silica [8]. 

Objectives 

In recent years, an increasing number of countries have committed to achieving net zero emissions. 

By April 2022, 131 countries, accounting for 88% of global greenhouse gas emissions, had announced 

net zero targets. As hydrogen gains prominence as a clean energy carrier, its use has expanded across 

transportation, energy storage, and industrial processes. However, hydrogen's inherent flammability 

and potential for leaks pose significant safety challenges, making accurate and reliable detection 

paramount. Beyond safety concerns, large-scale hydrogen leak detection is critical due to recent 

findings that hydrogen emissions, traditionally considered benign, can act as potent indirect 

greenhouse gases when released into the atmosphere [9]. This underscores the need for advanced 

hydrogen sensing methodologies that combine high performance, reliability, and safety. 

The use of hydrogen as an energy carrier needs substantial investment in transport infrastructure, 

including pipelines, conversion, liquefaction units, and storage facilities, which increases initial 

capital requirements. The most practical and economically viable strategy for ensuring comprehensive 

transportation and widespread adoption of hydrogen is through the (re)use of existing natural gas 

grids. Currently, the global pipeline of hydrogen pilot projects is still in its early stages. The United 

States has developed a clean energy strategy, released in September 2022, which includes numerous 

recently announced projects investigating the mixing of hydrogen with natural gas in pipelines. While 

most hydrogen injection projects into natural gas grids are still in the early development stages, some 

have successfully operated with hydrogen blend levels for several years [10]. The European 

Commission's hydrogen and decarbonized gas package, published in December 2021, underscores the 

critical role of hydrogen pipeline infrastructure in promoting market competition, supply security, and 

demand security. Similarly, China, the world's largest hydrogen producer, has introduced standards 

for low-carbon, clean, and renewable hydrogen energy within its Hydrogen Alliance. 

The project aims to develop and demonstrate a hydrogen leak detection system capable of 

continuously detecting gaseous hydrogen leaks over long distances, spanning several tens of 

kilometers. This system will be deployed along hydrogen transport pipelines and networks, including 

H₂NG networks, as well as in compressor housings and Hydrogen Refueling Stations (HRS). 



The detection system will use commercially available instruments for Distributed fiber optic 

Temperature Sensing (DTS). When trace amounts of hydrogen are present, they induce a temperature 

change at the leakage point, detectable using Raman DTS technology as illustrated in Figure 1. 

Figure 1 Distributed monitoring design. The optical fiber is coated with the sensitive material along the needed 

detection length. Hydrogen reacts exothermally with the sensitive coating detectable by  Raman-DTS.  

This novel fiber optic sensor system will provide fully distributed sensing without the need for 

separate point-based sensing hardware, operating passively along the sensor's length. The hydrogen-

sensitive coating for the fiber optic sensor is based on the patented hydrogen leak detector technology 

invented by Dr. Hartmann. Dr. Hartmann has successfully developed a fiber optic hydrogen leak 

detector for point sensing using  two uniform Fiber Bragg Gratings (FBGs) written in a photosensitive 

single-mode optical fiber. The first FBG is coated with WO3:Pt, while the second FBG is uncoated to 

discriminate between temperature variations and hydrogen effects. Typical sensor responses are 

shown in Figure 2. By daisy-chaining multiple detectors, multi-point sensing on a single fiber is 

achieved.  

 

Figure 2 (a)Measured hydrogen concentration induced by the developed sensitive coating applied over 2 cm of 

optical fiber with a Fiber Bragg Grating at different hydrogen concentrations in air and its linear fit in red. (b) 

Measured hydrogen concentration over time from 0-0.5 vol.%. 63.2% of the final value is marked in red. These 

sensor characteristics are expected to be replicated by the developed distributed sensor.  

The next step in the development of novel fiber optic hydrogen leak detection equipment is focused 

on employing Raman DTS technology to achieve real distributed sensing along unprecedented 

distances. Target requirements of such a system include a spatial resolution of <1 meter, limit of 

detection at 0.1% hydrogen and a linear response to hydrogen concentrations between 0-4% and a 

detection response time <30 seconds. The application of the development is the monitoring of 

pipelines for hydrogen and will have a profound impact on public safety in rural areas but also impact 

financial and environmental aspects. To achieve this goal, Dr. Hartmann plans to continue her 

development of the hydrogen sensitive coating such that it can be applied directly onto an optical fiber 

during the manufacturing process in the draw tower. The research of Dr. Hartmann will have a multi-



disciplinary character combining state-of-the-art chemistry with specialty fiber manufacturing 

processes. Parameters such as fiber draw speed, curing time and temperature of the novel coating and 

optical fiber characteristics such as micro-bends induced by the coating are among the topics of the 

planned research. In addition, demonstration of the technology in a laboratory setting is included in 

the project plan. The ambition of Dr. Hartmann is to demonstrate the distributed fiber optic hydrogen 

leak detection system and verify the aforementioned target system requirements on spatial resolution, 

limit of detection, linearity and response time. 

Outcomes 

The result of the project will be a unique, first of its kind, laboratory demonstration of a distributed 

fiber optic hydrogen leak detection system. As such the project will make a significant contribution 

towards the safety aspects associated with the use of hydrogen in production, storage and foremost 

transport of hydrogen. The use of hydrogen in the battle against global warming is on the agenda of 

almost all major countries across the globe, emphasizing the relevancy and potential impact of Dr. 

Hartmann’s current and future work. 

Impact 

Environment 
Global warming is one urgent challenge we are confronted with in our times. Countries that cover 

88% of the global greenhouse emissions committed to the Net zero emission goals. Hydrogen has an 

established place in the energy mix of the future and the use of pipelines for transportation has been 

recognized as a suitable and cost effective solution and is manifested in national strategies around the 

world giving rise to ample H2NG gas grid projects. Hydrogen is generally considered to have minimal 

environmental impact, however recent studies show that hydrogen emissions appear to be a very 

potent indirect greenhouse gas when released to the atmosphere. This adds to the urgency of finding a 

reliable hydrogen leak detection system that can, in real time, indicate the location and severity of 

leaks in large scale applications. In addition, when blending hydrogen with natural gas, a small 

hydrogen leak can be used as an early warning system and mitigates the risk of severe methane 

leakages. 

Science 
Current technologies for continuous leak detection monitoring are not satisfactory for meeting the 

industrial and public area requirements. This becomes obvious when considering the pipeline 

infrastructure on a (multi-)national scale and the ambition to use such infrastructure for pure hydrogen 

or blended hydrogen with NG. State of the art hydrogen leak detection are traditional point sensors 

with limited coverage. Cutting-edge Raman DTS in combination with an optical fiber that can directly 

sense the presence of hydrogen  will enable real-time distributed sensing of hydrogen along distances 

of several kilometers. 

Safety 
Hydrogen has a high flammability across a large concentration range (4% - 75%) and its leak 

potential pose safety challenges. The distributed system allows safeguarding large hydrogen 

infrastructure. The fast responsiveness to concentrations way below the Lower Explosion Limit (LEL) 

of 4% hydrogen is a crucial parameter for the success. Detection of hydrogen leakages in pipelines 

transversing rural areas will increase the safety of the local community. In fact, such a system will 

increase the perception of safety in society associated with the use of hydrogen, decrease escalation 

risks of hydrogen leakages and in turn will reduce insurance costs.  

Cost effectiveness 

The proposed detection system, unlike the current state-of-the-art, is scalable and will effectively 

enforce the widespread adaptation of continuous monitoring of hydrogen which has the potential to 

drastically lower the total monitoring costs. The project proposes adaption of existing fiber optic draw 



tower production techniques which, if successful, will result in a cost-effective scalable production 

method of kilometers of hydrogen sensitive optical fiber. In addition, existing off-the-shelf Raman 

DTS systems will be used in the project limiting the required scope of the work and shortening the 

route to commercial success. 
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Executive Summary: ‘Multispectral Freeform Imaging Spectrometer  

Enhancing Climate Change Monitoring’ 

 

Space-based spectrometers are of high importance for Earth observation and greenhouse gas sensing, 

providing vital information for climate and climate change monitoring. Currently, an ongoing trend 

towards miniaturization and the use of cost-effective small satellites can be observed, while wide field-

of-view (FOV) imaging is considered to offer a huge potential by enabling to capture global data. We 

pursue the development of a novel freeform pushbroom imaging spectrometer, covering the visible, 

near-infrared and thermal wavelength ranges, and focusing light onto 2D detectors, providing both 

spatial and spectral information.  To date, a nominal design of the freeform imaging spectrometer has 

been achieved,  showing a full field-of-view of 120°, nearly reaching Earth observation from limb to 

limb from an altitude of about 700 km, while fitting in a compact design (95 x 50 x 50 mm³). The visible 

(400 – 1100 nm), near-infrared (1100 – 1700 nm) and thermal (8 – 14 µm) spectrometer channels show 

a spatial nadir resolution of 3.5 km, 3.7 km and 6.3 km, and a spectral resolution of 1 nm, 1.3 nm and 

28 nm, respectively. The full optical design comprises 9 freeform mirrors, described using XY 

polynomials up to the 6th order, in combination with 3 diffraction gratings, resulting in a highly 

challenging and costly design for manufacturing and characterisation.  

In this proposal, we pursue the realisation of a laboratory demonstrator of the freeform imaging 

spectrometer, starting from the nominal design towards tolerancing and stray light analysis, 

manufacturing, characterisation and laboratory demonstration. First, the current nominal design 

needs to be optimized towards a manufacturable design taking into account an extensive tolerance and 

stray light analysis, and applying a design for manufacturing approach. Second, the manufacturing of 

the freeform mirrors and the diffraction gratings will be  tackled using ultraprecision diamond tooling, 

followed by the characterisation of the manufactured components using metrology tools in a cleanroom 

environment. Finally, the realization and characterization of a laboratory demonstrator is targeted. Key 

challenges are expected with respect to the advanced freeform optics manufacturing and alignment, 

which will be tackled using Brussels Photonics extreme optics pilot line, present within the engineering 

faculty of the Vrije Universiteit Brussel. Realisation of this demonstrator setup will ease the path 

towards further development and integration within future space missions by creating visibility in the 

field while easing the processes to apply for larger European-funded projects. 

The topic fits within the scope of the Optics Foundation Challenge on Environment, requiring a multi-

disciplinary approach, combining multispectral imaging, freeform optical design and advanced 

manufacturing, benefitting the measurement and monitoring of climate change using satellites. 

We are confident that the freeform imaging spectrometer will pave the way towards improved Earth 

observation and climate monitoring due to its unprecedented wide field-of-view and its extended 

wavelength range. This extended wavelength range, covering the visible, near-infrared and thermal 

wavelength bands, not only enables accurate monitoring of greenhouse gases, but also allows 

differentiation between the reflected and thermally emitted Earth radiation, benefitting the measurement 

of the Earth Energy Imbalance (EEI), which is used as a measure for climate change. Our challenge 

furthermore requires innovative research and technology related to the advanced manufacturing of 

freeform optical mirrors and their integration into the compact design. Consequently, we believe the 

freeform imaging spectrometer will be driving both technological developments and Earth 

science, benefiting future space missions, and contributing to an improved climate measurement 

and monitoring, benefitting all of us.  

 



Proposal: ‘Multispectral Freeform Imaging Spectrometer  

Enhancing Climate Change Monitoring’ 

 

Literature review: introduction and state-of-the-art 

Space-based spectrometers are of high importance for Earth observation and greenhouse gas sensing, 

providing vital information for climate and climate change monitoring, while offering a global coverage 

and daily revisit times [1]. Scientific and technological efforts have been made over the past decades to 

improve the monitoring accuracy. Initially, space-spectrometers tended to use a whiskbroom 

configuration, scanning the Earth perpendicularly to their line of motion, as was the case for the Global 

Ozone Monitoring Experiment (GOME and GOME-2)  [2,3], the Greenhouse Gases Observing Satellite 

(GOSAT) [4], and the SCanning Imaging Absorption spectroMeter for Atmospheric CartograpHY 

(SCIAMACHY)  [5]. The main drawback of these configurations is the presence of a moving mirror, 

leading to a low signal intensity and efficiency due to the point-by-point imaging method, driving the 

transition to wide field-of-view (FOV) pushbroom configurations. The Ozone Monitoring Instrument 

(OMI) was the first wide FOV spectrometer using the pushbroom (staring) configuration [6], and was 

patented in 1998. OMI covers the 270 nm – 500 nm spectral range, features a swath of 2600 km, and 

has a spatial resolution of 13 km x 24 km. Today, the Tropospheric Monitoring Instrument (TROPOMI) 

is considered as a state-of-the-art wide field-of-view space-based spectrometer, developed within the 

framework of the ESA Copernicus space mission and launched in 2017 on the Sentinel-5 Precursor 

satellite [7,8]. TROPOMI comprises a telescope followed by a multi-channel spectrometer, benefitting 

from freeform optics. The instrument features an FOV of 107°, a resolution of 7 km x 7 km, and covers 

spectral bands from UV to SWIR (270 nm – 495 nm (UV/VIS), 710 nm –775 nm (NIR), and 2305 nm 

– 2385 nm (SWIR) [7,8]. An ongoing trend towards miniaturization and the use of cost-effective 

small satellites can be observed, while also extended wide field-of-view imaging is considered to offer 

a huge potential by enabling to capture global data. Freeform optics has been indicated as an enabling 

technology, allowing to decrease the mass and volume of the optical system while enhancing system 

performance  [9,10]. 

We aim to improve the state-of-the-art space-spectrometers by targeting an enlarged FOV of 120°, 

enabling Earth observation from limb to limb at an altitude of 700 km, by considering an extended 

wavelength range covering the visible (VIS), near-infrared (NIR) and thermal wavelength bands, and 

by miniaturizing the design to fit within a single CubeSat Unit. The extended wavelength range enables 

an improved monitoring of the greenhouse gases, while also allowing to study both the reflected 

and thermally emitted Earth radiation, benefitting the measurement of the Earth Energy Imbalance 

(EEI). Miniaturisation of the design is indispensable in view of the use of cost-effective small satellites, 

which can be individually considered or used in satellite constellations.  

A nominal design of our novel wide FOV imaging spectrometer has been successfully achieved, 

comprising of 2 main parts: (1) a telescope that collects light within the FOV of 120° and sends it to the 

spectrometer entrance slit (Figure 1), and (2) a 3-channel spectrometer that diffracts and focuses the 

light onto 2D detectors comprising the spatial information in one dimension and the spectral information 

in the other (Figures 1-4). The imaging telescope comprises two freeform mirrors, mounted off-axis, 

including an aperture stop located at the focal point of the secondary mirror, and guides the light to the 

spectrometer entrance slit. An initial design of the telescope has been successfully manufactured and 

realized in a laboratory proof-of-principle setup [11]. Following the spectrometer entrance slit, a 

freeform collimating mirror is present, guiding the light to the 3-channel spectrometer, covering the 

visible (400 nm – 1100 nm), near-infrared (1100 nm – 1700 nm) and thermal (8 µm – 14 µm) spectral 

bands. Each of the 3 channels comprises 2 freeform mirrors. A fold design approach is used to enable 

the full optical system to fit within one CubeSat unit. To optimize the used space, a transmission grating 

is used in the visible channel (Figure 2), while a reflection diffraction grating is used in the near-infrared 

and thermal channels (Figures 3,4). The total design comprises 9 freeform mirrors, each described using 



XY polynomials up to the 6th order. All three channels show a nearly diffraction-limited performance, 

as indicated by the spot diagram (Figures 2-4), leading to an excellent spatial and spectral resolution as 

indicated in Table 1. The optical design and analysis were performed using Ansys Zemax OpticsStudio. 

To our knowledge, our novel design shows the widest FOV that has ever been realized for space-

based telescopes, nearly reaching Earth observation from limb to limb from an altitude of about 

700 km, while fitting in a compact design (95 x 50 x 50 mm³). 

 
Figure 1: Freeform imaging spectrometer design, comprising the freeform telescope and 3-channel spectrometer design:  

(a) full design, (b) structure of the 3-channel spectrometer, starting from the collimator mirror.  

 

 
Figure 2: Visible (400 – 1100 nm) spectrometer design: (a) layout; (b) spot diagram at 700 nm for field angles of 0° (on-

axis), 20°, 40° and 60° showing a nearly diffraction-limited performance. A similar performance is achieved for the other 

wavelengths.  

 

 
Figure 3: Near-infrared (1100 - 1700 nm) spectrometer design: (a) layout; (b) spot diagram at 1400 nm for field angles of 0° 

(on-axis), 20°, 40° and 60° showing a nearly diffraction-limited performance. A similar performance is achieved for the 

other wavelengths.  



 
Figure 4: Thermal (8 – 14 µm) spectrometer design: (a) layout; (b) spot diagram at 11 µm for field angles of 0° (on-axis), 

20°, 40° and 60° showing a diffraction-limited performance. A similar performance is achieved for the other wavelengths.  

 
Table 1: Simulated spatial and spectral resolution of the 3-channel spectrometer design. 

 Spatial resolution 

at nadir 

Spatial resolution 

at FOV 60° 

Spectral resolution 

at nadir 

Spectral resolution 

at FOV 60° 

Visible channel 3.5 km 5.1 km 1 nm 1.5 nm 

Near-infrared channel 3.7 km 6.1 km 1.3 nm 2.2 nm 

Thermal channel 6.3 km 9.5 km 28 nm 43 nm 

 

 

 

Objective 

This proposed OPTICA Foundation Challenge targets to develop a laboratory demonstrator of the fully 

presented multispectral imaging spectrometer design, comprising 9 freeform mirrors and 3 diffraction 

gratings. Starting from the current optimized nominal design, this requires tackling the following 4 tasks 

and their related challenges:  

(1) Optimization of the nominal design considering manufacturing tolerances and stray light, 

applying a design for manufacturing approach. Tolerance analysis will be performed, evaluating both 

surface and element tolerances, including manufacturing defects on the surface shapes and mechanical 

misalignments respectively, and using a statistical Monte Carlo analysis. Additionally, a sensitivity 

analysis will be included, indicating the worst offenders and thus most significant contributors to the 

performance, enabling their mitigation during the alignment of the demonstrator setup. Following, a 

stray light analysis will be performed in the non-sequential mode, facilitating optimization of the 

mechanical layout and indicating the required positioning of baffles between the channels, after which 

a computer-aided design (CAD) of the laboratory setup will be created.  

(2) Manufacturing of the freeform mirrors and diffraction gratings. The freeform mirrors and the 

diffraction gratings will be manufactured in-house at the VUB B-PHOT Photonics Innovation Centre, 

benefitting from Brussels Photonics (B-PHOT) extreme optics pilot line, present within the engineering 

faculty of the Vrije Universiteit Brussel (VUB). The freeform mirrors will be manufactured in 

aluminium, given its suitable broadband use. Preshaping of the freeform mirrors will be performed 

using a 5-axis Milling Machine (Röders TEC RXP601DSHZ2), starting from the blank material and 

generating a preliminary shape. The optical finishing of the mirrors and the manufacturing of the 

gratings will be tackled using 5-axis ultraprecision diamond tooling (Nanotech 350FG), ensuring an 

optical surface quality.  

 



(3) Characterisation and validation of the individually manufactured components, using in-house 

metrology tools in a cleanroom environment at the VUB B-PHOT Brussels Photonics Innovation 

Centre. The freeform mirror profile will be assessed using a Coordinate Measurement Machine (CMM 

- Werth Video Check UA 400x400x200 3D) and a non-contact 3D optical profiler (Taylor Hobson 

Luphoscan 420 HD). The surface roughness will be examined using a white-light Interferometer 

(Bruker Contour GT-I). The grating profile will be characterized with an Atomic Force Microscope 

(Bruker Dimension Icon). 

(4) Laboratory demonstrator setup and performance evaluation. A laboratory demonstrator will be 

realized, first considering the telescope in combination with each of the 3 spectral channels separately, 

and followed by the mounting and evaluation of the full design. The components will be precisely 

mounted using a combination of standard opto-mechanics and custom mounts. Translation stages with 

micrometer actuators will facilitate the alignment of critical components. Subsequent characterization 

of the design will build on the present expertise related to the characterization of imaging systems  [12]. 
For each of the 3 spectrometer channels, the image resolution will be determined by measuring the 

Modulation Transfer Function using a slanted edge approach, and the spectral resolution will be 

evaluated using calibrated light sources. The design tolerances will be experimentally determined, 

impacting the future integration of the components within the CubeSat.  

 

Risk mitigation 

Based on the experience gained from the realisation of a first version of the freeform telescope, we 

believe the stated challenges are feasible. The manufacturing and characterisation of the freeform 

mirrors and diffraction gratings will significantly benefit from VUB B-PHOTs state-of-the-art pilot line 

for freeform optics, which has been previously successfully applied for e.g. the realisation of diffraction 

gratings, a freeform mirror for ultra short-throw projection, a freeform beam-shaping lens for laser-

cutting applications, and freeform mirrors for head-up displays. The in-house manufacturing is 

considered as an important advantage, enabling a close collaboration with the manufacturing 

technology experts. As soon as the components for one subpart of the setup are available (telescope, 

visible channel, near-infrared channel or thermal channel), a subpart of the full setup will already be 

mounted, evaluated and compared to the simulations, enabling early identification of potential defects 

or re-optimization needs, which can then be addressed through a manufacturing iteration. 

A highly challenging alignment of the mirrors is anticipated, both during the manufacturing process 

and during the assembly of the laboratory setup. This will be managed by the implementation of 

alignment features within the design. Custom mounts may be used to facilitate the alignment, which 

can be 3D printed within the Photonics Innovation Centre.  

A total project duration of 18 months is envisioned (see also the Timeline), accounting for 

manufacturing lead times and allowing for iterations in the manufacturing process. To enable these 

iterations, the different tasks will be partly performed in parallel.  

 

Outcome 

As main outcome, a laboratory demonstrator of the full freeform imaging spectrometer is targeted, 

including a comprehensive evaluation of its performance in terms of imaging quality (Modulation 

Transfer Function and resolution), spectral resolution, power budget, and efficiency. Additionally, a 

practical assessment will be made on the design and mounting tolerances, necessary for further 

development and integration. This laboratory demonstrator is expected to play a pivotal role in the 

future development of the imaging spectrometer and eventually satellite. The challenging nominal 

design and its high prototyping costs are currently hampering the development chain, causing 

difficulties in attracting space industry partners and/or to secure ESA funding. We believe that receiving 



the OPTICA Foundation recognition will not only boost the technological developments, but will also 

allow to gain visibility in the field of space optical instruments and enable to reach out to the space 

industry.  

 

Impact 

The development of the laboratory demonstrator of the 3-channel wide-field-of-view space-based 

spectrometer is expected to pave the way towards larger space projects and its integration onboard 

of a small satellite at Low-Earth-Orbit, at an altitude of 700 km, driving future space missions that 

enable improved Earth observation and greenhouse gas sensing. 

For the realisation of the satellite, the use of a SmallSat platform can be considered (such as a PROBA 

technology demonstration mission), or alternatively the satellite could be considered as a companion to 

other Earth-observing missions, as e.g. the Earth Climate Observatory (ECO) [13,14]. ECO is one of 

the four selected mission ideas for the ESA Earth Explorer 12 mission and aims to measure the 

difference between incoming solar radiation and outgoing terrestrial radiation using a satellite 

constellation, where each satellite comprises four wide field-of-view radiometers. Our proposed 3-

channel spectrometer would enable an enhanced interpretation and measurement of the greenhouse 

gases. The Royal Observatory of Belgium has already shown interest in the spectrometer design as a 

potential CubseSat companion to the ECO satellite.  

Climate and climate change are controlled by complex and delicate mechanisms, impacted by essential 

climate variables linked to the Earth radiation budget and greenhouse gases in the atmosphere. Our 

proposed 3-channel imaging spectrometer is expected to advance the state-of-the-art pushbroom 

spectrometer designs by offering an extended wavelength range (Figure 5) and an extremely wide 

field-of-view, combined with a good spatial resolution < 10 km at nadir for each of the 3 channels. The 

extended wavelength range enables to improve greenhouse gas sensing while considering both the 

reflected and emitted Earth radiation, where the latter thermal radiation is currently not monitored by 

OMI and TROPOMI. The extended FOV of 120° enables a nearly limb to limb observation from an 

altitude of about 700 km and is, to our knowledge, the widest FOV that has ever been realized for a 

space-based telescope.  

 
Figure 5: Indication of the extended wavelength range that can be achieved with our proposed 3-channel spectrometer, and 

the corresponding greenhouse gasses impacting the spectrum. (adapted from [8]). 

 

Summarized, we believe our proposed design paves the way for future space missions, enabling an 

improved Earth observation and greenhouse gas sensing, advancing climate change monitoring while 

contributing to the Sustainable Development Goals (SDGs), and particularly Climate Action, leading 

to an enhanced climate mitigation, benefitting all of us.  
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EXECUTIVE SUMMARY:  
A sensing toolbox based on polarimetric spectroscopy for continuous real-time 

monitoring of blood biomarkers 

Prof. Dr. phil. Lilian Witthauer 

Global Challenge:  
The global challenge addressed by this proposal is the need for comprehensive, real-time 
metabolic monitoring to improve personalized healthcare and facilitate early disease 
detection. Current methods for clinical metabolomics are complex, costly, bulky, and time-
consuming, providing only snapshot assessments of an individual’s metabolic state. These 
methods, such as liquid and gas chromatography (GC), mass spectrometry (MS), and nuclear 
magnetic resonance spectroscopy (NMR) require extensive sample preparation and trained 
personnel, restricting their usability to disease aetiology and discovery. To also address 
therapy and management of diseases, continuous, real-time metabolic monitoring is 
necessary. Sensor-based, real-time metabolomics would be transformative for precision 
personalized medicine, offering continuous insights compared to the end-point diagnostics 
provided by traditional GC-MS and NMR metabolomics. This shift would enable more dynamic 
and responsive healthcare interventions, significantly improving disease management and 
patient outcomes.  

The Proposed Project:  
This project, fitting into the health category of the OPTICA foundation challenge, aims to 
develop a polarimetric spectroscopy-based toolbox for the sensitive, specific, continuous and 
real-time tracking of blood biomarkers. Polarimetric spectroscopy leverages the optical 
rotation properties of chiral molecules and spectroscopic fingerprinting in the visible and near-
infrared range to detect various metabolites in the human body. The proposed project will 
integrate this technology into a photonic integrated circuit (PIC), with the future goal of creating 
an implantable device capable of delay-free continuous metabolite monitoring. The 2-year 
project will be executed through three primary aims: 

- Monte Carlo Simulation: Perform optical simulations to optimize the design 
parameters, component placement, and signal detection of the polarimetric 
spectroscopy system. 

- PIC Design and Fabrication: Design and fabricate a miniaturized PIC that incorporates 
the polarimetric spectroscopy setup, focusing initially on glucose monitoring with the 
potential to expand to other metabolites. 

- In Vitro Tests: Conduct in vitro studies to evaluate the PIC’s optical, mechanical, and 
biochemical performance, assessing its sensitivity and accuracy in detecting glucose. 

Outcomes & Impact:  
The project will result in a first prototype of a PIC tailored for real-time continuous glucose 
monitoring, with the potential for future multi-metabolite sensing capabilities. The 
implementation of a sensor based on polarimetric spectroscopy has only recently become 
feasible, thanks to advances in complex algorithms and the availability of miniaturizable 
hardware necessary for this technology.  
The broader impact of this project extends to the management of chronic diseases beyond 
diabetes, including cardiovascular, inflammatory, and metabolic disorders. By enabling 
continuous monitoring of multiple metabolites, the device will facilitate early disease detection, 
personalized treatment, and improved patient outcomes. For instance, monitoring biomarkers 
such as lactate, cholesterol, and cytokines can provide early warnings and better management 
of ischemic events, metabolic stress, and disease progression, ultimately enhancing the 
efficacy of treatments and reducing healthcare costs. The proposed project not only advances 
continuous real-time monitoring of blood biomarkers but also contributes to the understanding 
and development of effective polarization management strategies in PICs. 
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lilian.witthauer@unibe.ch 

1. Literature Review 

Human physiology and pathology imprint a distinctive chemical signature into the 
bloodstream. This fingerprint, composed of a vast array of small molecules known as 
metabolites, holds immense potential to inform personalized medicine. By analyzing these 
metabolites, we can gain valuable insights into an individual's health, disease susceptibility, 
and response to treatment [1], [2]. Despite the advancements in metabolomics - the science 
of decoding these metabolites - there remains a significant challenge to leverage 
metabolomic data for immediate clinical use. There exists no method for the real-time, 
sensitive, and specific tracking of a diverse set of metabolites over a large 
concentration range in everyday environments. The proposed project addresses this gap. 
Current methods for clinical metabolite analysis involve complex procedures that are not only 
costly and time-consuming but also require extensive sample preparation and the expertise of 
trained personnel. These methods, such as liquid and gas chromatography [3], [4], nuclear 
magnetic resonance spectroscopy [5] and mass spectrometry [4] while precise, are hardly 
scalable for real-time or continuous personalized diagnostics. Thus, assessing clinically 
relevant parameters typically offers only a snapshot at a singular timepoint. Continuous 
monitoring of metabolites for real-time metabolomics via sensors remains elusive. One 
exception in clinical practice is the management of diabetes, where continuous glucose 
monitoring devices (CGM) [6] have become the standard of care. A CGM device is composed 
of a sensor, a transmitter, and a monitor (e.g., smartphone) that lets the person view the 
glucose levels. Commercial continuous glucose monitors include models from Dexcom, 
Medtronic, Abbott, and Ascensia and measure the glucose levels in the interstitial fluid of the 
subcutaneous tissue. This is either done via a minimally invasive needle-like sensor or with a 
small implant (only Eversense). Except for the Eversense system, all CGM devices use 
amperometric sensors relying on the enzymatic reaction between glucose oxidase and 
glucose as originally proposed by Clark [7] and have accuracies of 8-10 %. This reaction 
generates hydrogen peroxide, which is then oxidized at an electrode, producing a current 
proportional to glucose concentration [8]. The measurement principle of the Eversense sensor 
is based on a fluorophore (anthracene) that is bound to a polymer and has an appended ortho-
aminomethylphenylboronic acid that serves as a glucose receptor (indicator) [9], [10]. In the 
absence of glucose, electron transfer occurs between the tertiary amines and the anthracene 
causing quenching of the fluorescence. When a glucose molecule binds to the boronic acid, 
weak boron-nitrogen bonds are formed resulting in reduced quenching and a fluorescence 
proportional to the glucose concentration. These systems have made significant 
advancements in metabolic monitoring, however, commercial solutions are currently limited to 
sensing of glucose. Besides glucose, the first companies (Abbott, SIBIONICS) have 
announced continuous ketone sensors [11], [12]. In addition, non-medical consumer-grade 
lactate monitoring devices (K'Watch Athlete) have recently come to the market. Apart from the 
announced system by Abbott and a sensor recently introduced in nature biomedical 
engineering [13] current methods for measuring ketones and lactate are largely separate from 
glucose monitoring, requiring additional devices. To close this gap and to allow multiplexing of 
several metabolites further advancements in sensing technologies going beyond current 
electrochemical sensors are needed.   
Expanding beyond diabetes, the demand for continuous monitoring in healthcare settings 
continues to grow, driven by the need for early detection, personalized treatment, and 
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improved patient outcomes. Sensing additional metabolites such as cortisol, glucagon, growth 
hormone, epinephrine, and incretin hormones, could allow for a more holistic perspective of 
metabolic and cardiovascular health [14]. A holy grail for multi-metabolite monitoring is 
certainly a non-invasive device, however, methods based on various optical technologies 
including infrared spectroscopy, Raman spectroscopy, fluorescence spectroscopy, optical 
coherence tomography, polarimetry, and photoacoustic spectroscopy have not been 
successful so far [8] mainly due to poor accuracy, consistency issues,  adverse effects, and 
poor hardware adaptability. On the other hand, two implantable devices based on near-
infrared spectroscopy have shown promising results for glucose, however, while the device by 
Anima [15], was discontinued the Indigo device is still in early development. Additionally, 
results from other technologies, such as single-molecule sensing based on free particle motion 
have recently been published in Nature Communications [16]. The existence of these projects 
highlights the pressing need for a comprehensive sensing solution that can enable real-time 
metabolomics in a resilient, scalable, and cost-effective way. 

2. Problem Statement/Objective 

Despite the critical role metabolites play in understanding physiological states and disease 
processes, current diagnostic methods are ill-equipped for real-time continuous monitoring of 
a broad spectrum of metabolites. GC-MS, NMR technology are not miniaturizable, which 
significantly limits their use as on-body applicability, and current sensors have not yet been 
optimized for effective multi-metabolite detection. 

This project aims to fill this significant gap by developing a polarimetric spectroscopy-based 
toolbox for the sensitive, specific, and real-time tracking of blood biomarkers. This 
toolbox will have metabolite-specific and customizable sensor options for personalized 
healthcare by enabling continuous and adaptable monitoring and assessment of an 
individual's health status and response to treatments. Polarimetric spectroscopy combines the 
measurement of optical rotation of chiral substances with the advantages of spectroscopic 
fingerprinting. Many molecules in the human body are known to be chiral (sugars, amino acids, 
nucleotides and nucleic acids, cholesterol, cortisol, testosterone, epinephrine, melatonin, etc.); 
this chirality affects the light transmitted through a sample containing chiral molecules by 
rotating the light’s polarization. The polarization rotation φ depends on the specific rotation α 
of the chiral molecule, its concentration c, and the path length l that light travels through via 
the equation 𝜙𝜙 = [𝛼𝛼]𝜆𝜆,𝑝𝑝𝑝𝑝

𝑇𝑇 ∙ 𝑐𝑐 ∙ 𝑙𝑙. In the concentration range of metabolites in the human blood, 
the induces rotation change is small, i.e. in the order of millidegrees. Thus, to extract a signal 
from the multitude of background contributions a modulation of the polarization is necessary. 
In a recent study we were able to show that the modulation can be done through polarization 
switching using the setup shown in Fig. 1. A laser diode module (4.5 mW at 532 nm) together 
with a Glan-Thompson polarizer (GTP) was used to generate a linearly polarized beam. The 

Figure 1: Schematics of the experimental setup (1) Light source, (2) 
Beamsplitter, (3) Telescope system, (4) Chopper, (5) Polarizer, combiner, (7) 
Sample, (8) Analyzer, (9) Signal detector, (6) Beam (10) Reference detector. 

Figure 2: Relationship between glucose 
concentration and intensity 
measurements 
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beam was divided into two arms via a beam splitter. An optical chopper was used to create 
pulsed beams with a temporal delay between the two arms. Each of the beams was guided 
through a GTP that was set to +1 and -1 degrees, respectively (0 is perpendicular to the table 
plane). The two beams were recombined using a beam splitter resulting in a beam with square-
wave modulated polarization. An additional GTP acted as an analyzer and the beam intensity 
was measured with a photodiode. The resulting intensity for a chiral sample (aqueous glucose 
solution) depends quadratically on the glucose concentration (Fig 2.), the results are currently 
under review for publication in Biomedical Optics Express.   
By conducting this measurement at different wavelengths in the visible and near-infrared 
range, we can further expand the sensitivity and specificity of this measurement technology to 
different molecules. In the near-infrared (NIR) range (750-2500 nm), many molecules absorb 
light that matches the frequency of their vibrational and rotational motions (periodic motion of 
atoms in a molecule, stretching and bending of intramolecular bonds). When the molecule is 
in its ground state, such a vibration is called a fundamental vibration, when more energy is 
absorbed by the molecule, overtones can be excited. The corresponding NIR spectra of 
different metabolites thus show many peaks corresponding to different functional groups of 
the molecule.  The analysis of these spectra requires advanced algorithmic processing, 
which has only recently become feasible.  
Recent advancements in Photonic Integrated Circuits (PIC), will allow us to integrate 
the polarimetric-spectroscopy-based setup into an implantable miniature device that 
will be able to measure metabolite concentrations in blood in real time without any delay. The 
real-time sensing in blood will be achieved by an extravascular implant on the vessel wall. The 
proximity to the blood without being directly in the bloodstream (increased risk for thrombosis) 
itself seems to be the ideal trade-off between invasiveness and a precise, delay-free 
measurement. Possible implantation sites could be at a superficial blood vessel (for example 
vena radialis or carotid artery). Veins have the advantage of being very thin-walled (see-
through), however, arteries offer more stability and less vasoconstriction and dilatation effects. 
The implantation on the vessel wall is expected to 
induce only minimal foreign body response [15], [17] 
and hence would allow for a long implantation time 
(potentially 8-10 years) and a stable signal with only 
few calibrations. Surgical implantation at superficial 
blood vessels are well known from other devices such 
as the barostim device [17], [18], [19], [20], [21]. 
Depending on the exact sensor location only the 
sensor head could be implanted, and a readout unit 
could either be wireless on the skin or could be placed 
under the skin near the implant (Fig.3).  
This two-year project will make a significant contribution to the overarching goal of an 
extravascular implant by conducting the following three aims: 

Aim 1: Monte Carlo Simulation  
Under Aim 1 we will perform optical simulations of the polarimetric spectroscopy system to 
find the correct design parameters such as geometry and components and identify potential 
challenges in detecting and quantifying blood biomarkers. For the simulation, we plan to use 
existing Monte Carlo simulation tools such as Pol-MC [22] or PyTissueOptics [23].  
Objectives: 

a) Path Length Optimization: 
- Develop simulations to determine the maximum allowable path length to minimize 

depolarization effects. 
- Analyze the relationship between path length and signal-to-noise ratio (SNR). 

b) Scattering Effects:  
- Model the influence of scattering on the polarimetric signal. 

Figure 3: Possible embodiment for the implantable 
sensor. 
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- Evaluate the impact of different types of tissues and blood compositions on signal 
integrity. 

c) Component Placement and Signal Optimization: 
- Identify which components of the system need to be implanted versus those that can 

remain external. 
- Optimize the placement of components to balance invasiveness and signal quality. 
- Simulate various configurations to determine the optimal arrangement of components 

to maximize signal strength and accuracy. 

Aim 2: PIC Design and Fabrication  
Based on the benchtop prototype and the results from the simulation under Aim 1, we will 
design and fabricate a PIC that integrates the polarimetric spectroscopy setup into a 
miniaturized device with the potential to be integrated into an implantable device in the future. 
Objectives: 

a) Design Specifications: 
- Develop design specifications for the PIC, focusing on a two-chip system with 

implantable and non-implantable parts. 
- The initial design will focus on single-wavelength measurements for glucose, with 

provisions for future upgrades to multi-band measurements to accommodate 
additional metabolites. 

b) Polarization Management:  
- Design and implement a polarization management system. The polarization angle of 

the light will be tuned by modifying the light splitting ratio among the two Grating 
Couplers, e.g. a tunable Mach Zehnder Interferometer (MZI). Alternatively, the 
polarization modulation can be achieved by combining a tunable coupler with a phase 
shifter to control the phase delay. A similar concept has shown success in transforming 
path entanglement into polarization entanglement [24]. 

- Integrate anti-reflection coatings and nanostructures to minimize unwanted light 
scattering. 

c) Fabrication: 
- Collaborate with CSEM and the Optical Nanomaterial Group at ETH Zurich for the 

fabrication of the PIC on a Lithium Niobate (LNOI) platform. 
- Ensure the fabricated PIC meets the design specifications and is suitable for in vitro 

testing. 

Aim 3: In Vitro Tests  
Lastly, we will conduct in vitro studies to evaluate the optical, mechanical, and physiochemical 
responses of the PIC prototype, and assess its sensitivity and accuracy in detecting and 
quantifying glucose.  
Objectives: 

a) Optical and Mechanical Evaluation: 
- Assess the optical performance of the PIC, including polarization modulation and 

signal detection capabilities. 
- Evaluate the mechanical optical stability and durability of the PIC under simulated 

physiological conditions. 
b) Sensitivity and Accuracy Testing: 

- Use synthetic and real blood samples spiked with different glucose concentrations to 
test the sensitivity and accuracy of the PIC in detecting glucose. 

- Compare the PIC's performance with current standard methods. 
 

3. Outcome(s) 

Specific Outcome Aim 1: A detailed simulation report outlining the optimal design 
parameters, component placement, and potential challenges, providing a solid foundation for 
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the subsequent design and fabrication of the Photonic Integrated Circuit (PIC).  
Specific Outcome Aim 2: A fabricated PIC prototype ready for in vitro testing, demonstrating 
the feasibility of real-time continuous glucose monitoring with the potential for expansion to 
other biomarkers.   
Specific Outcome Aim 3: An evaluation report demonstrating the PIC prototype's 
performance, sensitivity, and accuracy, with recommendations for further optimization during 
the next prototype cycle  
General Outcome: The outcome of the project is a first prototype of a photonic integrated 
circuit tailored to real-time, continuous and delay-free monitoring of glucose with the intention 
to perform further research to sense multiple blood biomarkers.  

4. Impact 

Multi-metabolite monitoring offers a promising approach to diagnosing and managing 
chronic diseases, including metabolic disorders, cardiovascular disease, nerve injury, 
inflammatory disease, and tumors. For instance, diabetes affects more than 537 million 
people worldwide. Despite advancements in insulin therapy, CGM, and adjunct therapies, only 
about a quarter of people with diabetes achieve target glucose ranges. Insulin therapy's 
complexity, coupled with risks of hypoglycemia and weight gain, underscores the need for a 
broader metabolic understanding. Factors like carbohydrate, fat, and fiber content, along with 
fluctuations in regulatory hormones such as cortisol and glucagon, impact glucose levels and 
insulin requirements. These variations, influenced by stress, illness, and physical activity, 
challenge accurate insulin sensitivity prediction. Current CGM systems, relying solely on 
glucose measurements, struggle to adapt quickly to these changing needs. Monitoring 
additional metabolites such as ketones and lactate alongside glucose would allow closed-loop 
systems to detect metabolic shifts early, ensuring precise insulin dosing and timely 
interventions to prevent severe complications such as hypoglycemia and Diabetic 
Ketoacidosis. This approach would reduce the need for hospitalizations, including ICU stays. 
By enabling tighter glycemic control, long-term diabetes complications could be reduced, and 
related healthcare costs lowered. Beyond diabetes, multi-metabolite monitoring can 
significantly impact the management of other diseases. In cardiovascular disease, 
monitoring biomarkers such as lactate, cholesterol, and triglycerides can provide early 
warnings of ischemic events or metabolic stress, enabling timely interventions to prevent heart 
attacks or strokes. For inflammatory diseases and tumors, tracking metabolites like 
cytokines and oncometabolites can help in assessing disease progression and response to 
therapy, allowing for more personalized and effective treatment plans. Additionally, in cases of 
nerve injury, metabolites like neuropeptides and neurotransmitters can provide insights into 
the extent of injury and recovery progress, guiding rehabilitation strategies.  
To summarize, multi-metabolite monitoring supports personalized treatment strategies tailored 
to individual metabolic profiles and lifestyle factors, enhancing treatment efficacy, patient 
satisfaction, and overall quality of life. Our sensing toolbox will enhance diagnostic capabilities 
by providing a rapid, accurate tool for early disease detection and monitoring, benefiting a 
wide range of chronic conditions beyond diabetes. Besides enabling real-time blood biomarker 
monitoring, the project contributes to the understanding of polarization management in PICs. 
The results from this project will be published in reputable journals such as Biomedical Optics 
Express, and Nature Biomedical Engineering. Additionally, we will present at conferences 
such as the OPTICA Sensors Conference and the IEEE EMBS Annual Conference.  
In addition to the research output, the project will provide educational resources and hands-
on experience in the development of photonic sensing technologies for students and 
junior researchers at the University of Bern. Furthermore, the project will help me establish my 
research group in sensing and monitoring, making a significant contribution towards 
fulfilling my tenure conditions. 
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The ever-growing data traffic of the internet, fueled by recent advancements in AI and big 
data, is imposing significant challenges on optical communication infrastructures. Over 
the last few years, remarkable efforts have been dedicated to increase the capacity of 
communication links, particularly exploring the massively parallel wavelength division 
multiplex (WDM) communications. However, conventional approach employing laser 
arrays as the light source suffers from drawbacks in stability and coherency, resulting in 
substantial power consumption in both wavelength multiplexing and digital signal 
processing (DSP). 
 
Recently, microcomb has attracted a lot of attentions as a promising candidate to 
overcome this problem. One microcomb can provide hundreds of equally-spaced 
wavelengths, which can support high-capacity communication. However, previous 
microcomb-based communications rely on bulky and power-hungry pump lasers, thereby 
causing a disadvantage in terms of energy efficiency. 
 
In this project, we propose to develop a fully chip-based and power-efficient microcomb 
to drive communication links. We will leverage self-injection locking technology, which 
enables coherent microcomb generation by laser-diode pumping, without relying on any 
bulky equipment or auxiliary electronics. Based on ultra-high Q S3N4 microresonators (Q > 
2.6 × 108) manufactured by CMOS foundry, we can achieve high coherence between 
each comb line, whose linewidth can reach Hz level. Furthermore, the self-injection 
locking technique enables the generation of a dark pulse, allowing for a conversion 
efficiency exceeding 80%, which can overcome the energy efficiency problem of 
microcombs used in previous communication systems.  
 
At the system level, we propose a novel WDM coherent communication architecture that 
fully leverages the advantage of microcombs in massive parallelization and high 
coherence. This communication system will incorporate over 150 channels, covering 
C+L+S band, with each channel capable of supporting high-order coherent modulation 
formats, which leads to beyond 100 Tb/s aggregate data rate. Importantly, such high 
capacity is achieved with significantly improved energy-efficiency: the equal spacing of 
comb lines eliminates the need for wavelength control; more importantly, the constant 
phase relation among different comb lines can significantly reduce 99% of coherent DSP, 
leading to less than 1pJ/bit energy efficiency. With these advantages, we envision a 
high-capacity, power-efficient communication system which should have a profound 
impact on the future of the telecom and datacenters. 



Microcomb-driven Communication Link with 100Tb/s Data Rate and 
Energy-efficient Operation 

 
Literature Review 
 
The ever-growing data traffic of the internet, fueled by recent advancements in AI and big 
data, is imposing significant challenges on optical communication infrastructures. Over 
the last few years, remarkable efforts have been dedicated to increasing the capacity of 
communication links, including the exploration of massive wavelength division multiplex 
(WDM) systems, higher channel bandwidths, as well as higher-order communication 
modulation formats. However, these approaches come at the expense of increased 
hardware requirements and power consumption: For WDM systems, expanding the 
channel number often involves adding more individual lasers, which makes precise 
wavelength control a critical task [1]; for an individual channel, high-bandwidth and high-
format transmission requires extensive digital signal processing (DSP), particularly for 
coherent communications [2].  
 
One promising solution to address the energy-efficiency problem of high-capacity 
communication is using an optical frequency comb to drive the communication link. A 
comb consists of multiple equally distributed frequency lines, which can support the 
massive parallelization for WDM in a single source. Importantly, the recent development 
of microcomb provides a path to achieve OFC generation on a chip [3], leading to 
numerous demonstrations of microcomb-driven, high-capacity communication systems. 
In 2014, Joerg Pfeifle et al. reported the first experimental demonstration of coherent data 
transmission using 20 microcomb channels, achieving a total data stream of 1.44 Tbit s-1 
[4]. In 2017, by interleaving two dissipative Kerr solitons (DKS) combs, Pablo Marin-
Palomo et al. used a total of 179 comb line carriers to achieve an aggregate line rate of 
55.0 Tbit s−1 transmitted over a distance of 75 km [5]. In 2020, a high spectral efficiency 
of 10.4 bits/Hz was realized by using a high modulation format of 64 QAM with a low 
comb-free spectral range (FSR) spacing of 48.9 GHz in the report of Bill Corcoran et al. 
[6]. In 2022, Yong Geng et al. used coherence-cloned Kerr soliton microcombs to show 
the ability of the DKS microcomb coherence to simplify traditional digital signal processing 
algorithms [7]. In 2022, our group demonstrated a microcomb-driven silicon photonic link 
with 50 Gbaud PAM4 format and an aggregate bit rate of 2 Tbit s−1[8]. 
 
Problem statement/Objective 
 
Despite remarkable progress, the practical implementation of microcombs for real-world 
applications remains elusive. One big challenge is the integration. Although 
microresonators for comb generation can be integrated on-chip nowadays, their pumping 
lasers are usually bench-top ones. Particularly, for coherent communication, a narrow 
linewidth pump laser is essential, which is usually bulky and expensive. Additionally, the 
conversion efficiency poses another difficulty. The most commonly used coherent comb 
state, bright soliton, exhibits a conversion efficiency of around 1-2%, resulting in a main 
disadvantage in energy efficiency for communications using microcomb. Meanwhile, the 



converted power is distributed to combs lines unevenly, which further degrades the 
effective wall plug efficiency.  
 
To address these challenges, we propose to develop WDM coherent communication 
technologies based on fully chip-based, power-efficient microcombs. We will use our 
recently developed self-injection locking technology, which enables coherent microcomb 
generation by laser-diode pumping, without relying on any bulky equipment or auxiliary 
electronics. Moreover, to further improve energy efficiency, we will leverage the highly 
coherent nature of comb lines to remove all the coherent DSP consumption. This 
combination will lead to a 100 Tb/s-capacity, energy-efficient communication system, as 
shown in Fig.1A. 
 

 
Fig. 1 (A) Proposed microcomb-based, power-efficient coherent communication link; (B) Fully on-
chip, energy-efficient coherent microcomb generation based on wafer-scale CMOS Si3N4 
production; (C) Microcomb-based phase locked loop for reducing DSP consumption. 
 
Outline of tasks  
 
This project comprises two main tasks: At the device level, we will develop a fully chip-
based microcomb generator that has a near-unity nonlinear conversion efficiency and 
flat envelope; At the system level, we will construct a new microcomb-based coherent 
communication link with high capacity much higher than those of any integrated photonic 
link so far. The high coherence of the microcomb will lead to no wavelength control and 
nearly no coherent DSP consumption for the system, significantly improving the energy 
efficiency. A detailed description is given below: 
 



1.Fully chip-based, power-efficient microcomb generation  
 
To achieve an operationally simple, fully chip-based microcomb, there are two challenges 
to overcome: the complexity of tuning schemes and feedback loops used in conventional 
microcomb pumping setups, and the high-power requirement for the pump laser. In this 
work, we will address this problem by using an ultra-high-Q microresonator and applying 
the self-injection locking strategy for microcomb generation (Fig.1B) based on the 
technologies recently developed by our team. 
 
Microresonators with ultra-high Q are based on a wafer-scale, CMOS foundry fabrication 
process for Si3N4 [9]. The thickness of Si3N4 will be selected to achieve the balance 
between high Q and dispersion engineering flexibility for broad-band comb generation. In 
fabrication, advanced lithography and etching have been well developed, ensuring low 
scattering loss from the sidewall of waveguides. The Si3N4 is deposited by low pressure 
chemical vapor deposition (LPCVD) and later treated by high temperature annealing to 
outgas the N-H for absorption reduction. Combining these strategies, we have 
demonstrated a Q factor of microresonator beyond 2.6 × 108, which is one of the highest 
numbers achieved in integrated photonics. Such high Q characteristic dramatically 
relieves the pump power requirement: for a 30 GHz microcomb, the power to generate a 
coherent comb is below 20 mW, a level well within the capabilities of commercial 
distributed feedback (DFB) lasers. 
 
To get rid of the complex control/feedback procedures for microcomb generation, we will 
adopt the self-injection locking scheme here[10]. The laser diode will be directly coupled 
to the microresoantor without an isolator in between. Under the reflection from the high Q 
resonator induced by Rayleigh scattering, the pump laser can be locked to the resonance 
of the cavities automatically when the laser frequency and the resonance mode are within 
a certain bandwidth. This mechanism enables the direct generation of coherent 
microcomb by simply powering the laser on, making it a turnkey operation. Moreover, the 
self-injection locking scheme significantly reduces the linewidth of the pump laser, whose 
coherence can be transferred to all comb lines. Through the ultra-high-Q resonator, we 
have successfully achieved Hertz-level linewidth for all comb lines, surpassing the 
performance of commercial bench-top narrow linewidth lasers. 
 
Another critical challenge to overcome is conversion efficiency. In this project, instead of 
using well-studied bright solitons, we will explore the generation of a dark pulse state. 
Since the dark pulse is operated at the blue detuning side of the resonance of the cavity, 
it can support more effective pump coupling and therefore higher conversion efficiencies. 
Through proper dispersion engineering by tailoring the geometry, the generated comb 
spectrum can have a flat plateau covering the tens of nm range, which is suitable for 
WDM purposes by eliminating the spectrum shaping filters. 
 
2.High-capacity, power-efficient coherent communication link 
 
The self-injection locked microcomb source provides hundreds of comb lines for a WDM 
communication link, while the high coherence of each comb line allows for higher order 



modulation formats compared with widely used DFB laser. Since the spacing between 
comb lines is equal, microcomb gains a significant advantage in massive parallelization 
without wavelength control, leading to considerable power saving than the DFB arrays. 
The stable repetition frequency between comb lines also enables a smaller guard band, 
further improving the efficiency of spectrum utilization. Furthermore, the constant phase 
relation among comb lines provides the opportunity to significantly reduce the DSP 
resources, which previously was a power-intensive part in communication links.  
 
Fig. 1A shows the architecture of our system, we employ a WDM to separate comb lines 
into different channels as hundreds of carriers, which are further encoded by different IQ 
modulators. A WDM coupler combines these modulated signals with an uncoded pump 
laser signal and a pilot tone. All of them are transmitted to the receiver through fiber. By 
leveraging the phase stability and coherence among different wavelengths, we can 
achieve significant power savings in DSP while maintaining a high-order coherent 
modulation format, without incurring any noticeable increase in bit error rate. 
 
At the receiver, we clone a microcomb as the local oscillator (Fig.1C): the conveyed pump 
signal is amplified through a low-noise Erbium-doped Fiber Amplifier (EDFA) to generate 
a dark pulse in the receiver microresonator, which may have a slightly different soliton 
repetition rate compared with the transmit microresonator. The transmitted pilot comb line 
and the corresponding mode index comb line from the receiver resonator are filtered out 
and directed to a fast photodiode to be phase-locked using an optical phase-lock loop 
(OPLL). The resulting error signal is sent back to the auxiliary laser, allowing for feedback 
control of the laser power. Consequently, this process synchronizes both the pump laser 
wavelength and the repetition rate.  All symbols are decoded by beating different comb 
lines with corresponding data channels. 
 
By utilizing coherence-cloned microcombs to generate local oscillator (LO) lasers, we 
eliminate the need for frequency offset estimation in the digital signal processing (DSP) 
process, as the optical phase-lock loop (OPLL) provides a reliable reference clock. 
Additionally, all cloned microcombs maintain low phase noise characteristics, simplifying 
carrier phase estimation in each individual channel. By capitalizing on the coherence 
among microcombs, we can minimize the carrier phase estimation to only one channel, 
benefiting all carriers collectively. This strategy will save most of the DSP consumption 
for coherent communication. 
 
Outcome  
 
This project is expected to have the following outcomes: 
 
At the device level, we will achieve fully on-chip, energy-efficient microcomb generation. 
The expected pump-to-optical conversion efficiency will be higher than 80%. The 
generated spectrum of the comb will cover the C+L+S band, leading to more than 100 
nm span and more than 150 comb lines. 
 



At the system level, we will achieve a communication link with more than 150 channels, 
and the single channel rate is more than 700 Gb/s. The expected aggregate rate will reach 
100 Tb/s. There will be no wavelength control required for the link. The coherent DSP 
consumption will be 99% smaller compared with those of coherent links using DFB arrays. 
The energy-efficiency will be better than 1 pJ/bit. 
 
Impact  
 
This project will lead to a profound impact on future communication technologies. It will 
bring microcomb to wide deployment for practical use in communications and thus 
revolutionize the existing WDM architectures. By significantly improving the channel 
numbers and reducing the DSP power consumption, this strategy will pave the way for 
high-capacity, energy-efficient communications in future telecom and data-centers. 
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Executive Summary
Title of the proposal: Ultrafast Logic Gates and High-Density Information Coding: a Disrup-
tive Platform for Lightwave Electronics
Category: Information

Introduction: Modern electronic devices, such as diodes and transistors, are the cornerstone
of our digital life. These devices operate based on the collective movement of electrons, which
can be turned "on" and "off" at a frequency measured in gigahertz (109 Hz, i.e. 10−9 second).
This speed dictates the information processing capabilities of devices like computers and cell
phones. For example, gigahertz is also a commonly used unit to describe the speed of comput-
ers central processing units (CPUs). As a general rule, the higher the processing units speed,
the higher the performance of the computer.

In the past decades, research in terahertz (1012) electronic and hybrid electronic-photonic
systems has flourished. Despite these advancements, researchers remain undeterred to launch
their footsteps toward the higher level— petahertz (1015 Hz, PHz), corresponding to the elec-
tron dynamics at the sub-femtosecond timescale.
Challenge: Lightwave electronics offer a way to study sub-femtosecond electron dynamics but
face three main challenges. First, they require either bulk dielectric materials (i.e. mm scale)
or complex nanostructures. Second, they depend on intricate optical setups, such as carrier-
envelope phase manipulation or timing delays between laser pulses, making integrating with
tabletop photonic devices difficult. Third, it is easy to "switch on" in the femtosecond scale
to a new electronic state whereas the "switch off" takes picoseconds at resonant conditions.
Even if the femtosecond on/off switch can be realized, the signal processing is limited by the
repetition rate of the electronic or optical device.
Objective: I intend to develop a theoretical framework and establish proof-of-concept experi-
ments for an all-optical controlled tabletop processor, which will extend the information cod-
ing capacity to the next level and realize ultrafast chirality logic gates via the following two
objectives:
Objective 1 (enhancing information coding capacity via the high-harmonic generation): I will
achieve an optical transistor with higher information coding capacity through the high har-
monic generation process. Each frequency line in the harmonic spectrum acts as a signal pixel,
diverging from conventional transistors where only one digital signal is decoded within a sig-
nal repetition rate.
Objective 2 (ultrafast chirality logic gate): I will capitalize on chirality to develop an ultrafast
logic gate. Leveraging the angular momentum carried by incident light, the emitted nonlinear
spectrum contains information on both incidence light and material chirality. By adhering to
momentum and energy conservation, certain harmonic orders are prohibited. This prohibited
emission serves as the "off"/"0" state, while emissions allowed by conservation laws represent
the "on"/"1" state.
Outcome: The proposed scheme has three major advantages. First, since the concept is all-
optical-controlled, the emitted signal only lasts as long as the driving pulse duration i.e. fem-
tosecond, leading to immediate "on" and "off" states. Second, the emitted harmonic spectrum
lines supply more than 1 bit (bit number is equal to the number of harmonics) per pulse, ex-
tending the information coding capacity to a new level. Lastly, the scheme proposed utilizes
planar structures and a simple driving pulse, freeing the implementation from complicated
driving pulse shape manipulation.

The proposed project is dedicated to advancing open science. Consequently, all numerical
packages created will be openly shared with user guides, on open platforms such as GitHub.
Manuscripts will be uploaded on ArXiv. I believe these efforts will boost the related research
in the scientific community, foster early engagement with frontier scientific research among
young students, and ignite their passion for science at an early age. These will have a far-
reaching impact beyond the Optica Foundation Challenge program duration.
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Ultrafast Logic Gates and High-Density Information
Coding: a Disruptive Platform for Lightwave Electronics

1 Literature Review

Research aim: Using 2D Weyl semimetals to enable ultrafast chiral logic gate and revolution-
ize information processing to petahertz level.

Modern electronic devices, such as diodes and transistors, are the foundation of our daily dig-
ital life. These devices operate based on the collective movement of electrons, which can be
turned on and off at a frequency measured in gigahertz (109 Hz) [1, 2]. For example, gigahertz
is also a commonly used unit to describe the speed of computers’ central processing units. As
a general rule, the higher the processing units’ speed the higher the computer’s performance.
In the past decades, research in terahertz (1012 Hz) electronics and hybrid electronic-photonic
systems have flourished [3]. Recently, first step has been taken to advance optoelectronics to
the PHz (1015 Hz, PHz) realm.

Lightwave electronics, as a relatively young field, opens a door for probing attosecond
electron dynamics without involving attosecond pulses. Generally, near-infrared pulses with
the carrier wave cycle period ∼ 3 fs are used as the driving fields. In the interaction process,
the subwave cycle (i.e., subfemtosecond optically controlled gate) ionizes the electron around
the peak of the field. Depending on the relative emission time of the electron compared to the
peak of the electric field (hundred attoseconds sooner/later than the peak), the electron can
gain/lose energy, which realizes attosecond control of the electron dynamics and the resulting
nonlinear emission [4].

Lightwave electronics enable the unique possibility to explore quantum solid-state prop-
erties, topological phase, and quantum coherence, which are beyond the reach of todays con-
ventional electronics [5, 6]. In addition, it paves the way toward real-life applications, such
as ultrafast optoelectronics in signal processing [7, 8, 9, 10, 11], enhancing solar-cell energy
capturing efficiency [12], and advancing high-resolution spectroscopy [13]. In particular, the
state-of-the-art of lightwave electronics for signal processing are:
— In the past decades, ultrafast optical switches have been realized via various methods such
as photonic crystal, nanocavities, and plasmonics [14].
— In 2014, Li et. al. proposed a graphene modulator with ∼ps response time [15].
— Later on in 2019, an ultrafast optical switch at ∼30 femtosecond, was realized using ∼1mm
thick GaP film [16].
— Recently in 2023, using Lithium Niobate, Guo et. al. achieved ∼2.6 pJ output pulse energy
with a wide range of tunability of the frequency comb via the carrier-envelope-offset control,
enabling ultrafast photonics and data communication [17].

All of the aforementioned results have achieved ultrafast optoelectronics. However, these
achievements necessitate either bulk dielectric materials (i.e. mm scale) or complicated nanos-
tructure. Moreover, it is easy to "switch on" in the femtosecond scale to a new electronic
state whereas the "switch off" takes picoseconds for resonant excitation owing to the nature
of phonon relaxation [18, 19]. Even if the switch on/off can be realized at the femtosecond
scale, the signal processing bottleneck shifts to the repetition rate of electronic or optical de-
vices (see Fig. 1a). Furthermore, achieving femtosecond control necessitates intricate optical
configurations, involving the manipulation of either the carrier-envelope phase or the timing
delay between two laser pulses. In addition, most existing research focuses on the electronic
current generated via the femtosecond pulse, while little use has been made of the chiral ma-
terial response. I will leverage the high-harmonic generation process to realize an all-optical
controlled compact processor.
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2 Problem Statement/Objective

My proposal is related to the following ideas about signal processing [8, 9, 10, 11]. The the-
oretical concept will be developed in Prof. Brabec’s group at the University of Ottawa. The
experimental implementation will be realized in Prof. Vampa’s group, at the National Research
Council Ottawa. Here, I intend to extend the information coding capacity to the next level and
to realize ultrafast chirality logic gates using 2D Weyl semimetals (WSMs). In particular, the
proposed research ambition will be achieved via the following two objectives:
Objective 1 (enhancing information coding capacity via the high-harmonic generation):

Time
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Figure 1: The illustration of objective 1 is presented in
panel a, where the signal processing inside a computer
is shown. The repetition rate is denoted by trep. Panel
b compares conventional signal processing and the pro-
posed scheme. Data encoding examples are shown in
panel c.

In this objective, I aim to increase
the information coding capacity
through the high-harmonic gener-
ation process. Specifically, I am
working towards realizing an opti-
cal transistor. A conventional tran-
sistor amplifies or switches electri-
cal signals [20]. The switch func-
tionality registers a 0/1 signal by an
off/on state triggered by the volt-
age. Instead of the electronic signal,
the optical transistor is triggered by
femtosecond optical signals. In this
objective, each harmonic spectral
line serves as an information bit. As
a result, the number of harmonics
determined the number of possible
bits per pulse. This contrasts con-
ventional schemes where one digi-
tal signal is transferred within the
signal pulse in a repetition rate win-
dow. Leveraging harmonic spectra
can substantially amplify informa-
tion processing capacity (see Fig.
1b). Thus improving the limit set

by at best GHz optical repetition rates.
Furthermore, this endeavor seeks to simplify the signal modification processes. In previ-

ous work, the lightwave electronic dynamics are controlled by electric field waveform either
obtained via fine-tuning the carrier-envelope phase of the driving pulse or implementing the
multi-color configuration (combining different frequencies of the driving pulse) [21, 22, 23].

However, this proposal circumvents direct manipulation of the incident electric field wave-
form. Instead, by choosing the angle of incidence, the electric fields transmitted into the WSM
are modified, i.e. the WSM experiences different trigger signals [24](applicant’s work). In ad-
dition, WSM heterostructures can be leveraged for designing the harmonic spectrum responses
[25](applicant’s work). Consequently, the resulting harmonic spectra are modified (Fig.1c). As
a result, by removing all the direct operations on the driving pulse, I aim to achieve a com-
pact, femtosecond, all-optical controlled high-density information coding scheme.

Objective 2 (ultrafast chirality logic gate):
This objective capitalizes on chirality to develop ultrafast logic gate [11]. In Fig. 2, the XNOR
logic gate is shown as an example. Other types of logic gates could be realized via the same
principles [8, 9, 10]. Leveraging the angular momentum carried by incident light, the emitted
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nonlinear spectrum contains information on both incidence light and material chirality. By
adhering to momentum and energy conservation, certain harmonic orders are prohibited. As
shown in Fig. 2, when input driving fields exhibit opposite chirality e.g., one left circularly
polarized and the other right circularly polarized the output is prohibited [11, 26]. This pro-
hibition serves as the "off"/"0" state, while emissions allowed by conservation laws represent
the "on"/"1" state.

output
R

XNOR logic gate Input output

0

R R

L R
R

L L

L
L

1

1

0

Figure 2: A XNOR logic gate is shown as an exam-
ple. "R" and "L" represent right- and left-hand side
polarization, respectively.

My proposal hinges on two prop-
erties of Weyl semimetals (WSMs): the
extreme nonlinearity and the chiral re-
sponse. (i) Extreme nonlinearity: 2D
WSMs belong to a class of newly dis-
covered quantum materials. Generally,
WSMs exhibit remarkable nonlinearity,
often exceeding conventional materials
by order of magnitude [27, 28] [29](ap-
plicant’s work), attributed to their ex-
ceptionally high electron mobility (∼

106m/s) [30]. This facilitates access to electron nonlinear responses even at moderate electric
field strengths. Several 2D WSMs have been experimentally discovered such as WTe2 Cr2C,
VI3, PtCl3, and NbIrTe4 monolayers [31, 32, 33], which are ready to be explored and imple-
mented. Specifically, Objective 1 can be achieved via 2D WSM heterostructures. With careful
design of the photonic structure, such as adjusting the separation between layers or employing
diverse materials in combination, one can observe distinct responses across various frequency
ranges, i.e. different harmonics orders. Since the entire structure forms different boundary
conditions, leading to markedly different optical responses [25, 34](applicant’s work).

x

y

WSM monolayer

kz

E

ky

0
kz= b
   = 1

kz= -b
   = -1

Figure 3: Illustration of the proposed
2D Weyl semimetal heterostructure. The
zoomed-in panel indicates one pair of
Weyl nodes separated by 2b along kz in
the momentum space.

(ii) Chiral response: for WSM to exist, it is
necessary to break either spatial inversion sym-
metry, time-reversal symmetry, or both. In mo-
mentum space, the points where valence and
conduction bands cross are Weyl nodes, around
which electrons behave as massless fermions [35].
Weyl nodes appear in pairs with opposite chiral-
ity. In Fig. 3 zoomed-in panel, one pair of Weyl
nodes separated by 2b in the momentum space
is shown. When the Weyl nodes with opposite
chirality merge i.e. nodes separation b = 0, the
chirality at two nodes cancels out. In this situa-
tion, two Weyl nodes reduce to Dirac nodes, and
the material behaves as graphene [36]. Owing
to momentum conservation, optical transitions in-
duced by right-handed circularly polarized pho-
tons with angular momentum +1 are permissi-
ble on one of the Weyl nodes but prohibited on
the other depending on the chirality of the Weyl
fermions [37, 38, 39, 40]. These properties enable
allowed and prohibited harmonic emissions, serving as the foundation of the harmonic spec-
trum manipulation and logic gate for the abovementioned objectives.

As a result, there are three major advantages of the proposed 2D WSM scheme. Firstly,
since the proposed concept is all-optical-controlled, the emitted signal only lasts as long as the
driving pulse duration i.e. femtosecond [41], leading to an immediate "on" and "off" states.
Secondly, the emitted harmonic spectrum lines supply more than 1 bit (bit number is equal to
the number of harmonics) per pulse, extending the information coding capacity to a new level.
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Lastly, the scheme proposed utilizes planar structures and a simple driving pulse. It does not
require complicated driving pulse shape manipulation, freeing the implementation from the
two-color or carrier-envolope manipulation of the driving pulse. Thus, some of the weaknesses
of ultrafast optoelectronic schemes, discussed in the introduction, are being addressed.

3 Outcome

An optical computer consists of 3 components i.e. optical processor, optical data transfer, and
optical storage. This proposal aims to tackle the aspect of optical processors using the high-
harmonic generation process. The data transfer can be achieved by optical fibers [42]. The
harmonic spectra can be analyzed by the 2D Fourier optical co-process [43], where the sig-
nal is measured using a conventional CMOS or CCD image sensor. The concept of optical
processors rests on several new ideas: (i) simple manipulation, and (ii) spectral control. This
proposal aims to establish the theoretical framework for optical processors and to experimen-
tally demonstrate a proof-of-concept harmonic processor.
Methods for simple manipulation: I will utilize the unique material properties of the WSMs i.e.
intrinsic time-reversal symmetry or inversion symmetry breaking, where the optical responses
of the WSMs to photons with +k and −k momenta are not the same [24, 34] (applicant’s work).
In other words, the transmission coefficients from air to the material change based on both the
polarization direction and the angle of incidence. By adjusting the angle of incidence, one can
transition between circular, elliptical, and linear polarization states. [24] (applicant’s work).
As a result, the entire waveform modification can be replaced by incidence angle modification,
resulting in far easier manipulation compared to conventional carrier-envelope or multi-color
control. Specifically, the electric field manipulation is achieved via the first-order response of
the material. The analyses are based on the transfer matrix method [44, 45] [24, 34] (applicant’s
work).
Milestones: The outcome of this method is the semi-analytical model for electric field wave-
form manipulation, which serves as the initial condition for nonlinear light-matter interaction.
This will largely reduce the computational cost, and give design guidelines to experiments for
the optimal electric field format of a given heterostructure.
Methods for harmonic spectral control: The electronic dynamics and the emitted electric field
dynamics must be taken into account interactively. The incident pulse induced electronic mo-
tions inside the WSMs are described via the tight-binding model [46, 47]. The output of the
light-driven electronic dynamics is the nonlinear current, which enters the Maxwell equations
as a radiation source.
Milestones: The outcome is a full 3D numerical model of the nonlinear process inside the
WSMs heterostructure. It can be used to design the emitted spectrum at a given harmonic or-
der, resulting in the signal bit control.
Numerical methods: The nonlinear current together with the electric field propagation can be
solved by finite-difference time-domain method on a Yee grid [48, 49][29, 50, 51, 52] (appli-
cant’s work), where the Euler method can be used for the numerical update.

The entire numerical package will be optimized on a high-performance cluster. The host
institute has access to high-performance computing centers at the Digital Research Alliance of
Canada, providing excellent hardware (e.g. CPU Intel Xeon Gold 6248 processor) and access to
more than 100 nodes. The data point on each spatial pints x and y can be computed in parallel
via OpenMP [29, 50, 51] (applicant’s work).
Experimental conditions: We will perform experiments of the proposed idea at the National
Research Council Ottawa, which also gives us access to the Joint Centre for Extreme Photon-
ics. Regarding sensibility and precise measurements, the existing lab facilities are capable of
single pule and single photon experiments [53, 54]. In terms of strong field physics, extremely
high-intensity (>1012W/cm2) femtosecond lasers are ready to be used for ionization and XUV
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attosecond pulses related research [55, 56]. The combined theoretical and experimental efforts
from the host groups have already led to various fruitful results in high-harmonic generation
[57, 58, 59, 60].
Extended results: The outcomes of the proposed optical transistor and optical logic gate en-
able the exploration of the time-resolving transient optical response of the 2D WSMs at a
sub-femtosecond scale. This will enhance the fundamental understanding of light-matter in-
teraction. The extension of information coding using the harmonic spectral lines can realize
extremely high repetition rate signal processing. For example, if we can manipulate 10 har-
monic spectral lines, the information capacity extended is 210 = 1024 times larger. In addition,
this all-optical platform takes a forward step towards the single photon device which supports
the transformation of information coding from bit to qubit.

4 Impact

Impact on Scientific Community: Modern solid-state electronics use voltage control on a
nanosecond time scale (10−9) [2]. This speed dictates the processing capabilities of devices like
computers and cell phones. One of the best commercially available processors, AMD EPYC
9654 for example, operates at 2.6GHz [61]. Optical laser at the standard infrared wavelength
could reach ∼10GHz or even more than 100GHz [17, 62] repetition rate, prompting exploration
into faster information processing via all-optical processors. My proposal harnesses material
science advancements to pioneer optical transistors and logic gates, envisioning them as the
future of information processing. The proposed compact, all-optical-controlled devices lever-
age light for faster, more efficient processing, potentially surpassing existing logic devices by
at least an order of magnitude. The proposed idea introduces additional dimensions for infor-
mation storage, aligning with quantum optical storage’s potential [63].
Impact on Society: The proposed scheme only requires simple planer structures. Thus, it is
potentially easy for large-scale manufacturing. It will lead to lower costs, making this inno-
vation accessible to small companies and labs. Since the proposed research opens up new
possibilities for future electronics, it may open new job markets, and increase the impact of
lightwave electronics.

I strongly support open-access science and am eager to convey that science is fun and acces-
sible to everyone. Thus all numerical packages developed (Output 1.1, Output 2.1 mentioned
in Timeline) will be publicly available on the GitHub repository (https://github.com/LuWang-
Physics) with instructions/licenses to suggest how others can use them. The data generated
will follow the FAIR (Findable, Accessible, Interoperable, Reusable) data principles. The exper-
imental groups can use the numerical packages to guide/verify their experiments. Theoretical
groups can extend their research based on the open-source numerical frame developed. The
numerical models can be developed with interactive interfaces, which allow non-specialists to
benefit from them, fostering early engagement with frontier scientific research among young
students and igniting their passion for science. These will have a far-reaching impact beyond
the Optica Foundation Challenge program duration.
Impact on Personal Development: Determined to be a professor, obtaining the Optica Foun-
dation Challenge fund will be a milestone in my academic career. The proposed research will
help me to form a more comprehensive understanding of light-matter interaction and will un-
doubtedly shape me into a leader in the field. The fund will support me in proposing possible
future directions related to optical information coding, which will enrich the existing studying
of lightwave electronics. During the 2-year research, I will acquire the ability for budget man-
agement, enhance my communication skills via establishing joint projects with group leaders
around the world, and develop a grand vision for science by collaborating with multidisci-
plinary scientists. These necessary skills will shape me into an independent group leader in
the next career step.
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The use of insecticides and pesticides in crop production can significantly impact 

environmental pollution. Water pollution, soil contamination, non-target species, residue accumulation, 

and resistance development are examples of the human footprint consequences of controlling crop pests. 

This real-world issue is among the highest challenges the science community must solve. On one hand, 

one must provide food for an increasing world population; on the other hand, humanity must drastically 

decrease its footprint. A solution for this real-world issue is replacing pesticides with novel 

biocompatible techniques to control crop pests. An agriphotonic technique, based on laser, able to 

control crop pests without harming the plant's development or affecting non-target species can help 

tackle this global problem. 

Several species of whiteflies are considered pests in agriculture. For example, the whitefly 

Bemisia tabaci (biotype MEAM1) is one of the most relevant insect pests of crops worldwide once it is 

present in all continents. Bemisia tabaci can colonize plants belonging to many plant families and adapt 

highly to different environments. Moreover, they have a rapid selection of insecticide-resistant 

populations, which makes them a threat to food security, especially in developing countries. 

The main objective of this proposal is to develop a prototype of a future commercial 

agriphotonic device for pest control. This device will use a novel biocompatible technique based on a 

laser. Such a technique has already been tested in the laboratory, showing that it is able to achieve 100% 

mortality of Bemisia tabaci without affecting the plant's development [1]. 

The proposal's objective will be achieved concurrently by conducting a science investigation 

and technology implementation, as illustrated in Figure 1. The first will focus on how different optical 

parameters will affect the mortality of whitefly species not yet studied and the plant's development after 

laser irradiation, and the latter will focus on the prototype development. It is important to emphasize 

that the strong collaboration between the author's proposal and the Brazilian Agricultural Research 

Corporation (Embrapa) will trigger a high-level success for the proposed strategy. 

In summary, this proposal intends to develop a prototype of a future commercial agriphotonic 

device, based on a laser, for whitefly pest management. The success of this proposal will be capable of 

providing a new biocompatible technique for pest control to small- and large-scale farmers, which can 

decrease environmental pollution by reducing the usage of conventional pesticides. Moreover, if 

accepted, this proposal will unlock new possibilities and perspectives, paving the way for a new startup 

company in Agriphotonics. 
 

 
Figure 1. Diagram showcasing the proposal's integration. The left side represents the science and technology elements 

needed to develop the photonic device prototype. The right side illustrates the proposal's goal, i.e., reducing the human 

footprint and pursuing a better, more sustainable world using Agriphotonics. 

 
[1] Zaidem, A., Silva, L., Ferreira, A., Carvalho, M., Ragni, M., Abegão, L., & Pinheiro, P. (2023, May). New 

Biocompatible Technique Based on the Use of a Laser to Control the Whitefly Bemisia tabaci. In Photonics (Vol. 

10, No. 6, p. 636). MDPI. 
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1. Literature Review 

 

The use of insecticides and pesticides in crop production can significantly impact 

environmental pollution. Water pollution, soil contamination, residue accumulation, non-target species, 

and pest resistance development are examples of the human footprint consequences of controlling crop 

pests, which have been pointed out, discussed, and reported since 1986 [1-7]. The economic impact of 

using insecticides and pesticides in crop production is also a complex issue with both positive and 

negative implications. On one hand, the chemicals used are essential for protecting crops from pests 

and diseases, thereby ensuring higher yields and greater economic returns for farmers. On the other 

hand, the negative environmental impact is enormous. In fact, pesticides increased agricultural 

productivity and reduced crop losses in the United States, as reported in 2005 by Pimentel et al. [8]. 

However, the same study also highlighted the environmental and health costs associated with pesticide 

use, which can result in additional economic burdens in the long term. Therefore, a balance between 

maximizing crop productivity and minimizing the negative externalities of pesticide use is crucial for 

achieving sustainable agricultural practices that consider economic and environmental factors. This 

real-world issue is among the most significant challenges humanity must solve [9-12], and Optica will 

have the chance to help significantly with this proposal’s approval, which proposes a photonics-based 

prototype to decrease environmental pollution by reducing the usage of conventional pesticides. 

There is a multitude of insect pest species encompassing many insects' orders, such as Acari 

(Mites), Coleoptera (beetles), Diptera (flies), and Hemiptera (True Bugs). The latter order contains 

several whitefly species that threaten different types of crops [13-16]. For example, the whitefly Bemisia 

tabaci (biotype MEAM1) [17] is one of the most relevant insect pests of crops worldwide once it is 

present in all continents, particularly in the Americas [18]. This insect species belongs to the 

Aleyrodidae family and is known for its ability to infest a wide range of host plants, including many 

economically important crops. The biotype MEAM1, also known as the "Middle East-Asia Minor 1" or 

the "Bemisia B" biotype, is particularly noteworthy due to its invasiveness and adaptability, making it 

a significant concern for agricultural systems globally. This whitefly species is known to transmit 

numerous plant viruses, including begomoviruses, criniviruses, and torradoviruses [19]. These viruses 

can cause devastating crop diseases, leading to reduced yields and significant economic losses. For 

example, in the United States, was reported losses of over 200 million dollars yearly in cotton 



production caused by this whitefly biotype [20]. Similarly, in the Andes, substantial yield losses and 

economic damages were caused by Bemisia tabaci MEAM1 in yellow potatoes and tomato crops [21]. 

In Brazil, common bean crops are also strongly affected by Bemisia tabaci [22]. 

Sustainable agriculture urges reducing insecticide applications as a pest control method; 

therefore, insect control methods based on innovative and clean tools such as electromagnetic (EM) 

radiation can be a valuable option to reduce the human footprint. Ultraviolet (UV) light is the best-

known EM radiation to have lethal effects on most organisms. However, it is well known that UV light 

is highly damaging to biological systems because it can induce various mutagenic and cytotoxic DNA 

alterations. For example, in 2014, Dáder et al. showed that UV-B (~280-315 nm) radiation might have 

lethal effects on plants, so they decided to work with UV-A (~315-400 nm), which is not absorbed by 

native DNA but can still damage cell constituents, such as lipids, proteins, and even DNA, by increasing 

the synthesis of reactive oxygen species (ROS). There are few reports with precise data on the effect of 

EM radiation within the visible (VIS) spectral window on insect mortality. In 2021, Gaetni et al. showed 

that laser emission in the VIS and IR spectral regions could be a potential biocompatible technique for 

pest control  [23]. And the most recent study (2023) was made by Zaidem et al., demonstrated that a 

laser emission center at 445 nm can achieve 100% mortality on the 3rd instar nymphs of Bemisia tabaci 

without harming the plants’ development [24]. These two particular and recent studies have shown the 

massive potential of VIS light emitted by a laser to become an agriphotonic technique for sustainable 

agriculture, with excellent chances to reduce the human footprint. 

 

 

2. Problem Statement/Objective 
 

As described in the previous section, the problem is that using insecticides and pesticides in 

crop production can significantly impact environmental pollution. Conventional pest control methods 

often involve applying chemical substances that can adversely affect the ecosystem. These chemicals 

can seep into the soil, contaminate water sources, harm non-target organisms, and contribute to the 

development of pesticide resistance in pests. A sustainable and environmentally friendly alternative to 

pest control methods is vital to ensure agricultural ecosystems' long-term health and balance. 

The main objective of this proposal is to consolidate the feasibility and effectiveness of using 

laser technology as an alternative approach for pest control in crop production, i.e., as an agriphotonic 

technique for sustainable agriculture. By employing lasers, it is possible to target specific pests without 

harming beneficial insects, birds, or other organisms within the ecosystem. This approach aims to 

minimize environmental collateral damage while effectively managing pest populations. Therefore, the 

proposal's objective will be achieved concurrently by conducting a science investigation (basic 

research) and technology implementation (product development), as illustrated in Figure 1. The first 

will focus on how different optical parameters will affect the mortality of whitefly species not yet 

studied and the plant's development after laser irradiation, and the latter will focus on the prototype 



development, generating a portable photonic prototype to be used in the field. It is important to 

emphasize that this proposal's author built a simplified bench version (hardware and software) of the 

photonic prototype version proposed in this project, as depicted in Figure 3 of the published work by 

Zaidem et al. [24]. The strong collaboration between the author's proposal and the Brazilian Agricultural 

Research Corporation (Embrapa) will trigger a high-level success for the proposed strategy due to 

knowledge synergy. Finally, the proposal's project also will focus on advancing scientific and 

technological knowledge and provides a valuable opportunity to prepare and train undergraduate 

personnel in optics and photonics. 

   

 
 

Figure 1. Diagram showcasing the proposal's integration. The left side represents the science and technology 

elements needed to develop the photonic device prototype. The right side illustrates the proposal's goal, i.e., 

reducing the human footprint and pursuing a better, more sustainable world using Agriphotonics. 

 

3. Outcome 

 

The primary anticipated outcome of this proposal is the development and commercialization of 

a photonic-based prototype for pest management, specifically targeting the whitefly species Bemisia 

tabaci on common bean crops. This prototype will leverage laser technology to achieve effective pest 

control without harming plant development, reducing reliance on chemical pesticides. Below a 

simplfied list of key deliverables: 

 

a) A patented photonic-based prototype designed for field use; 

 

b) Several publications of scientific research in Optica journals detailing the findings and 

technological advancements; 

 

c) Enhanced knowledge and training opportunities for undergraduate students involved in 

the project, fostering a new generation of experts in optics and photonics. 

 

d) Community outreach and education through Optica's Student Chapter, promoting the 

Agriphotonics concept in schools and public seminars, raising awareness of sustainable 

agricultural practices. 

 



4. Impact 

 

By adopting the proposed agriphotonic technique for pest control, we can positively impact the 

environment and reduce our reliance on harmful chemicals. This approach seeks to foster ecological 

balance, preserve biodiversity, and safeguard the health of ecosystems. Furthermore, this 

transformational shift towards a more sustainable and resilient agricultural sector will have far-reaching 

benefits that extend to farmers, consumers, and the overall well-being of our planet. Therefore, this 

project is expected to have several profound impacts, such as: 

 

a) Environmental Impact: The proposed technology will decrease soil and water 

contamination, protect non-target species, and mitigate the development of pesticide resistance in pests 

by reducing the need for chemical pesticides. Such impact will contribute to preserving biodiversity 

and promoting ecological balance; 

 

b) Agricultural Impact: The proposed system, with its low-cost, effective, and user-friendly 

nature, will be accessible to both small and large-scale farmers. This innovation will not only support 

sustainable agricultural practices but also potentially increase crop yields, leading to more abundant and 

affordable food for consumers and reducing losses due to pests, thereby improving farmers' livelihoods; 

 

c) Economic Impact: The commercialization of the photonic-based prototype holds the 

potential to stimulate significant economic growth. It can create new market opportunities and jobs, 

particularly in the field of Agriphotonics. The development of a startup company based on this 

technology could drive innovation and economic development in the agricultural sector, contributing to 

a more robust and sustainable economy; 

 

d) Educational and Social Impact: The project will provide significant educational benefits 

by training students in cutting-edge technologies and engaging the broader community through 

educational outreach. This will enhance scientific literacy and inspire future innovations in sustainable 

agriculture. 

 

By achieving these outcomes, the proposal will contribute to a transformational shift towards a 

more sustainable and resilient agricultural sector, benefiting farmers, consumers, and the overall well-

being of the planet. 
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Tunable Quantum Meta Networks: towards a new generation of information - QMetaNet 

QMetaNet propose robust, practical single photon emission and multi photon correlation 
from devices that can be fabricated at scale and would be readily deployable without the 
current restrictions on operation temperature, brightness or durability. Practical quantum 
devices will require fundamental and technological advances to discover new paths for 
quantum correlations and new ways to manipulate quantum states in matter that eschew 
cryogenics. Aiming to manipulate entanglement via quantum networks based on meta-arrays 
of single emitters coupled to nanostructures, supporting extremely high single photon emission 
rates in the weak coupling regime and achieving strong coupling when plasmonic resonances 
are coupled with excitons.    
Metamaterials are adept at manipulating the amplitude, phase, polarization, frequency and 
other degrees of freedom of electromagnetic waves in the classical regime, QMetaNet project 
will investigate metamaterials that could similarly manipulate quantum states: meaning 
controlling single photon interactions with an array of nanoparticle nodes acting as quantum 
meta-atoms. Porposing a metasurface array of cavity-coupled single-emitters (nodes) for 
nonclassical photon generation. Manipulating the spacing between nodes in the array should 
impact the coupling and coherence of dipole-dipole interactions, adjusting between sub-and 
super luminal regimes. Ultimately this could lead to new paths for multiphoton correlations in 
robust, room-temperature technology, advancing the nascent field of quantum networks for 
information applications. 

Measuring the spatiotemporal information of spontaneous emission lifetimes enhancements of 
single emitters coupled to the nanostructures, opening possibilities for fine control of quantum 
devices and single-photon sources at nanoscale precision. Use a new metamaterial 
nanofabrication technique that produces plasmonic 3D hollow truncated nanocones with 
precise, repeatable features across several cm2, demonstrating excellent scalability of 
nanodevices. By combining quantum optics expertise with this novel nanofabrication 
technique, QMetaNet poised to harness this platform for enhanced photon emission and forge 
new paths for quantum multi photon correlations. Exploring the tunability of these interactions 
to switch among different n-photon emission pathways by changing the polarization and angle 
of incident light, and geometry parameters of the network. Such tunable meta-networks could 
enable high-fidelity quantum state generation, not achievable in conventional nonlinear crystals 
and single-emitter fluorescence. The significant designed freedom of these nanostructures 
enables various tailorable functionalities: 1) Purcell-factor enhancement to shorten emission 
lifetime for a brighter single photon source 2) strong coupling between exciton and plasmonic 
modes for enhanced light-matter interaction, and 3) potential meta-networks of quantum nodes 
made from these nanostructure arrays. 
By changing the spacing between nodes in the network QMetaNet project aims to control the 
coupling and coherence in the dipole-dipole interactions obtaining tunable control of sub- and 
super-luminal regimes. With long-term goal to investigate experimentally the collective decay 
dynamics of atoms with a generic multilevel structure coupled to light modes and discover new 
paths of multiphoton correlations. Studying the interference between different transitions and 
the resulting entanglement. By measuring changes in decay rates, investigating the super-
radiant decay of multilevel meta-atoms in the network.  

 



Light is a powerful information carrier both at the classical and quantum levels which has led to a wide 
range of technological developments allowing the controlled manipulation of light emission, absorption 
and propagation thanks to specifically designed materials. Photons are ideal for carrying quantum 
information: they can travel long distances with low transmission losses and experience minimal 
decoherence. Practical quantum devices will require fundamental and technological advances to 
discover new paths for quantum correlations and new ways to manipulate quantum states in matter that 
eschew cryogenics. The QMetaNet project aims to manipulate entanglement via quantum networks 
based on meta-arrays of single emitters coupled to nanostructures, supporting extremely high single 
photon emission rates in the weak coupling regime and achieving strong coupling when plasmonic 
resonances are coupled with excitons [1-8].    

The manipulation and coherent control of arrays of interacting quantum systems are at the heart of the 
next generation of quantum science and technologies. Realizations of new correlated states and ways 
to control qubits will innovation and challenging new approaches for realization of such arrays in 
quantum networks [2,3] for quantum internet and quantum computer. Entangling the electronic states 
of coherently interacting emitters is challenging since it requires both a coupling strength larger than 
the coherence decay rate (implying nanometric distances between the emitters) and quasi-degenerate 
optical transitions detuned by less than their coupling strength [ 1]. In the past decades, few works have 
demonstrated coherent coupling of emitters, and these have mainly been in cryogenic environments. 
Here I propose a new concept: control coupled emitter networks via metamaterial effects and control 
the coherent coupling that produces entangled sub- and superradiant states by changing the distance 
between the nodes in the meta network [9]. Each node will be composed of a “meta-atom” within a unit 
cell supporting a large density of photonic states and therefore a single photon emission lifetime as low 
as picoseconds at room temperature, the decay rate will be tailored with metamaterial separation with 
coupled quantum emitters.  

Single photons are a key enabler in emerging quantum technologies including secure quantum 
communications, quantum computing, quantum internet and new ways to detect very small fields with 
quantum sensing. Each application has distinct requirements of the generated single photons, but a key 
parameter to control is the rate of a single-photons, determined by its spontaneous emission lifetime. 
This spontaneous emission lifetime can be modified by the local photonic density of states in the vicinity 
of the emitter [1]. Quantum technologies thus rely on better understanding this light-matter interaction 
in the quantum regime. Reliable tuning of the spontaneous emission of photons is a major milestone 
towards controlling how quickly and where an excited quantum emitter may release a single photon, as 
well as the properties of the emitted photon. Metal-based nanophotonic materials make possible 
nanoscale tuning of electromagnetic fields, accelerating the quantum transitions in atoms, which can in 
turn give rise to incredibly fast and bright quantum light sources [7]. The strong enhanced plasmonic 
fields that hollow metal nanostructures have been used in many applications such as sensing, SERS, 
photo thermal ablation (PTA) of cancer, drug delivery, and catalysis over the years with performances 
better than their solid counter parts.  

Objectives. The QMetaNet project will explore room-temperature quantum 
devices operating at the single-photon level, with functionalities that can be 
tailored by changing different parameters of a meta-network of quantum 
nodes composed of quantum emitters efficiently coupled to nanoparticles 
that presents high density of states photonic states [2,3].  Compared with 
most devices that have achieved enhanced light-matter interactions, this nanodevices have scalability 
with preserved quantum properties from nanoscale to centimeter-scale extent of the sample [1]. 
Quantum emitters will be placed in a controlled manner within a nanolattice with perfect and uniform 
control of nanoparticle position and orientation. This project is inspired by my earlier results where I 
developed a noninvasive quantum nanometrology technique for precisely localizing quantum emitters 
coupled to nanostructured materials [17]. In these works, we studied how the local density of states 
(LDOS) of a hollow nanocone significantly enhanced the spontaneous emission lifetime of an emitter 
localized to nano-scale precision [7,17]. This unique metamaterial platform supports extraordinary, 
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enhanced field enhancement to shorten the spontaneous emission lifetimes down to picoseconds in an 
open environment at room temperature of emitters of natural lifetimes of tens of nanoseconds. In 
preliminary results I also demonstrated experimentally that strong light-matter interaction between a 
single exciton and a plasmon mode could be achieved in these structures when the plasmonic field 
enhancement is optimized, thus producing hybrid modes.  The QMetaNet project will focus on study 
how the interaction between multiple meta-atoms and photons leads to the generation of highly 
entangled photon states. With control the single-photon interaction with a network of nodes composed 
of nanoparticles acting as quantum meta-atoms. By changing the spacing between nodes in the network 
we will aim to control the coupling and coherence in the dipole-dipole interactions obtaining tunable 
control of sub- and super-luminal regimes. The long-term goal is to investigate experimentally the 
collective decay dynamics of atoms with a generic multilevel structure coupled to light modes and 
discover new paths of multiphoton correlations. Studying the interference between different transitions 
and the resulting entanglement. By measuring changes in decay rates, we will study the super-radiant 
decay of multilevel meta-atoms in the network [9]. 

The Network and the Node: 
Despite the high losses of 
plasmonic modes, a properly 
engineered structure can create strong electromagnetic 
fields (hotspots) in confined nano volumes. Among the 
various geometries possible for light control with 
plasmonic nanomaterials, hollow nanostructures offer 
a more homogeneous distribution of strong field 
enhancement and reduced LSPR absorption-related 
quenching thanks to the plasmon hybridization 
mechanism. A hollow geometry is a promising 
plasmonic structure with enhanced properties vs. their 

solid counterparts. Conversely, 3D geometries are difficult to achieve, especially at the wafer scale 
while maintaining good reproducibility. I propose to couple quantum emitters to a nanomaterial 
featuring hollow plasmonic truncated gold cones regularly distributed on a square nanolattice that can 
be manufactured up to centimeter sizes (Fig. 1a-c) while maintaining the unit cell dimension and 
nanoparticle orientation. We will study experimentally and numerically how various parameters of the 
unit cell of the metamaterial modify the local electromagnetic environment experienced by the nearby 
quantum emitters. This platform furthermore can achieve electromagnetic properties that sharply vary 
with position at the nanometric level. We will study how a quantum emitter located along the hollow 
3D plasmonic structure exhibits a spontaneous emission lifetime enhancement that depends on the 
position and orientation of the single emitter. Hollow 
cone array fabrication and characterization.  In 
collaboration with University of Twente that I established 
with MESA+ Institute, we fabricated different 
metamaterials lattice separation and lattice configuration. 
We will explore a significant number of metamaterials samples with different hollow truncated 
nanocone dimensions and develop the protocols for nanometric control of nanosources. Simulations 
and experimental results will inform what array dimensions will be desireable for testing the coupling 
of the collective response of the meta-nodes and single photon emitters. The QMetaNet project will 
extend this previous collaboration to a realization of the coupling of quantum emitters and the quantum 
characterization of the networks. We will develop further devices with our established nanofabrication 
recipe and refine the fabrication process accordingly with the optimal parameters calculated for 
different coupling regimes [8,17]. Positioning and studying different Quantum Nodes: Stable Single 
emitters at room temperatures. We will study different possible quantum emitters that preserve their 
quantum behavior at room temperature, characterizing their response to the polarization of the 
illumination, photon correlation function, spontaneous emission lifetime, radiation pattern with 
different polarization structures, and spectral broadening. Different excitation and emission 
wavelengths will be used to couple the emitters at desirable wavelengths determined by the network 
separation. We aim to optimize our findings at telecommunication wavelengths. Applying a unique 

Fig. 1 a-b Images of metamaterial fabricated at a wafer scale sample.     
d. Plasmonic modes in function of the angle of illumination. 



technique to nanolocalized the quantum emitters, in a collaboration that I recently established with 
University of Technology of Troyes (UTT) in France, for the realization of this proposed QMetaNet 
project, we will use smart nano-polymers that allows us to address these issues. The smart nature of the 
polymer is twofold. First, it is a photopolymer that reticulates at the plasmonic hot spot of the metal 
nanoparticle, allowing one to keep the memory of the selected electromagnetic sites. This memory is 
spatially anisotropic and decides the distance between the plasmonic nanostructure and the future nano-
emitter to be attached. Second, it is chemically pre- functionalized to electrostatically recognize the 
nano-emitter that can get selectively attached to the pre-designed sites.		

Fundamental studies of meta network connectivity. The local 
environment of a single emitter can be probed by studying changes in its 
emission properties. The rate at which an emitter can convert its excited-
state energy into a photon increases as more photon states are available to 
radiate into, which is quantified by the local density of states (LDOS), or 
its dimensionless counterpart (i.e. normalized to the LDOS of free space), 
which is known as the Purcell factor [1]. We will perform full-wave numerical simulations for different 
positions of the dipole along the hollow conical pillar metamaterial with its dipole moment oriented 
along one of the three-coordinate axis, x, y, z to investigate the different coupling extent along the 

network when one node is illuminated by a single 
dipole emitter. Figure 4 shows calculations of a dipole 
placed on top of the 15 nm ring of the truncated hollow 
cone.  We considered different orientations of the 
dipole moment and observed that when the dipole is 
oriented along the longitudinal axis. We will extend our 
calculations to telecom wavelengths and to the 
different meta networks separations. We will perform 
calculations to study the eigenvalues that this structure 
presents and the coupling modes that can be achieved 
when a single particle is illuminated and coupled to its 

neighbors via the metamaterial effect. The parameters 
we will explore to control this network connectivity are as follows. The Node: Angle of illumination, 
addition Layer, ring thickness, refractive index. The Network: Different periodicity, lattice arrangement: 
hexagonal, square, kagome and  honeycomb.  Measurements at the super resolution level of the 
spontaneous emission lifetime modification when the nodes are 
coupled such that d<<𝝀. I will apply a non-invasive quantum 
nanometrology technique at the single-molecule level to study the 
highly modified spontaneous emission lifetime of quantum 
emitters along 3D nano fields in the meta network. We will apply 
far- field super resolution fluorescence microscopy (SRM) to 
image light-matter interaction beyond the Abbe diffraction limit in 
the weak-coupling regime, which will be describe in relation to the 
LDOS as in my recent publication [7].  We will demonstrate 
nanometer-scale far-field imaging of picosecond lifetime 
enhancement experienced by single emitters coupled to an array of gold hollow conical nanopillars at 
room temperature.  Motivated by our previous study where we obtained lifetime reduction factors of 
more than 80 in a unit cell study [17]. Such a hollow geometry supports scalable 3D electromagnetic 
modes and generates very high field enhancement bringing high spontaneous emission decay-rate 
enhancements, which furthermore depend strongly both on the position of the emitter and on the 
illumination angle. We will use far-field lifetime detection coupled to super-resolution single-molecule 
microscopy to recover and correlate both the excited state lifetime in the picosecond range and the 
position of each molecule at the nanometer scale in a noninvasive manner, as the measurement does not 
rely on the use of a tip scanned across the sample (such tips are known to modify the LDOS) [1]. 
Although the emitters are densely distributed across the material, they will be illuminated one at a time 
with a focus beam, and we will observe the map of the Purcell factor on a nanometer distance scale 
extended along the interaction region within the network. Our findings combining SMR with 

Fig.5 Example of super-resolved decay rate map of 
single emitter on nano antenna [7]. 

Figure 4 Calculations of enhanced local density of states in a 
metamaterial with 250 nm square lattice. 



nanophotonics will lay the groundwork for the manipulation of several other processes based on light-
matter   interactions, with far reaching implications for both fundamental and applied research opening 
new avenues for quantum nanotechnologies, optical devices and quantum sensing, gas sensing, and 
biosensing [7, 17]. We previously demonstrated super-resolved localization of single molecules with 
enhanced emission performance, spontaneous emission lifetime enhancement, with enhancement not 
only in the total decay rate but also in the radiative decay rate at all the position around the 3D hollow 
nanostructure (Fig. 6) [17]. Our findings show a new material platform that can enhance quantum yield 
of emitters and at the position of molecules around nano fields show enhanced lifetimes and picosecond 

emission rates at non-cryogenic temperatures. All this occurs in a wafer scale device, where the 
enhancement of the quantum emitter emission rate can be extended in the centimetre dimension but yet 
with a nanoscale dimensions geometry in a nano lattice performing as a scalable quantum sensing 
platform.  

Extent in the meta network scattering at single Node 
illumination.  Tailored light fields at the nanoscale act as 
multi-purpose tools for the in-depth optical investigation at 
the single particle level. By tightly focusing vector beams, 
the field landscape illuminating the single node can be 
engineered, thus enabling measurements of position 

dependent resonance spectra and radiation patterns. Vector beams with a 
polarization state changing about the optical axis, for example under tight 
focusing, azimuthally and radially polarized vector beams, can be implemented 
to control the photonic modes excited in the single node illumination and to observe the extent of the 
meta connection with the neighbor nodes. We will study the extent in the meta network of the photonic 
mode when single particle is illuminated, changing the wavelength of illumination, with the 
configuration shown in Fig 8.  Running the experiment wavelength-by-wavelength allows us to observe 
the resonance condition of the unit cells, and, 
at longer wavelengths, the coupled modes of 
the meta network.  Our aim is to operate our 
meta network from visible to telecom 
wavelengths.        

Study of the strong coupling from single 
particle illumination to network 
connectivity. To reach the so-called strong 
coupling regime a favorable electromagnetic 
environment is required to support the 
interaction i.e. strong and confined fields, the initial constituents hybridize and form mixed light/matter 
states called polaritons. Strong coupling has been intensively studied with a variety of plasmonic 
systems (SPP, localized SP) and various kinds of excitons [1]. Motivated by our unpublished 

Fig. 7. Measured decay 
curves of emitters placed at 
different positions of the 
node.  

Fig. 6. Experimental setup for super-resolved Purcell factor maps. Results of nano resolved maps of enhanced properties of single emitters coupled to the metamaterial 
network under wide field illumination. [17] 

Figure 8. Examples of our experimental array of focused beam illuminated single 
particle [25, 2 6]. 



preliminary results of coupling J-aggregates 
excitons (TDBC Fig. 9) to the hollow plasmonic 
structure that presents very strong coupling to 
excitons when the illumination angle is increased 
and the longitudinal plasmonic resonances presents 
super high field enhancement. Here we will 
investigate in detail numerically and experimentally 

how the coupling strength is affected by the threshold of filed concentration in the local regime. 
Contrary with previous works were mainly colloidal random oriented and dimension nanoparticles has 
been using as quantum cavities [27, 28], the proposed nano device as unique qualities, such as 
reproducibility of the effect along the cm scale, maintaining the same dimensions and orientation along 
with uniformly separated particles. We will carry on numerical calculations of TDBC molecules 
coupled to the hollow the plasmonic meta-Net to study the field distribution in the upper (UP) and lower 
polaritons (LP) and the effect of the angle of illumination in the UP and LP. Illumination with 
Heralded Photons: multi-photon correlations. We will measure the strength of photon-plasmon, 
photon-photon and photon-electron interaction. We will investigate the correlations when a single node 
is illuminated by a heralded single-photon as it scatters into the meta network [1-3]. Our group has 
experience investigating exotic single photon interactions with plasmonic modes [18]. This could reveal 
important clues to the potential interactions between coupled nodes and therefore the paths through 
which single photon states could travel and maintain coherence. Apart of the study of quantum emitters 
network, we will study the quantum behavior of the localized surface plasmons itself as was done 
previously with surface plasmons polaritons [19,20]. Tunable Subluminal and superluminal regimes 
radiation via network nodes separation. Trapping the quantum emitters in the host matrix with fixed 
positions and orientations that set their coupling strength, the degree of superposition in the quantum 
states can be tuned only by adjusting their resonance wavelengths, or the interseparation in the lattice. 
The QMetaNet project aims to manipulate this degree of superposition by changing the lattice arrange 
of the individual nodes and their separation at different illumination conditions. We will measure the 
spontaneous emission lifetime of the sub-and superradiance regimes for various degrees of 
superposition [16,17,9]. We will measure multicorrelated states, in different nodes of the network. With 
both classical light and heralded photon illumination from single node illumination to wide field 
excitation of the emitters.  Tailoring the quantum metamaterial functionalities, we will study different 
network, starting with hexagonal and square arrange of different periodicity, measuring the change in 
radiation patterns and coupling modes.  

Conclusion: Overall, the development of environmentally robust single photon emitters and their 
coherent interaction with nanostructured elements is crucial for advancing multiple fields of science 
and technology, offering opportunities for breakthroughs in quantum internet, sensing, computing and 
advanced materials research [1-7,9-24]. Quantum information could benefit from the development of 
stable qubits from reliable single photon sources. This has well-established implications for decryption 
by the rapid factoring of large numbers, but could also be applied to complex optimization problems, 
such as resource allocation and scheduling, for improved strategic planning. As single photon probing 
can provide precise information on the electrical or optical responses of a material, the implications for 
advanced materials research must also be seriously considered. The proposed QMetaNet project with 
different and impactful tasks to develop in the next two year will lead to a plethora of new venues for 
fundamentals and quantum applications. If successful, several new concept will be coined in this work, 
as well as new ways for solving current challenges and limitations in the development of realistic 
quantum non-cryogenic devices for new generation of information. We anticipated new discoveries 
beyond our current imagination thanks to our observables in this unique experiment to be developed.  

Figure 9. Experimental results of extinction spectral curves in function of 
angle showing strong coupling of exciton and plasmon. 
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Executive Summary 
QOSY: Quantum-Optic Silicon: Device Efficiency and Applications 
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Challenge: In today's digital age, cloud services are omnipresent, offering immense benefits to 
industries and professionals alike. Despite their popularity, grave concerns regarding the security 
within the underlying datacentres persist. Traditional security measures are grounded on the belief that 
data within the datacentre perimeter is secure, and only external connections require robust encryption. 
However, this assumption is failing to account for potential internal threats, an emerging concern 
considering the fact that 85% of total traffic is internal to the datacentre. In light of this, a paradigm 
shift towards a zero-trust model - where no datacentre resource is inherently trusted - is necessary. 
Therefore, to secure the intra data center communication links,  Quantum Key Distribution (QKD) the 
most secure cryptographic key exchange method should be employed. The challenge lies in fitting 
QKD into a much smaller scale to allow seamless integration with processors and storage, all while 
maintaining massive data transfer rates. 

Solution: QOSY aims to create a highly compact (sub-mm2) and cost-effective QKD system by 
developing an all-silicon PIC based QKD transmitter. Although silicon is widely available in the chip 
industry, it lacks a built-in light source due to its indirect semiconductor bandgap. Therefore, current 
silicon-based photonic ICs rely on complex and costly hetero-integration with III-V semiconductors 
like InP or hybrid integration with III-V chiplets to provide optical power. Our approach targets an 
optically active all-silicon solution seamlessly integrated with microelectronic systems, ensuring 
natural inherent information theoretical security (ITS). This paves the way for the integration of ITS 
through QKD into everyday scenarios. It ensures the protection of vital public infrastructure such as 
transportation and energy grids from cyber threats, while further ensures the security of wireless 
communications, including contactless payments, through short-range free-space optical connections, 
and also reinforces the safeguarding of medical data transmission and processing within data centres. 

Current QKD system developments employing photonic integrated circuits rely on heterogeneous co-
integration with a complex die-level assembly, including precise alignment of waveguides. 
Furthermore, the current focus in QKD system development resides on performance improvements in 
terms of secure-key rate (SKR), even though one-time pad encryption is deemed impossible (1 secure 
bit required for 1 classical data bit) and the NIST limit (one new 256-bit AES key is needed every 64 
GB of data) is already considered. In this second case, which is considered for practical QKD 
deployment, a SKR of 1 Mb/s would be sufficient to secure 2000 Tb/s. It would therefore make more 
sense to strike trade-offs between QKD simplicity and performance (i.e. SKR), especially when 
considering commodity-like applications. This is where the all-silicon approach can clearly 
outperform traditional QKD systems. 

Impact: Our simplified monolithic silicon solution can create new application domains and therefore 
new markets for QKD. Together with its unique ITS-grade security compared to other crypto 
primitives like PQC and PLS, our approach offers significant cost advantages over QKD contenders: 
(i) Silicon IC technology is a mature, fast and well-developed process. (ii) The seamless co-integration 
of electronics and photonics eliminates the need for external interfaces and bonding efforts, effectively 
reducing the footprint and increasing security. (iii) There is no hetero- or hybrid integration of III-V 
materials necessary. This would also reduce the environmental effects of our technological approach 
(United Nations SDG #12). Silicon is a readily and abundantly available material compared to raw III-
V materials (like In, Ga or As). Together with the intended small size of <1 mm2 of the QKD engine, 
it is clearly a more sustainable and environmentally friendly solution. Although there is a small 
amount of Germanium necessary for co-doping of the GeSi light source and potential receiver SPADs, 
its impact is strongly reduced compared to the vast material needed to supply III-V wafer substrates 
for III-V gain material manufacturing.  
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1 Problem statement/objecƟve 

In today's digital age, cloud services are omnipresent, offering immense benefits to industries and 
professionals alike. Despite their popularity, grave concerns regarding the security within the underlying 
datacentres persist. Traditional security measures are grounded on the belief that data within the 
datacentre perimeter is secure, and only external connections require robust encryption. However, this 
assumption is failing to account for potential internal threats, an emerging concern considering the fact 
that 85% of total traffic is internal to the datacentre. In light of this, a paradigm shift towards a zero-
trust model - where no datacentre resource is inherently trusted - is necessary, especially considering a 
more formidable threat on the horizon: quantum computing. This emerging technology is bolstered by 
substantial investments (exceeding $1 billion since 2020) and a surge in research and development, 
evidenced by over 66,000 scientific papers and more than 4,000 patent families filed in the past four 
years. As the number of qubits continues to grow, it's only a matter of time before current encryption 
methods become insecure, particularly since the quantum advantage has already been demonstrated [1]. 
As a response to this threat, quantum physics offers Quantum Key Distribution (QKD), an information-
theoretically secure (ITS) key generation method grounded in the laws of nature rather than the 
computational complexity of mathematical problems. The development of QKD systems began 40 years 
ago when Bennett and Brassard introduced the secure BB84 protocol. Over the past four decades, QKD 
has evolved into commercial rack-scale products now securing long-haul and metro-scale networks to 
enforce perimeter security [2]. However, these systems mainly rely on bulk optics, making them 
unsuitable for short-reach or intra-facility networks due to their size and cost. Instead, non-ITS 
technologies like post-quantum cryptography (PQC) and physical-layer security (PLS) are used [3], 
even though their long-term security remains unproven. For QKD to be widely adopted in environments 
such as datacenters, industrial settings, public infrastructure, IoT devices, and mobile phones, it must 
achieve significant reductions in system size, complexity, and cost. This calls for a broadly accessible, 
low-complexity QKD solution that tears down existing barriers to deployment, making it feasible for 
QKD to be integrated into critical but presently untapped commodity-flavored application domains.  

We introduce an all-silicon approach that provides cost-effective and highly compact QKD system. 
Silicon, being abundant both in availability and adoption-wise, is the top choice for the chip industry. 
However, due to its indirect semiconductor bandgap, silicon cannot generate light, making monolithic 
photonic-electronic integrated circuits unfeasible. This requires the expensive and complex hetero-
integration of III-V semiconductor dies (such as Indium Phosphide, InP) to compensate for silicon's 
optically passive nature. In QOSY, we demonstrate that a quasi-direct bandgap can enable a silicon light-
source, fully compatible with integrated QKD solutions. This innovation allows us to significantly 
simplify chip-scale QKD assembly, making it seamlessly integrable into silicon-centric microelectronic 
systems. This represents a paradigm shift, making QKD as accessible and widespread as 
microelectronics. Ultimately, this will allow end-users and the general public to employ the highest level 
of security for everyday personal and professional activities. QOSY's ambition aims even higher—to 
demonstrate that the same chip can be used for quantum protocols beyond QKD, such as oblivious 
transfer, unlocking powerful new possibilities for secure multiparty computation applications, initiating 
a groundbreaking journey to revolutionize quantum security and elevate the standards of data protection. 

2 Literature review 

State-of-the-art demonstrations of chip-scale QKD transmitters or receivers build on a wide range of 
integration platforms [4-10]. They follow a purely photonics-oriented approach to unlock unique 
performance advantages. None of the demonstrations (see table) features a monolithic integration 
scheme compatible with electronic-photonic co-integration to gracefully blend quantum-optics with 
microelectronic commodities. Even though monolithic InP integration has been demonstrated for QKD, 
this chiplet solution would have to be co-packaged with a silicon electronic ASIC, again rendering the 
entire system as too costly for commodity applications. Other works, which leverage on the silicon 
ecosystem for photonic integration, require an external light source or again, a hybrid integration with 
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InP for this purpose, involving complex assembly due to precise waveguide-to-waveguide alignment 
and additional wiring. Monolithic InP QKD or hybrid III-V/Si QKD solutions further necessitate 
hermitic packaging. None of the existing approaches is therefore competitive enough for low-cost mass 
applications. 

Work 
Principle / 
Protocol 

PIC 
platform 

Light 
source 

QKD state 
encoder 

Performance Form-factor 
Electronic 
upgrade? 

[4] 
DV: 

BB84,COW 
InP 

InP, 
tunable 

phase / int. 
modulator 

345 kb/s 2 × 6 mm2  external 

[5] CV-QKD InP  external I/Q modulator 2.3 Mb/s  6 × 12 mm2  external 

[6] 
DV: BB84 
time-bin 

Si + 
LiNbO3 

 external asymmetric MZI 10 kb/s 

Si: 2.3×0.6 
cm2 

LN: 3.8×0.1 
cm2 

 external 

[7] CV-QKD InP + SiN InP / Si3N4  
 ext. I/Q 
modulator 

ξ = 5.8%SNU 
2.4 × 1.3  

mm2 
 external 

[8] MDI-QKD InP monol. InP 
phase modulator / 

MZI 
12kb/s 6 × 2 mm2  external 

[9] DV: COW InP monol. InP 
phase modulator + 

VOA 
6 kb/s 4 × 2 mm2  external 

[10] 
DV: time-
bin decoy 

BB84 

Hybrid  
Si + InP 

InP 
phase encoding +  
multi-level OOK 

235 kb/s 2 × 6 mm2  external 

QOSY 
DV: pol. 
encoded 

BB84 

monolithic 
SOI 

monolithic 
silicon 

I/Q pol. encoder 1 kb/s 

4.2 × 0.4 
mm2 

 non-
hermetic 

 possible 

To position silicon at the core of our photonic-integrated QKD circuit, we employ a quasi-direct bandgap 
in a GeSi junction. Although previous attempts on silicon-based light emitters have failed due to poor 
emission characteristics, making them unsuitable for telecom applications, QKD only requires signal 
launched at the level of a single photon per symbol to leverage the unique properties of quantum physics. 
This matches perfectly with our GeSi light source. Recent work with die-level [11] and waveguide-
based GeSi light emitters [12] has shown that we can achieve a photon number of μ = 0.25 photons per 
symbol at a transmitter rate of 1 GHz, surpassing the required launch of μ = 0.1 photons per symbol 
(around -80 dBm) to accommodate Poissonian photon statistics in discrete-variable QKD. Additionally, 
our emitter operates at 1550 nm, fully compatible with WDM technology. For quantum state preparation 
in the QKD transmitter we use the polarization-based BB84 protocol, by employing a dual-polarization 
inphase/quadrature for polarization modulation [11]. Since our GeSi source currently emits broadband 
and incoherent light, spectral filtering is required to prevent signal depolarization during fiber 
transmission. Although this reduces the output power of the QKD transmitter and requires further design 
adjustments to optimize the spectral characteristics of the silicon light source, we can already generate 
secure keys at a rate of 0.37 kb/s. This rate is sufficient to secure a classical channel with a capacity of 
up to 745 Gb/s according to NIST standards, meeting the demands of commodity applications. 

An implementation of the complete QKD transmitter circuit on a silicon photonic platform is shown in 
Fig. 1, and it could potentially be reduced to a footprint of less than 1 mm2 (Silicon light sources from 
the ERC StG COYOTE). In comparison, a state-of-the-art 
InP QKD transmitter has the size of 2x4 mm2 [9]. 
Moreover, an opto-electronic BiCMOS implementation 
for a quantum random number generator (QRNG) has been 
demonstrated as feasible in [13]. This advancement could 
lead to a simplified monolithic all-silicon QKD transmitter 
that includes an integrated QRNG engine. Such a system 
would be fully compatible with microelectronics, enabling 
integration virtually anywhere. Seamless integration with 
electronics, for instance, through 3D wafer bonding, 

Fig. 1. Prototype PIC of a world’s first 
all-silicon QKD transmitter. 
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removes critical interfaces like exposed die-to-die bond wires. This approach elegantly addresses the 
exposure of intermediate interfaces through a purely silicon-centric photonic-electronic integration 
scheme. The decision to exclusively focus on simplifying the QKD transmitter, while excluding the 
QKD receiver, is driven by the unidirectional channel layout of QKD systems. In such systems, only 
one subsystem—either the transmitter or the receiver—needs to be simplified as the distributed network 
element, while the more complex component can be centralized, similar to cloud-based access or 6G 
networks. The QKD receiver, equipped with single-photon detectors (SPADs), is inherently the more 
complex element. However, recent advances in GeSi SPAD technology [14] hold the potential to reduce 
the receiver's complexity by replacing InGaAs SPADs over time. This would create a silicon-centric 
approach for both the transmitter and receiver, eventually leading to a more balanced and symmetric 
complexity distribution within the QKD link. 

3 Outcome (s) 

Through rigorous exploration and experimentation, this project aims to yield a wealth of valuable 
outcomes in the realm of QKD technology. Firstly, we anticipate the development of a detailed set of 
use cases, meticulously outlining the most promising deployment scenarios for the all-silicon QKD 
transmitter. These use cases will categorize deployment contexts based on environmental and 
operational requirements, providing a clear framework for subsequent testing and evaluation stages. 
Secondly, our efforts will culminate in the establishment of a comprehensive laboratory test-bed, 
facilitating the rigorous evaluation of QKD system components. This setup, equipped with precise 
alignment tools and environmental controls, will simulate various operating conditions, ensuring 
accurate capture of key performance metrics such as secure key rate (SKR) and quantum bit error rate 
(QBER). Through back-to-back performance evaluations, we aim to glean insights into the 
characteristics of the silicon light source and identify optimal operating conditions for the QKD 
system. Furthermore, our project endeavours to benchmark QOSY's QKD approach in real-world 
contexts. This comprehensive evaluation, conducted on an expanded test-bed setup, will consider 
classical data traffic and various coexistence conditions, measuring SKR and QBER under specified 
network characteristics. Additionally, we will assess the QKD transmitter in protocols beyond QKD, 
such as oblivious transfer for secure multi-party computation applications. Resource allocation based 
on performance estimations will optimize the QKD system for the most impactful use cases, 
ultimately leading to the development of a comprehensive blueprint for post-project exploitation of the 
all-silicon Commodity-QKD technology. This blueprint will delineate strategies for integrating QKD 
into diverse network environments, showcasing its broad applicability across various scenarios and 
protocols. 

 Catalog of Promising Deployment Scenarios for the All-Silicon QKD Transmitter - The 
project will yield a detailed set of use cases outlining the most promising deployment 
scenarios for the all-silicon QKD transmitter. These use cases will categorize deployment 
contexts based on environmental and operational requirements. Each scenario will undergo 
thorough analysis to understand its unique security needs, operational constraints, and 
performance expectations. These defined use cases will provide a clear framework for 
subsequent testing and evaluation stages. 

 Robust Laboratory Test-Bed for Comprehensive QKD System Evaluation - The project will 
establish a comprehensive laboratory test-bed for rigorous evaluation of the QKD system 
components. This setup will feature precise alignment tools and environmental controls to 
simulate various operating conditions. Calibration of measurement instruments will ensure 
accurate capture of key performance metrics such as secure key rate (SKR) and quantum bit 
error rate (QBER). Back-to-back performance evaluations will provide insights into the silicon 
light source characteristics and optimal operating conditions for the QKD system. Analysis of 
operational limits will identify potential weaknesses and strategies for mitigation, ensuring 
system robustness under diverse conditions. 
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 Benchmarking QOSY's QKD Approach and Beyond - The project will benchmark QOSY's 
QKD approach in real-world contexts outlined in Aim 1. This evaluation will be conducted on 
an expanded test-bed setup, considering classical data traffic and various coexistence 
conditions. Performance evaluation will measure SKR and QBER under specified network 
characteristics, aiming to achieve secure key generation sufficient to protect classical data 
capacities in telecom and datacom-driven applications. Additionally, the QKD transmitter will 
be evaluated in protocols beyond QKD, such as oblivious transfer for secure multi-party 
computation applications. Resource allocation based on performance estimations will optimize 
the QKD system for the most impactful use cases. The outcome will be a comprehensive 
blueprint for post-project exploitation of the all-silicon Commodity-QKD technology, 
detailing strategies for integrating QKD into diverse network environments and showcasing its 
broad applicability across various scenarios and protocols. 

 
4 Impact 

The implementation of quantum-optics and QKD in electronics-friendly silicon IC solutions promises 
widespread societal benefits, aligning with the UN's Sustainable Development Goals (SDGs). This 
technology facilitates personal health monitoring and remote interactions across various platforms, 
including both wired and wireless applications. By securing data transmissions through free-space 
optical key exchanges, it enables secure living and remote work opportunities, particularly crucial in the 
context of the Covid19 pandemic. Furthermore, its integration into IoT scenarios improves data security 
and confidentiality, promoting democracy and digital inclusion. Additionally, QKD solutions play a vital 
role in safeguarding critical infrastructure against cyberattacks and ensuring uninterrupted service 
provision. Moreover, transitioning to silicon from III-V semiconductor materials reduces environmental 
footprint, aligning with sustainability goals. Overall, this technology offers a multifaceted approach to 
address societal challenges while promoting sustainable development. This innovative approach unlocks 
new application domains, offering significant economic benefits. By leveraging all-silicon solutions, it 
addresses market gaps where existing QKD or alternative solutions fall short. These silicon-based 
innovations offer advantages like streamlined design processes, seamless integration with electronic 
components, and simplified assembly methods, leading to substantial cost savings compared to 
traditional approaches. The cost advantages of our approach are illustrated in Fig. 2, comparing them to 
the most competitive monolithic QKD transmitter developed on InP [9], resulting in a remarkable 73% 
reduction in costs. Moreover, compared to the best-of-breed hybrid III/V-on-Si solution, our approach 
maintains a significant 42% 
cost advantage. However, it's 
important to note that our 
Commodity-QKD transmitter 
operates at a lower secure-key 
rate (SKR), which means the 
cost advantage varies 
depending on the classical 
data capacity requiring 
security. This relationship is 
analysed in Fig. 2, where our 
all-silicon QKD approach 
demonstrates an advantage 
for classical capacities of up 
to 8000 Gb/s/λ, enabling us to 
drive down costs in the 
commodity regime (Ξ).  

 
 Fig. 2. QKD transmitter cost using all-silicon and traditional PICs [10]. 
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At the core of every photonic circuit is its light source, which in this case is achieved through a quasi-
direct bandgap of a SiGe junction. While research has shown that strained SiGe junctions or optically 
pumped silicon lasers can produce faint broadband light emissions, the telecom industry has shifted 
towards hetero-integration methods that offer significantly higher output power levels above 0 dBm. 
However, quantum circuits require power levels that are 8-9 orders of magnitude lower, making C-band 
(1550 nm) SiGe light emitters a viable option for single-photon QKD transmitter operation. The 
successful demonstration of an all-silicon QKD transmitter PIC will pave the way for Commodity-QKD 
technology. QKD's unidirectional nature allows for asymmetric complexity distribution along the optical 
link, necessitating either a low form-factor, low-cost transmitter, or receiver. In QOSY, the more 
challenging C-band single-photon avalanche photodetectors (SPAD) will be centralized at a cost-shared 
location. This leaves the compact (1.7 mm²) all-silicon QKD transmitter as the only distributed network 
element. Additionally, recent advances in SiGe near-infrared SPAD development promise a monolithic 
approach for QKD receivers in the near future [14-15], potentially transforming these into a commodity 
and enabling even simpler link configurations without cost-shared elements. 

Notably, QOSY aims for a significant reduction in complexity rather than achieving premium-grade 
performance. This approach is practical since QKD-based encryption relies on rapid AES-key renewal 
under the NIST limit. For a Secure Key Rate (SKR) of 1 kb/s provided by low-complexity QKD, the 
classical data capacity that can be secured under this limit is 20 Tb/s. In the context of 6G requirements, 
this capacity translates to approximately 20 wired access or fronthaul connections. Therefore, a balance 
between simplicity and secure-key generation rate is essential for the development of Commodity-QKD. 
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Terahertz Technology for Efficient Recycling of Plastics 

 
Plastic production has soared from just two million tonnes in 1950 to over 450 million tonnes 
today, highlighting its importance due to its low cost, versatility, and utility in diverse 
applications such as construction, home appliances, medical instruments, and food packaging. 
Despite these benefits, the mismanagement of plastic waste—through inadequate recycling, 
incineration, or poor landfill practices—transforms this valuable material into a significant 
environmental pollutant. Each year, approximately one to two million tonnes of plastic end up 
in our oceans, severely impacting wildlife and ecosystems. 
The challenge of plastic waste management is compounded by the difficulties in sorting plastics 
for recycling, especially colored plastics like black plastics, which are particularly problematic. 
These plastics are less desirable for recycling due to the carbon black pigment used, which 
absorbs significant amounts of light, making it difficult for optical sorting technologies to 
identify and separate them effectively. As a result, black plastics often end up as unrecyclable 
mixed waste, further lowering their economic and environmental value. The widespread use of 
these plastics, especially in single-use packaging, has led to an increase in plastic waste, with 
only a small fraction being recycled, thus posing substantial environmental challenges. 
Current sorting technologies, such as NIR and SWIR spectroscopy, struggle with black plastics 
due to their low reflectance and flat spectral profiles. In response, the project explores the use 
of terahertz (THz) technology, which shows promise in overcoming these limitations. THz 
time-domain spectroscopy (THz-TDS) and continuous wave (CW) THz spectroscopy are 
evaluated for their ability to penetrate materials and distinguish between different polymer 
types based on unique spectral fingerprints, regardless of color. 
The project is structured around three focused objectives: first, to assess the effectiveness of 
THz technology for identifying black plastics, comparing its performance with current 
infrared-based methods which struggle with high carbon content plastics. The second objective 
involves developing optimized THz-based sorting algorithms, which includes creating a 
comprehensive database of THz spectral fingerprints for various polymers. This data will be 
used to train machine learning models that classify polymers accurately, aiming for seamless 
integration into existing recycling operations. The third objective is the implementation of 
single-frequency THz systems in recycling facilities to test the practical application of this 
technology. This involves setting up, calibrating, and refining THz systems to enhance the 
sorting process, ensuring they align with the operational standards of modern recycling 
facilities. 
The anticipated outcomes of employing THz technology are multifaceted. Primarily, it is 
expected to significantly enhance the efficiency and accuracy of the recycling process, aligning 
with broader global objectives aimed at minimizing resource depletion and reducing 
environmental impact. The successful integration of THz technology would not only improve 
recycling rates but also influence broader industry practices, providing a benchmark for the 
adoption of new technologies in waste management. Additionally, the project supports public 
policy initiatives geared towards a circular economy, advocating for standards that facilitate 
easier sorting and recycling of plastics at the infrastructure level. Ultimately, by enabling more 
effective recycling solutions, the project contributes to significant reductions in landfill waste, 
thereby offering a sustainable approach to managing the environmental challenges posed by 
black plastics. This holistic approach underscores the project's potential to deliver substantial 
benefits in environmental conservation and resource management, marking a significant 
advancement in tackling the recycling challenges of today. 
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Terahertz Technology for Efficient Recycling of Plastics 

Literature Review: 
Plastic production has surged dramatically over the past 70 years, rising from just two million 
tonnes in 1950 to over 450 million tonnes today. This exponential growth underscores the 
immense value plastic has brought to our lives as a cheap, versatile, and sterile material used 
in countless applications, from construction and home appliances to medical instruments and 
food packaging. However, when plastic waste is mismanaged – not recycled, incinerated, or 
properly contained in sealed landfills – this valuable material becomes a major environmental 
pollutant. Each year, an estimated one to two million tonnes of plastic enter our oceans, causing 
significant harm to wildlife and ecosystems [1]. 
In recent years, the consumption of plastics has reached unprecedented levels, particularly in 
packaging applications [2]. The convenience, versatility, and cost-effectiveness of plastics 
have made them indispensable in various industries. However, this widespread use has led to 
a significant increase in plastic waste, posing substantial environmental challenges. In 2018, 
only Canadians threw away 4.4 million tonnes of plastic waste, only 8 percent of which was 
recycled [3]. One of the critical issues in managing polymer waste is related to the diverse 
range of plastic colors. Colorless or white plastics hold the highest market value as recycled 
products, as they can be easily sorted and re-colored to suit various applications. In contrast, 
colored plastics, especially black ones, are more challenging to sort with current sorting 
technologies which leads often to unrecyclable mixed plastic waste have lower economic value 
because their color limits their recyclability [4]. Black plastics can generally only be recycled 
into black plastic products, making them less desirable from a recycling perspective. The 
coloration of plastics results from the presence of organic or inorganic colorants, which can 
influence the recycling process, depending on their properties and the recycling methods used. 
Efficient mechanical recycling is currently the most sustainable approach to plastic recycling, 
emphasizing the separation of different polymer types to obtain high-quality secondary raw 
materials. Automated sorting of polymers is increasingly performed using sensor-based 
technologies, such as optical sensors operating in the Near-Infrared and Short-Wave Infrared 
(NIR and SWIR) spectral ranges. NIR spectroscopy has demonstrated its capability to classify 
various polymer types from different waste sources, significantly contributing to improved 
plastic recycling [5]. The technique relies on the interaction of NIR light (wavelengths between 
780 nm and 2500 nm) with the material. Polymers absorb NIR light at specific wavelengths 
corresponding to their molecular vibrations, creating a spectral fingerprint unique to each type 
of plastic. These spectral fingerprints are then used to identify and sort the polymers. However, 
a significant challenge arises when dealing with black-colored plastics. The strong light 
absorption of black plastics, primarily due to carbon black pigmentation, leads to low 
reflectance and flat spectra in the NIR range. As a result, NIR-based technologies struggle to 
classify black plastics by polymer type. SWIR spectroscopy, operating in the 1,000 nm to 2,500 
nm range, extends the capabilities of NIR by providing better penetration and sensitivity for 
certain materials. Similar to NIR, SWIR spectroscopy relies on the specific absorption 
characteristics of polymers in the SWIR range. While it offers improved performance over NIR 
in some cases, SWIR still faces challenges with black plastics due to the same issues of light 
absorption and low reflectance caused by carbon black [6]. Black plastics account for a 
substantial portion of household plastic waste, particularly in single-use packaging. Carbon 
black, used as a common colorant in black plastics, offers various advantages, including cost-
effectiveness, color stability, and resistance to environmental factors. It is widely employed in 
outdoor applications and products requiring strength, conductivity, or thermal stability. Despite 
its benefits, the presence of black plastics in the recycling stream poses significant challenges, 
necessitating effective sorting based on polymer type at recycling facilities [7]. Several 
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approaches have emerged to address the sorting of post-consumer black plastic waste. Several 
approaches have emerged to address the sorting of post-consumer black plastic waste, one of 
which is the use of Mid-Infrared (MIR) technology. MIR operates in the 2,500 nm to 25,000 
nm range and is less influenced by surface morphology and color, including black color. MIR 
spectroscopy can identify the unique absorption bands of polymers, making it a promising 
candidate for sorting black plastics. However, the effectiveness of MIR technology in industrial 
plastic sorting requires further research and validation [8]. 
In order to meet the stringent demands of achieving a 100% recycling cycle, new sensor 
concepts are currently being explored. Traditional system approaches, particularly those 
utilizing hyperspectral cameras in the infrared region, exhibit limitations, especially when it 
comes to sorting black plastics. However, the lower terahertz (THz) frequency range appears 
to offer a promising solution for sorting black plastics, primarily due to the unique properties 
of THz light [9]. THz time-domain spectroscopy (THz-TDS) involves generating short pulses 
of THz radiation and measuring the time it takes for the pulses to pass through or reflect off a 
material. This technique provides detailed information about the material’s absorption and 
refractive index across the THz spectrum. THz-TDS can penetrate non-metallic materials and 
provide distinct spectral fingerprints for different polymers, including black plastics. However, 
it often requires complex post-processing to interpret the data, which can be a limitation for 
rapid industrial applications [10]. CW-THz spectroscopy, on the other hand, uses a continuous 
THz source and is simpler in terms of data acquisition and analysis compared to THz-TDS. 
This method is particularly advantageous for identifying and sorting black plastics because 
THz waves can penetrate materials regardless of color or pigmentation, providing clear 
differentiation between polymer types. CW-THz technology can potentially be integrated into 
existing recycling facilities to enhance the sorting efficiency of black plastics. 

Project objectives: 
To address this challenge, the primary goal of this challenge is to assess the feasibility and 
potential benefits of utilizing continuous waves (CW) terahertz (THz) technology for the 
characterization and sorting of recycled black plastics. The anticipated outcome is the 
formulation of a strategic development plan aimed at enhancing product circularity within the 
recycling industry. To accomplish this, three distinct interrelated objectives have been 
established: 
Objective 1: Evaluate the Effectiveness of THz Technology for Black Plastic 
Identification 
The primary objective of this project is to assess the feasibility and efficiency of using terahertz 
(THz) technology, including both time-domain spectroscopy (THz-TDS) and continuous wave 
(CW) THz spectroscopy, for the identification and sorting of black plastics. This involves a 
comprehensive investigation into the capabilities of THz technology to accurately differentiate 
between various types of black plastics based on their unique spectral fingerprints. The 
evaluation will include a comparative analysis of THz technology against traditional NIR, 
SWIR, and MIR-technologies to determine its relative advantages and limitations in real-world 
recycling environments. 
Objective 2: Develop and Optimize THz-Based Sorting Algorithms 
Building upon the results from the first objective, the second objective focuses on the 
development and optimization of machine learning algorithms for the automated sorting of 
black plastics using THz spectral data. This involves creating a robust database of THz spectral 
fingerprints for various black plastic polymers and training machine learning models to classify 
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these polymers with high accuracy. The goal is to refine these algorithms to ensure they are 
efficient, reliable, and capable of being integrated into existing recycling facility operations, 
thereby enhancing the overall efficiency and accuracy of the sorting process [11]. 
Objective 3: Implement and Test Single-Frequency THz Systems Using Commercial 
Tools 
The final objective is to develop and implement practical strategies for integrating single-
frequency THz technology into existing recycling frameworks, using commercially available 
tools. This involves selecting suitable commercial single-frequency THz systems and 
developing a cost-effective, scalable solution that can be seamlessly incorporated into 
industrial recycling facilities. The project will address potential challenges such as system 
compatibility, throughput rates, and operational costs. Additionally, this objective includes 
pilot testing the integrated THz-based sorting system in real-world conditions to validate its 
performance and making necessary adjustments to ensure the technology can be successfully 
adopted on a large scale. 

Methodological Approach: 
This challenge will be realized at École de technology supérieure (ÉTS). The project will start 
with an in-depth review of existing literature related to THz technology applications in material 
characterization, particularly within the context of plastics recycling and the challenges posed 
by black pigments. A diverse range of black plastic samples commonly encountered in 
recycling streams will be collected with the preliminary focus on: High-Density Polyethylene 
(HDPE), Low-Density Polyethylene (LDPE) and Polypropylene (PP) as commodity polymers 
as well as Acrylonitrile Butadiene Styrene (ABS) Black, High Impact Polystyrene (PS), and 
Polyoxymethylene (POM) as engineering polymers. These polymers are representative of 
plastic waste encountered in different applications, especially packaging which is the main 
generator of plastic waste. 
To collect spectroscopy information for this project, our team will use the available resources 
at ÉTS. First of all, Nicolet 6700 FT-IR Spectrometer from Thermo Fisher Scientific will be 
used, which is available at the Open Characterization Laboratory at ÉTS. On the other side, 
being a member of Microelectronics and Communications Research Lab (LaCIME), M. 
Zhuldybina has access to the unique instrument from TOPTICA Photonics Inc: TeraScan1550 
(THz-FDS) and TeraFlashPro (ultra-rapid THz-TDS). These are tabletop THz systems. 
TeraScan1550 system with a tuning range extending up to 2.7 THz and TeraFlash Pro operating 
from 0.1 THz to 6 THz. 

Figure 1 Schematic demonstration of project realization steps. The name of classified polymers can 
be varied. 
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Further, comprehensive comparative studies will be conducted to assess the difference in 
characterizing recycled black plastics using FTIR and THz instruments. The extracted 
transmission spectra will be evaluated, and a database containing the information about the 
transmission lines corresponding to various polymers will be created. It is expected that the C-
H groups especially stretching vibration mode CH, CH2 and CH will have a particular 
fingerprint in THz range.  
To achieve the last objective, the team will acquire equipment from Eravant, which provides a 
compact CW THz solution for the range of 110-170 GHz. This system will be specifically 
tested and evaluated for its effectiveness in recycling black pigment plastic. To create a realistic 
testing environment, the team will set up a simulated recycling line that mimics industrial 
conditions. This setup will involve several steps. First, the Eravant THz CW system, known 
for its compact design, will be installed on a mock conveyor belt system that imitates the actual 
sorting lines used in recycling facilities. The team will then develop a custom bricolage to 
integrate the THz system into the simulated line. This will include designing mounts, supports, 
and interfaces to ensure the THz system can effectively scan and analyze black plastic waste 
as it moves along the conveyor. Next, the system will be tested with a variety of black plastic 
samples to assess its ability to accurately identify and sort different polymers. Key performance 
metrics will include sorting accuracy, processing speed, and system reliability. Based on the 
initial testing results, the team will make necessary adjustments to optimize the system’s 
performance. This may involve fine-tuning the positioning of the THz equipment, enhancing 
the machine learning algorithms, or improving the physical setup of the simulated line. The 
final step will be to evaluate the feasibility of scaling the single-frequency THz system for full-
scale industrial use. This will include an analysis of cost-effectiveness, integration challenges, 
and potential modifications required for deployment in actual recycling facilities. 

Outcomes: 
This project stands at the nexus of materials science, spectroscopy, and recycling technology, 
harnessing the distinctive capabilities of THz technology to address a pressing issue in the 
recycling sector—the identification and sorting of black plastics. The systematic investigation 
and benchmarking of THz technology against conventional methods promise to deliver 
substantial scientific insights and practical improvements to the recycling industry. The 
primary goal is to elevate the use of THz technology for sustainable recycling practices, 
significantly boosting the precision and efficiency of plastic recycling processes. This 
enhancement aligns with broader global efforts to mitigate resource depletion and minimize 
environmental damage, aiming to set new benchmarks for recycling efficacy that could be 
universally adopted. 

Impact: 
In terms of impact and influence on the industry, this project and the resulting transfer and 
valorization activities offer an opportunity to continue reflections within Quebec's recycling 
industries and sorting centres about the opportunities/potential offered by new technologies, 
such as THz, to increase plastic recycling rates. The proposed project also aims to raise 
awareness and hold companies, and more broadly those working in engineering, accountable 
for the environmental impact of decisions made during product development. More broadly, 
the project aims to equip the next generation by proposing methods, tools, and sharing our 
results to fuel their personal reflections. 

From an environmental perspective and in the long term, this project aims to create drastically 
environmental impacts by reducing the amount of waste, often destined for landfill. The 

https://www.eravant.com/
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produced waste can be reduced; hence, it is imperative to implement the creation of a suitable 
solution to divert them from landfilling. Using the novel inspection tool, it will be possible to 
sort the black plastic in a more efficient way and to keep black plastic in the circular economy 
and stopping it from unnecessarily going to landfill.   

From a public policy perspective, the project supports circular economy initiatives via 
standardization of plastic color codes for simple sorting process in recycling infrastructure. The 
obtained results can be transferred to a producer for waste export regulations and encourage 
manufacturers to design products with recyclability in mind. Incentives will be offered to 
organizations and businesses engaged in innovative recycling solutions, such as THz 
technology integration.  
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Towards objective monitoring of Parkinson's disease progress and reaction to 

cures: optimizing deep-brain stimulation effects with retinal eye-tracker 

(Health Challenge) 
 

Parkinson's disease, a growing global concern with no cure, presents a significant health challenge to 

the aging population. While Deep Brain Stimulation (DBS) offers some patient relief, optimizing its 

effectiveness for each patient remains a hurdle due to the need of extensive subjective assessments. 

This project proposes a novel solution: using a high-precision retinal eye tracker to assess eye 

movements in Parkinson's disease patients. 

 

Eye movement abnormalities are a common feature of Parkinson’s disease and hold promise as both 

diagnostic and treatment monitoring tools. Our retinal eye tracker offers a distinct advantage over 

existing technologies. It boasts superior accuracy and eliminates the need for patient cooperation, 

making it ideal for clinical settings. 

 

Our project unfolds in two phases. Phase 1 establishes a baseline by recording eye movements during 

visual tasks in healthy controls and Parkinson’s disease patients. This data will create a foundation 

for differentiating Parkinson’s disease patients from healthy individuals. In Phase 2, conducted in a 

clinical setting, we will assess how DBS parameter adjustments affect eye movements in Parkinson’s 

disease patients. By analyzing these changes, we aim to identify the optimal DBS settings for each 

individual, maximizing symptom reduction while minimizing side effects. 

 

The successful outcome of this project has the potential to revolutionize Parkinson’s disease 

management. We envision developing an objective and non-invasive diagnostic tool for Parkinson’s 

disease based on eye movement analysis. Additionally, this project will pave the way for optimizing 

DBS therapy, leading to targeted symptom control, improved quality of life for patients, and 

potentially reduced healthcare costs. Furthermore, the ability to detect Parkinson’s disease earlier 

through eye movement analysis could lead to earlier intervention strategies, potentially slowing 

disease progression and improving long-term patient outcomes. Finally, the success of this project 

could have broader implications for the field of neurodegenerative diseases by establishing eye 

movements as a valuable tool for diagnosis and treatment optimization in other neurological 

conditions. 

 

By funding this project, you will contribute significantly to advancements in Parkinson’s disease 

diagnosis and therapy, ultimately improving the lives of patients battling this debilitating, incurable 

disease. 



Towards objective monitoring of Parkinson's disease progress and 

reaction to cures: optimizing deep-brain stimulation effects with 

retinal eye-tracker 
 

Parkinson’s disease: a major global health concern 

Global aging trends are driving a significant increase in neurodegenerative diseases, with Parkinson's 

disease (PD) being a critical concern. The World Health Organization reports a doubling of PD cases in 

the past 25 years, reaching 8 million people worldwide [1]. This highlights the urgent need for research 

and improved management strategies as the aging population faces an increasingly growing burden from 

Parkinson’s disease. At present, no cure exists for Parkinson’s disease. 
 

Parkinson's disease is characterized by neuron loss in the substantia nigra of the brain. This region of the 

brain is crucial for movement coordination, including eye movements [4]. Consequently, beyond the 

familiar core motor symptoms like tremor, rigidity, and bradykinesia, roughly 75% of Parkinson's disease 

patients exhibit concomitant eye movement abnormalities [5]. 
 

These impairments primarily involve saccades, which are rapid eye shifts, and smooth pursuit, the action 

of tracking moving objects.  Parkinson's disease patients demonstrate decreased saccadic speed, 

amplitude, and frequency, particularly during complex visual tasks [6-10]. Additionally, patients exhibit 

increased latency in memory-guided saccades as well as antisaccade tasks -- or the resisting of reflexive 

eye movements [11]. Smooth pursuit is also compromised, with reduced gain (eye vs. visual target 

velocity) and accuracy [12, 13].  Moreover, Parkinson's disease patients show reduced fixation stability 

and increased microsaccades, or tiny eye flicks, even while fixating on a stationary point [14]. These eye 

movement disorders hold promise as both biomarkers for PD and for differentiating it from other 

neurodegenerative diseases [15-17]. Furthermore, analysis of eye movements in Parkinson's disease 

extends beyond aiding early diagnosis. It serves as a valuable tool to monitor disease progression and 

assess treatment efficacy. 
 

Deep Brain stimulation: a non-pharmacological therapeutic approach 

State of the art implantable pulse generators currently allow sending delicately crafted electric signals to 

the cerebral regions responsible for the control of body movements. Deep Brain Stimulation (DBS) offers 

significant relief for Parkinson's patients by disrupting abnormal brain activity, reducing motor and non-

motor symptoms including eye movement disorders [18, 19]. It improves saccade latency, smooth pursuit 

accuracy and fixation stability [20-22]. DBS is a promising therapy for inhibiting brain activity associated 

to Parkinson’s disease, akin to cardiac defibrillators and pacemakers, which inhibit abnormal electric 

activity in the heart and regulate its pulse.  
 

Optimizing DBS therapy is a crucial step in its path to its effective use in Parkinson’s disease. In 

particular, research suggests that a tailored set of parameters can further improve patient outcomes         

[23-26]. Currently, the primary challenge for DBS lies in efficiently selecting the most effective 

stimulation settings for every patient in four particular parameters: electrode sequence, signal frequency, 

amplitude and pulse width [27]. The present trial-and-error approach is not only time-consuming for both 

patients and doctors, but it also requires multiple clinic visits and subjective assessments [28, 29]. 

Additionally, improper settings can lead to ineffectiveness or contribute to adverse effects, including 

depression and other mental disorders, as well as eye movement issues [30-32]. 
 

Developing objective and non-invasive methods for optimal DBS parameter selection is therefore a 

pressing need to improve patient care and treatment efficacy in Parkinson’s disease. 

 
 
 



Advanced eye-tracking: the key to clinical success 

A novel retinal eye tracker developed at Nicolaus Copernicus University offers one solution to optimize 

DBS therapy for Parkinson's disease. Unlike the most effective competing technology of video-based 

trackers which require patient cooperation and calibration, our scanning laser retinal tracker is capable of 

measuring eye movements using retinal blood vessel location, which obviates the need for calibration and 

enables straightforward clinical assessment for non-communicative patients [33]. In particular, our 

technology boasts superior precision (up to 0.0005°) and accuracy (up to 0.02°) when compared with 

state-of-the-art commercially available video trackers (0.06° and 0.25° respectively) [34, 35]. 

Additionally, its integrated LED display allows presenting visual tasks to assess fixations, saccades, and 

smooth pursuit – all crucial for monitoring DBS effectiveness in Parkinson's disease. By precisely 

capturing the subtle changes in eye movements related to DBS parameter adjustments, this retinal tracker 

holds promise for objective and efficient DBS optimization, improving patient care and treatment 

outcomes. 
 

This project investigates the use of a novel retinal eye tracker to assess eye movements in Parkinson's 

disease (PD) and optimize DBS therapy.  Phase one involves recording eye movements during visual 

tasks in healthy controls and symptomatic patients. This process aims to create a baseline library of eye 

movement patterns to differentiate patients with symptoms from healthy, control individuals. Phase two, 

conducted in a clinical setting with the support of neurosurgeons, will quantitatively assess the actual 

impact of DBS parameter adjustments on eye movements in pathologically significant patients. By 

observing the effect of parameter value scans, we aim to identify the optimal DBS settings for each 

patient, with the goal of maximizing symptom reduction and minimizing side effects. 
 

In order to facilitate these studies, our existing retinal tracker prototype requires major modifications to be 

adapted for use with elderly patients with physical limitations, who make up a significant portion of the 

typical patient population. Technical upgrades required include enhanced optical system for better retinal 

imaging and displaying complex visual tasks beyond simple "follow-the-dot" paradigms. Likewise, 

suitable chin and headrest stability for accurate measurements in spite of severe motor impairment will 

enable the assessment of patients with a range of symptoms. These refinements will significantly improve 

eye movement data collection, reducing patient and doctor time commitment.  
 

Ultimately, our high-precision retinal tracker will enable the detection of delicate eye movement changes, 

contributing to early PD diagnosis, but also to serving as a clinical guide in DBS parameter adjustments 

for personalized treatment. 

 

 

Outcome 
 

This project holds significant promise for revolutionizing the use of DBS therapy for Parkinson's disease 

by leveraging our novel retinal eye tracking technology as a tool for objective and personalized treatment 

optimization. By meticulously analyzing these patterns using the high-precision retinal tracker, the project 

aims to identify distinct eye movement characteristics associated with Parkinson’s disease. This newfound 

knowledge will pave the way for the development of an accessible, non-invasive and objective diagnostic 

tool for Parkinson’s disease, potentially leading to clinical therapeutic intervention. 
 

The project's significance extends beyond optimizing DBS therapy for existing patients. The high 

accuracy of the retinal tracker, offers the exciting potential for earlier diagnosis. By accurately identifying 

these early-stage biomarkers, clinicians might be able to intervene with treatment strategies that could 

slow disease progression and improve long-term patient outcomes. This project represents a significant 

step forward in the development of a successful therapy for Pakinson’s disease and holds immense 

promise for improving the lives of patients battling this debilitating, incurable neurodegenerative disease. 

 



 

Impact 
 

The potential impact of this project's outcome is nothing short of transformative. Designing an effective, 

noninvasive therapy for Parkinson’s disease could lead to significant improvements in patient outcomes. 

Namely:  
 

- Targeted Symptom Reduction: By precisely pinpointing optimal DBS settings for each patient, 

clinicians could achieve specific, targeted symptom control. This translates to potentially reducing the 

tremors, rigidity, and gait disturbances, hallmarks of Parkinson’s disease, while minimizing the risk of 

debilitating side effects like dysarthria and dyskinesias. 
 

- Improved Quality of Life: Effective symptom control directly translates to an improved quality of life 

for patients. With better control over their motor functions, patients can regain independence and 

participate more actively in daily activities. 
 

- Streamlined Treatment: Earlier diagnosis and more targeted DBS therapy could lead to significantly 

reduced healthcare costs associated with managing Parkinson’s disease progression and its complications. 

Additionally, a non-invasive diagnostic tool could streamline the diagnostic process, lessening economic 

the burden on patients and national healthcare systems. 

 

- Earlier Diagnosis and Intervention:  By cataloguing ophthalmic biomarkers that allow for the early 

detection for Parkinson’s disease, clinicians could potentially intervene with early treatment strategies that 

slow disease progression and improve long-term patient outcomes. Early intervention could in turn 

significantly impact the course of the disease and potentially delay the onset of more severe symptoms. 
 

- Broader Applications in clinical neurology: The success of this project could have broader 

implications for the field of neurodegenerative diseases. The concept of using eye movements as a 

biomarker for diagnosis and treatment optimization has the potential to be applied to other neurological 

conditions. This new diagnostic tool could open new avenues in research and lead to significant future 

advancements in the overall management of other neurodegenerative diseases. 
  

Overall, the successful outcome of this project has the potential to revolutionize DBS therapy for 

Parkinson’s disease, leading to a future with earlier diagnosis, more effective treatment, and improved 

quality of life for patients battling this debilitating disease. 
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Wavefront shaping of ultrashort ultraviolet pulses with metasurfaces for the chirality 
study of biomolecules 

Optica Foundation Challenge: Environment 
PI: Maryna L. Meretska, Karlsruhe Institute of Technology (KIT) 

maryna.meretska@kit.edu 
1. Introduction 
Ultraviolet (UV) light has been important since living organisms 
started to populate our planet. The UV part of the sun's spectrum 
governs many biochemical processes in nature. Exposure to 
ultraviolet light triggers vitamin D production in humans and other 
animals. DNA strongly absorbs UV light, leading to harmful 
mutations and sometimes causing skin cancer. UV light is routinely 
used for disinfection purposes. Some organisms developed a 
photoreactivation process that reverses the detrimental influences of 
UV light on DNA. Photosynthesis is a remarkable process in which 
plants use sunlight to convert carbon dioxide and water into 
carbohydrates and oxygen with 100% efficiency. Understanding and 
controlling the dynamics of photochemical reactions may pave the 
way to designing highly efficient absorbers of greenhouse gasses or 
lead to bioinspired solar cells. 
The introduction of ultrashort pulse technology, which was awarded the Nobel Prize, provided tools for 
investigating the dynamics of chemical processes at their intrinsic timescale. It led to several 
breakthroughs that unraveled electron-driven phenomena in both condensed and soft matter. Despite 
significant advancements in the field, studying the dynamics of biomolecules remains challenging due 
to the lack of advanced optical components that can operate in the UV part of the spectrum. This project 
aims to develop metasurface-assisted techniques to study the electron dynamics of neutral biomolecules 
with ultrashort UV pulses. 

2. Objective 
We propose using optical metasurfaces combined with an advanced ultrashort UV pulse light source to 
realize novel, highly sensitive measurement techniques to study chiral neutral biomolecules. Optical 
metasurfaces are collections of engineered sub-wavelength nanostructures on a substrate that can 
manipulate light on demand at the subwavelength scale. Our proposed setup comprises a light source 
that generates ultra-broadband UV pulses and an achromatic metasurface that shapes UV pulses. The 
shaped light is used to illuminate the chiral molecule of choice. The developed setup will allow the 
probe of previously inaccessible electron dynamics in chiral neutral biomolecules.  
  
3. Plan 
The project duration is expected to be 24 months. In the first 12 months, the development and initial 
characterization of metasurface for UV pulses will be performed. The next 12 months will be dedicated 
to measuring the electron dynamics of chiral neutral biomolecules in collaboration with Prof. Calegari's 
group. Her group pioneered the broadband ultrashort UV pulse light source and has extensive expertise 
in measuring the electron dynamics of chiral molecules.   

4. Significance 
We introduce a new toolkit for studying the neutral chiral molecules using a novel light source of 
ultrashort UV pulses combined with a metasurface that can generate structured light. The unique 
collaboration between Meretska and Calegari lab will allow us to demonstrate experimentally novel 
techniques for chirality discrimination of biomolecules. With the availability of these tools, the 
proposed project offers a key step toward understanding and controlling photochemical reactions 
for a sustainable future. 

Image credit: Ella Maru Studio, Inc. 
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1. Introduction 

Observing events in time is an indispensable tool of science that has been used throughout humanity's 
history. As technology develops, events at increasingly higher speeds can be recorded, allowing new 
and exciting possibilities to gain insight into the world. The development of laser technologies allows 
for the generation of short light pulses to resolve the dynamics of chemical reactions1. The state-of-the-
art techniques produce attosecond pulses for observing electronic motion and can provide an 
understanding of the first steps of chemical reaction dynamics. This project aims to experimentally 
demonstrate the methodology to study electron dynamics in neutral chiral molecules using all-
dielectric metasurfaces. 

2. Problem statement  

The introduction of ultrashort pulse technology, which was awarded the Nobel Prize1, revolutionized 
the investigation of chemical processes at their intrinsic timescale1,2, leading to several breakthroughs 
that unraveled electron-driven phenomena in both condensed and soft matter. For example, attosecond 
pulses in the extreme ultraviolet (XUV) and soft X-rays have been used to investigate the electron 
dynamics of ionized targets. They are unsuitable for studying neutral biomolecules due to their high 
photon energy3,4 (> 15 eV). The ultrafast optics community is currently making efforts to produce few-
femtosecond pulses in the ultraviolet (UV) and vacuum-UV spectral regions5, where the photon energy 
is lower than most molecular ionization potentials (<10 eV). Such pulses, with their potential to open a 
route to investigating UV-induced dynamics in the neutral states of biomolecules that can also be 
triggered by natural light, could ultimately lead to the development of schemes for photochemical 
control at the electron time scale6.  

 
Fig. 1. Schematic of the proposed measurement setup for neutral chiral biomolecules. Linearly polarized ultrashort pulse 
propagates through an achromatic metasurface, generating an orbital angular momentum beam. The cross-section of the beam 
is shown in the top right corner. The beam illuminates biomolecules. The phase profile of the metalens with orbital angular 
momentum (L=2) is shown in the bottom right corner. The proposed setup will allow for the implementation of new techniques 
to probe molecular chirality with high-sensitivity 



Many examples from nature underscore the critical need for understanding and manipulating 
photochemical reactions in biology using ultrashort UV pulses5. The ultraviolet part of the Sun’s 
spectrum strongly influences the chemistry of life. Exposure to ultraviolet light triggers vitamin D 
production in humans and other animals. DNA strongly absorbs UV light, leading to harmful mutations 
and sometimes causing skin cancer.  Some organisms use a photoreactivation process that reverses the 
detrimental influences of UV light on DNA. Photosynthesis is a remarkable process in which plants use 
sunlight to convert carbon dioxide and water into carbohydrates and oxygen with 100% efficiency. 

Despite significant advancements in the field, studying the dynamics of chiral reacting biomolecules 
remains challenging7. Many advanced techniques have been developed to resolve the issues. The most 
common technique exploits the effect of circular dichroism (CD), which results in a tiny difference 
between the absorption of circularly polarized light by the enantiomers of a chiral molecule. However, 
this technique produces a low signal. Many efforts have been made to develop more sensitive techniques 
for chiral discrimination. These techniques include7 microwave three-wave mixing, Coulomb-explosion 
imaging, high-harmonic generation (HHG) in weakly elliptical and bicircular laser pulses, and time-
resolved photoelectron CD (TR-PECD).  

The lack of commercially available optical components for advanced wavefront control hinders further 
development of new sensitive techniques for chiral discrimination and control. Promising techniques 
exploiting the spin and orbital angular momentum of ultrashort and broadband light pulses have been 
predicted to be highly sensitive8, but the experimental demonstration remains unachievable. To realize 
these novel approaches to studying neutral chiral biomolecules, achromatic polarization optics 
that can operate in the UV region is required. 
 
3. Objective 
We propose using achromatic optical metasurfaces combined with an advanced ultrashort UV pulse 
light source to realize novel, highly sensitive measurement techniques to study chiral neutral 
biomolecules. Optical metasurfaces are collections of engineered sub-wavelength nanostructures on a 
substrate that can manipulate light on demand. This technology has demonstrated phase, amplitude, and 
polarization control of light9–13, enabling ultra-compact, lightweight optical systems, including 
polarimeters14,15 imagers, and spectrometers16 that can operate at various spectral ranges.  
Our proposed setup consists of a light source that generates ultra-broadband UV pulses developed in 
Prof. Calegari's group17,18, followed by an achromatic metasurface that generates a vortex beam. The 
shaped light will be used to illuminate the chiral molecule of choice. The developed setup will allow 
the probe of previously inaccessible electron dynamics in chiral neutral biomolecules19.   

4. Approach 

4.1 Broadband UV light source 

Producing UV radiation with a duration of a few femtoseconds presents technological challenges due 
to the ultra-broadband nature of the spectra and its strong sensitivity to chromatic dispersion. This 
typically requires using nonlinear gas media with minimal dispersion properties compared to highly 
dispersive nonlinear crystals. An emerging gas-based approach involves using multi-cycle near-infrared 
(NIR) femtosecond pulses for ultraviolet generation through soliton dynamics in hollow-core fibers20, 
offering high spectral tunability. Another method is via third-harmonic generation of NIR pulses in a 
highly pressurized glass cell filled with noble gas, as the Prof. Calegari group demonstrated17,18. They 
achieved the broadest and shortest UV pulses to date with a near-octave spanning spectral bandwidth 
between 220 to 320 nm (Fig. 2(a)). The sub-2fs time duration of these UV pulses enables the 
investigation of UV-induced phenomena with unprecedented temporal resolution21. This light source 
will be combined with the metasurface to generate a broadband orbital angular momentum UV light. 
 
 



4.2 Metalens design 

It has been demonstrated that optical metasurfaces provide advanced wavefront control for light in the 
UV part of the spectrum22. Focusing metalenses22, self-accelerating beam generator, Airy beam 
generator, auto-focusing Airy optical vortex generators, holograms, and spin-multiplexed metasurfaces, 
optical spin latices23 have been demonstrated to operate in the UV part of the spectrum. Moreover, many 
approaches to designing achromatic metasurfaces in the wavelength range from visible to mid-infrared 
spectrum have been demonstrated24. We will combine these advances in metasurface technologies to 
develop a broadband achromatic focusing optical vortex generator.  

 
Fig. 2 (a) The spectrum generated by a UV light source developed by Prof. Calegari's group. The spectral range of interest is 
outlined in red. (b) Refractive index of HfO2. The red region indicates the wavelength range of interest22. (c) The nanofin 
geometry schematic with key dimensions that are indicated in the image. (d) The exemplary library of nanofins for λ=265 nm, 
where Dx is sweeped and Dy=50 nm is fixed.  

The first step in metasurface design is to choose the material for the nanofabrication of the metasurface. 
The main challenge at the UV part of the spectrum is the availability of materials with high refractive 
index and low absorption, as well as established nanofabrication techniques for the material of choice. 
In the literature, various materials such as HfO2

22, Nb2O5
25, MgO26, Si3N4

27, and AIN23 have been 
explored to realize metasurfaces in UV. Considering the spectral extent of the light source used in this 
project, HfO2 will be the material of choice, as it has the lowest absorption for the spectral range of 
interest (see Fig. 2(b)), and it can be patterned using a well-established atomic layer deposition 
technique (ALD). 

The next step is choosing the metaatom geometry and generating a library of metaatoms. The generated 
library should consider the metaatoms' multiwavelength response to achieve an achromatic response 
from the designed metasurface. Fig. 2(d) shows an example of a generated metaatom library at the 



wavelength λ=265 nm illuminated by linearly polarized light. The metaatom of choice is HfO2 nanofins 
on a glass substrate with a height of 450 nm, a unit cell size of 150 nm, and a diameter on the x-axis 
varying from Dx=50 to 110 nm, where the diameter on the y-axis is kept fixed Dy=50 nm (see Fig. 2(c)). 
The defined range of radiuses of the nanofin provides full 0-2pi phase coverage for a given wavelength 
and polarization, satisfying central design requirements.  

Once the multi-wavelength library is created, the metasurfaces can be designed by matching the 
intended phase profile with the metaatom phase response at each wavelength. 

4.3 Nanofabrication 

The fabrication workflow is identical to the well-established process of fabricating TiO2 metasurfaces, 
which is well described in the literature11,15 The nanofabrication of metalens is performed in three steps. 
In the first step, the metasurface design is fabricated in the ebeam resist. Then, HfO2 is deposited using 
the low-temperature atomic layer deposition (ALD) technique, followed by the etching of excessive 
HfO2 and removal of the resist. 

4.4 Optical testing 

The metasurface's initial optical testing will be performed at Meretska Lab using a continuous-wave 
(CW) UV laser that covers the wavelength of interest. The transmission setup consisting of the light 
source, metasurface, objective, and UV camera will be assembled. The intensity distribution behind the 
metasurface will be recorded by moving the objective along the lens's optical axis. The resulting 2D 
intensity map should reveal the OAM light beam. 

In the next step, Prof. Calegari's group will test the metasurface. Her group has extensive expertise in 
developing measurement tools for the dynamics of chemical processes in chiral molecules. Recently, 
Prof. Calegari's group pioneered a new class of experiments by mapping in real time the ultrafast 
electronic dynamics induced by UV-excitation of chiral molecules19. The work revealed the impact of 
coherent electronic excitation on the molecular chiral response and identified the production of chiral 
current driven by electronic motion, providing a key element for enantio-sensitive photochemical 
control. 

5. Significance 

We introduce a new toolkit for studying the neutral chiral molecules using a novel light source of 
ultrashort UV pulses combined with an achromatic metasurface that can generate orbital angular 
momentum carrying light. The unique collaboration between Meretska and Calegari lab will allow us 
to demonstrate experimentally novel techniques for chirality discrimination of biomolecules. With the 
availability of these tools, the proposed project offers a key step toward understanding and 
controlling photochemical reactions for a sustainable future. 
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Executive Summary 

SISTER-PV: Storage-Integrated Solar ThERmoPhotoVoltaics 

Category Environment 

As humanity strives to achieve carbon neutrality by 2050, renewable energy sources like solar power 

become increasingly crucial. While PV systems have dominated the market due to lower costs and 

modularity, their intermittent energy production necessitates significant storage capacities. 

Concentrated solar power (CSP) offers an advantage over PV by storing energy as heat, enabling on-

demand electricity generation. However, it is limited to utility-scale and can only operate up to 

temperatures around 500°C.  Thermophotovoltaics (TPV), which uses the PV effect to convert thermal 

radiation from any hot source into electric power, is a breakthrough technology to replace conventional 

heat engines for heat-to-electricity conversion with high-temperature sources (over 1000°C). Unlike 

dynamic engines, the performance of TPV devices is independent of scale, and they offer better 

reliability and lower maintenance costs thanks to the absence of moving parts or working fluids. TPV 

is an increasingly active research field, owing to developments in material science and devices, which 

have led to impressive experimental results and several startups. 

Storage-Integrated Solar TPV (SISTPV) technology 

combines the modularity of PV cells with the energy storage 

of CSP. The SISTER-PV project aims to develop this 

novel energy solution, a sibling of PV cells, by integrating 

TPV technology with solar absorption and thermal energy 

storage. Specifically, it focuses on an innovative approach 

for solar absorption, exploring direct absorption in 

partially or fully transparent phase-change materials 

(PCMs) as the energy storage material. The project will 

leverage the unique capabilities of the PROMES research lab 

in France, which specializes in high-temperature operations using concentrated sunlight. 

Three key goals will be pursued within the SISTER-PV project: 

1. Modeling SISTPV Systems with transparent PCMs: Develop a fully coupled SISTPV model 

integrating heat transfer, sunlight absorption, and TPV power generation to identify a pathway 

towards 10+% efficiency. 

2. Characterizing Transparent PCMs: Investigate the optical properties of phase-change 

materials (PCMs) like MgF2 in both solid and liquid states above 1000oC. 

3. Integrating PCMs into SISTPV: Implement and test transparent PCMs within an existing 

SISTPV prototype to assess durability and demonstrate electricity production with TPV cells. 

The SISTPV technology has the potential to revolutionize energy production and storage by offering 

a scalable and efficient solar energy solution. It addresses the need for sustainable energy systems, 

contributing to global efforts to reduce greenhouse gas emissions. The project will generate valuable 

intellectual property and publications, fostering further research and development in this field. 

Promising results will help secure additional funding and collaborations, ultimately aiming to scale up 

the prototype towards commercial dimensions and achieve efficiencies comparable to current solar cells. 

In conclusion, the SISTER-PV project represents a significant step forward in the quest for sustainable 

and reliable energy solutions, with the potential to make a profound impact on both the environment 

and energy markets globally. 
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Proposal 

SISTER-PV: Storage-Integrated Solar ThERmoPhotoVoltaics 

Category Environment 

Literature review 

Immediate coordinated action is required to secure a livable and sustainable future, as humanity must 

achieve carbon neutrality by 2050 to limit global warming below 1.5°C [1]. Solar cells, which directly 

generate electricity from sunlight through the photovoltaic (PV) effect (Fig. 1(a)), hold a central place 

in this plan. However, the transition towards an energy mix dominated by renewable sources implies 

intermittent energy production with little dispatchability. As a result, colossal energy storage capacities 

will be necessary to meet the energy demand, with time scales ranging from a few hours to a few 

days [2]. Indeed, the energy storage capacity is expected to grow 15-fold by 2030 relative to 2021 [3]. 

An alternative solar technology, known as concentrated solar power (CSP), harvests sunlight directly 

as thermal energy. In a solar power tower (Fig. 1(b)), heliostats on the ground focus sunlight onto a 

receiver on top of a tower. The heat is transferred and stored in molten salts at a few hundred degrees, 

which are used to run a steam turbine. Both CSP and PV systems currently offer a similar year-averaged 

efficiency of around 20%. However, the levelized cost of electricity is much lower for PV. This is partly 

because the modularity of PV makes it deployable at all scales (from kW to GW), while CSP is only 

viable at the utility-scale (over 10MW) as the turbine efficiency decreases for lower power. As a result, 

PV has overtaken most of the solar energy market in the past 10 years [4]. 

 

Figure 1: (a) A photovoltaic (PV) solar cell directly generates electricity from sunlight (image from 

pveducation.org). (b) A concentrated solar power (CSP) plant generates heat from sunlight, which is 

then converted into electricity using a turbine (image from energy.gov). 

However, CSP offers one crucial advantage compared to PV conversion: the integrated ability to 

store energy as heat and produce electricity on demand. Indeed, thermal energy storage can be both 

dense and cheap, with costs below 10€/kWh, more than an order of magnitude lower than for Li-ion 

batteries [5]. Furthermore, solar thermal technologies could significantly outperform PV for high 

concentrations due to a much higher theoretical efficiency limit of 85%, versus 41% for single-

junction solar cells [6]. To improve the prospects of solar thermal technologies, their operation 

temperature should be drastically enhanced, from ~500oC to well over 1000oC. To do so, material and 

engineering constraints on the solar receiver, storage medium, and heat engine must be addressed. 
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A promising way to enable 

high-temperature and 

modular energy conversion 

is to replace the steam 

turbine of CSP systems with 

thermophotovoltaic (TPV) 

cells, a technology that uses 

the PV effect to convert the 

thermal radiation from any 

hot source into electric 

power [7]. The photons 

radiated by the thermal 

emitter are absorbed in a 

semiconductor, generating 

electron-hole pairs that can 

be extracted to produce 

electric power (Fig. 2(a)). Unlike dynamic engines, the performance of TPV devices is independent of 

scale, and they offer better reliability and lower maintenance costs thanks to the absence of moving 

parts or working fluids. Furthermore, they strongly benefit from operating at very high 

temperatures [8,9]. TPV has been an increasingly active research field in the past decade, owing to 

developments in material science and devices [10–12], leading to impressive experimental results (Fig. 

2(b)) [13]. Indeed, several experiments have recently demonstrated TPV efficiencies above 30% [14–

17], and even above 40% for temperatures above 2000oC [18]. Following this rapid progress, TPV 

technology is already out of the lab, with 3 start-ups developing commercial solutions: Antora 

Energy [19], Fourth Power [20] and Thermophoton [21]. However, all these systems rely on thermal 

batteries which are heated electrically rather than with sunlight. 

Solar TPV (STPV), where an absorber heats up by collecting concentrated sunlight on one side and 

emits photons towards a TPV cell on the other side, has long been suggested for its potential to approach 

the 85% solar efficiency limit [22]. The first experiment was reported in 2013 [23]. Since then, despite 

significant progress on the numeric [24,25] and experimental [26,27] fronts, the efficiency record is 

only 8.4% [28]. Additionally, all STPV experiments have so far considered direct solar-to-

electricity energy conversion, neglecting storage. 

A system that combines sunlight absorption, 

thermal storage, and TPV electricity generation, 

called storage-integrated solar TPV (SISTPV), 

was first suggested in 2013 [29], inspired by an 

earlier work [30]. A SISTPV system can 

fundamentally be decomposed into several parts 

(Fig. 3). Sunlight is concentrated by a parabola onto 

a surface with high absorptivity in the solar 

spectrum, generating heat. This heat is transferred 

to a material in which it can be stored. To produce 

electricity, the heat is radiated by a surface with high 

emissivity in the infrared towards a low-bandgap 

TPV cell which converts thermal radiation into 

electricity. 

 

Figure 3: Sketch of a general SISTPV system 

 

Figure 2: (a) Schematic of a TPV system. (b) Figure of merit 𝜙 

defined as the performance relative to the thermodynamic limit for 

the best TPV experiments reported so far, as a function of the emitter 

temperature 𝑇𝐻. Adapted from Giteau et al. [21]. 
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Problem statement and objective 

Why is there a 10x discrepancy between the theoretical limit and the efficiency record for STPV 

systems? And why have no complete SISTPV systems been reported to date? The main reason is 

that developing this technology requires a wide combination of expertise. First, a high-concentration 

system must be able to focus sunlight several thousands of times. Second, the system should absorb 

all incoming sunlight while minimizing emission losses. Third, the thermal storage unit must provide 

high energy density to enable overnight storage capacity. Fourth, the energy conversion process must 

be optimized, requiring dedicated TPV cells with characteristics significantly different from solar PV 

cells. Finally, the entire system must be designed to work at very high temperatures, which have not 

been previously considered for energy applications. 

Since March 2024, I have been working as a postdoctoral researcher at PROMES, a research lab located 

in the South of France, part of CNRS (National Scientific Research Center) to tackle this broad 

challenge. The research conducted at PROMES focuses on achieving very high temperatures using 

concentrated sunlight for energy production and other applications. As such, the lab aggregates a 

unique set of tools to characterize and simulate materials and devices at very high temperatures under 

concentrated illumination [31]. This includes numerous solar concentration systems of various sizes, 

including a 6 kW vertical apparatus with a concentration of 4500 suns (Fig. 4(a,b)).  

I am currently developing, on this 6 kW system, a prototype that absorbs sunlight to store it at 

temperatures between 1000oC and 1500oC (Fig. 4(c)). In particular, I am targeting thermal energy 

storage as latent heat in the solid-liquid phase transition of a phase-change material (PCM), 

initially focusing on ferroaluminum alloys. Compared to sensible heat in a solid or liquid, latent heat 

storage is particularly appealing for TPV conversion which does not require a working fluid, as it allows 

operating around a fixed temperature, enabling higher efficiency [32]. Also, latent heat storage 

generally offers higher energy densities, especially for materials with a very high melting 

temperature [5]. Furthermore, I was recently awarded a research scientist (tenured) position at 

PROMES starting January 2025, pending a final validation from CNRS in July. My general research 

project aims at identifying and implementing innovative solutions to enable high-performance 

SISTPV systems. As a first step, il will insert a TPV cell at the back of the prototype in Fig. 4(c) to 

demonstrate, for the first time, a fully functional SISTPV system. 

 

Figure 4: (a) Schematic and (b) picture of the 6 kW vertical solar concentrator system at PROMES. (c) 

Sketch of the thermal storage prototype currently developed at PROMES. 

Photonics and optics have a critical role to play for SISTPV due to the radiative heat transfers 

involved both for solar absorption and TPV conversion. In particular, angular and spectral 

engineering of the optical properties of the absorber, emitter, and TPV cell are aspects I have 

significant experience with [33–35] and will apply to optimize SISTPV performance. 
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The SISTER-PV project targets the development of SISTPV technology, the younger sibling of 

solar cells. Specifically, it focuses on an innovative approach for solar absorption with a large 

potential upside. Typically, solar absorbers are solid materials that absorb sunlight and transfer heat to 

a circulating fluid underneath. SISTPV does not require a working fluid, so it not only allows but 

uniquely benefits from using high-temperature PCMs to store heat with high energy density at a stable 

temperature. One problem that arises is to make sure heat gets transferred through the PCM to fully 

exploit the storage capacity and minimize thermal losses. Indeed, in the prototype illustrated in 

Fig. 4(c), the heat is absorbed at the top and must travel through the PCM, before being radiated towards 

the TPV cells at the bottom. This configuration creates a temperature gradient through the system 

which can be detrimental to the performance and limits the possibility to upscale (Fig. 5(a)). 

To tackle this issue, two complementary strategies can be employed. The first is to improve heat transfer 

through the PCM, by selecting materials with high conductivity (as I am currently exploring with 

metallic alloys) and taking advantage of natural or forced convection. The second is to ensure heat 

absorption occurs as close as possible to the TPV emission area. This implies optimizing the geometry 

of the system, such as the shape of the storage medium and the position of the TPV cells. But this can 

also be addressed by engineering optically where light gets absorbed. 

Within the SISTER-PV project, I will investigate the possibility of direct sunlight absorption in 

the storage PCM, without an intermediate absorber. One first advantage of this approach is that it 

removes the thermal resistance between the absorber and storage material. However, the main appeal 

of this strategy lies in the implementation of partially or fully transparent PCMs. With a fully 

transparent PCM, absorption occurs on the inner walls of the crucible, completely reversing the 

thermal behavior of the system (Fig. 5(b)). Alternatively, by embedding absorbing microparticles 

within a transparent PCM, sunlight absorption can be homogeneous through the PCM, 

minimizing the temperature gradient. Finally, more exotic optical behavior depending on the PCM 

phase (a PCM transparent only in the liquid or in the solid phase in certain spectral bandwidths) can 

lead to optical trapping of the thermal radiation and greatly reduce emission losses towards the sky. 

 

Figure 5: (a) Temperature gradient in the thermal storage unit when considering absorption occurs in a 

solar absorber above the PCM. The back surface remains colder until the whole PCM is melted (b) With 

a transparent PCM, sunlight travels through the storage material to directly heat the side walls, 

drastically modifying the temperature profile. 

The main objective of the project is to explore the potential benefits of implementing partially or 

fully transparent PCMs for SISTPV technology. The core of the research will be conducted between 

January and December 2025. To assist me in this project, I will recruit a postdoctoral researcher for a 

duration of 12 months. I note that in the unlikely event that my CNRS position was not validated, I 

would still be able to conduct the SISTER-PV project by using the personnel budget allocation for my 

salary. 
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Outcomes 

The detailed workflow is presented in the timeline document.  

Aim 1: Model SISTPV systems with transparent PCMs 

• Develop a 2D axisymmetric model of heat transfer within the transparent PCM and its walls. 

• Integrate the code with sunlight absorption and TPV power generation to obtain a fully coupled 

description of the heat exchanges in the system and their impact on energy production. 

• Determine the optimal optical properties of partially transparent PCMs. 

• Identify a pathway towards 10+% efficiency with minimal modifications of the prototype. 

Aim 2: Characterize transparent PCMs 

• Develop a methodology to characterize the optical properties of PCMs in the liquid phase. 

• Measure the optical properties of 1+ PCM (MgF2) as a function of temperature in both phases. 

• Inject the obtained data into the model (Aim 1). 

Aim 3: Integrate the PCMs into a SISTPV system 

• Implement 1+ transparent PCM within a graphite crucible in the SISTPV prototype. 

• Track the temperature and phase of the PCM with time using a combination of optical and 

thermal characterization tools. 

• Perform 10+ fusion cycles to test the durability of the PCM. 

• Compare the data with the models (Aim 1) to identify additional relevant physical phenomena. 

• Integrate a TPV cell to demonstrate power generation and compare it to the solar absorber case. 

Impact 

There is no doubt that SISTPV technology can bring a profound change in energy production and 

storage by offering modular solar energy production with integrated thermal storage. The unique skillset 

and experimental facilities available at laboratory PROMES, my theoretical and technical background, 

and the ongoing research I am conducting on the topic form an ideal combination to make the SISTER-

PV project a success. 

SISTPV technology remains largely unexplored and has a high potential for generating valuable outputs 

in terms of publications and intellectual property, a process I already have experience with [36,37]. 

Results will be communicated widely, in particular through interviews and featured articles for non-

technical science media, which I have been invited to multiple times [38–41]. I also note that I already 

have a patent and publication in preparation on the engineering of radiative properties using 

PCMs, which this project will be able to build upon. 

Promising results will help secure future funding to explore a broad space of partially transparent PCMs 

in collaboration with material science laboratories. Future goals would be to build a material database 

of high-temperature optical properties, to achieve efficiencies above 20% with SISTPV technology so 

it is comparable to that of solar cells, and to scale up the prototype towards commercial dimensions. 

In terms of broader impact, the SISTER-PV project can help stimulate the renewable energy and storage 

market by providing a reliable and efficient solar energy solution capable of operating around the clock. 

It could drastically help reduce greenhouse gas emissions and environmental degradation by avoiding 

the need for fossil fuels or materials such as lithium and noble metals. The technology’s social impact 

could also be significant, as it is particularly well suited for regions with high solar insolation but limited 

access to stable power grids. 
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Executive Summary| Category: Environment
Energy-efficient sensor for continuous and real-time monitoring of greenhouse gas emissions

1. The Challenge: A major challenge the world is facing today is the intensive emission of greenhouse
gases and air pollutants from industry, agriculture, and urban traffic. These emissions contribute
to global warming and serious health problems, resulting in substantial societal costs. Greenhouse
gases such as CO2 comprising 76% and CH4 comprising 16% are identified as the primary environ-
mental pollutants today, which contributes to current climate crisis. A recent study finds that damage
to farming, infrastructure, productivity, and health from climate change will cost an estimated $38 tril-
lion per year by 2050. Emissions from intensive livestock production significantly contribute to global
warming and various other environmental issues. Livestock’s impact on global warming primarily from
CH4 emissions resulting from animal metabolism. NH3 emissions from livestock manure contribute
to several effects including adverse human health impacts and premature deaths due to fine particle
formation. Farming is the primary source of ammonia (NH3) emissions, responsible for over 50% of
global NH3 emissions. Approximately half of this NH3 emission becomes an environmental pollutant.
Additionally, agriculture ranks as the second highest contributor to CH4 emissions, accounting for up
to 31% of total emissions in the US and recognized as one of the key contributors to global warming. A
recent report suggests that Florida Everglades has become a greenhouse gas emissions hotspot
leading to global warming, climate change, and more frequent hurricanes in this area. Despite their
significance, tracing and monitoring greenhouse gases in the parts-per million (ppm) level in real-time
with high sensitivity and selectivity remains challenging. Therefore, the development of a low cost and
reliable gas sensor capable of real-time monitoring these emissions is extremely significant.

2. Objective: The proposed effort will address the critical need for a new family of energy-efficient,
compact, and cost-effective all fiber-based gas sensor for real-time monitoring of multi-species green-
house gases (NH3, CO2, and CH4) with high sensitivity, selectivity, and reliability. The proposed device
is based on a unique concept: “Laser-based Absorption Spectroscopy” (Figs. 1(a-c)). A critical
objective of this project is to build an all-fiber based gas sensor in the telecommunication window.
Operating in the telecommunication wavelength regime offers the advantage of accessing high-quality,
cost-effective components due to the advanced and matured optical telecommunication technology.
As a result, the overall system development costs much less than comparable commercial systems.
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Fig. 1: (a) Molecular absorption lines of CO2,
NH3, and CH4. (b) SEM image of HC-ARF with a
record loss of 0.79 dB/km at 1 µm, single-mode,
and bend insensitive. (c) Prototype of continuous
measurement of multi-species gas sensing.

3. Outcome: The proposed research is a unique com-
bination of ultra-low loss near-IR fiber design and fabrica-
tion, experimental demonstrations, and prototype system
assembly. The outcome of the proposal is expected to be
a prototype of an all fiber-based energy-efficient, compact,
reliable, and cost-effective gas sensor for multi-species gas
sensing (Fig. 1(c)). A detection limit in the order of parts-
per-million (ppm) can be obtained with an average measur-
ing time of less than 5 s or even less with unprecedented
sensitivity, selectivity and detection limit.

4. Capability and Impact: Success in program goals will
have broader societal and economical impacts since the
proposed sensor will have direct impact on the industrial
and agricultural sector. The success of this project can lead
to “Lab to Technology and Market” towards commercial-
ization, and will have positive-impact to trace and monitor
greenhouse gases. The proposed sensor is of great interest for spectroscopy, environmental sens-
ing, and medical diagnostics. Thus, funding from this proposal is vital for fully exploring its commercial
potential, laying a solid foundation for market entry, and driving innovative solutions for societal benefit.
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Energy-efficient sensor for continuous and real-time monitoring of greenhouse gas emissions

1. The Challenge

The emission of extensive greenhouses gases such as carbon dioxide (CO2), methane (CH4), nitrous
oxide (N2O) and ammonia (NH3), and air pollutants from industry, intensive agriculture, and urban
traffic are causing global warming and serious health problems. According to World Economic Forum,
a new study finds that over the past 20 years, extreme weather events globally, like hurricanes, floods
and heat waves, have cost an estimated $2.8 trillion. Due to greenhouse effect the average global
temperature has already increased by about 1.20c since pre-industrial times. This warming trend is
driving climate change, leading to rising sea levels, more frequent and severe heatwaves. For example,
a growing evidence suggests that Florida Everglades has become a greenhouse gas emissions
hotspot. This is due to draining the water and exposing the peat has made the region a significant
source of greenhouse gas emissions, which are warming the global climate and contributing to impacts
like hotter temperatures, rising seas and more damaging hurricanes [1]. In addition, gaseous emis-
sions from intensive livestock production contribute to global warming and several other environmental
challenges. The livestock contribution to global warming is mainly due to emissions of methane (CH4)
from animal metabolism as well as manure storage and application. Emission of CH4 from livestock
manure contribute to (i) human health effects and premature deaths due to fine particle formation, (ii)
eutrophication of aquatic ecosystems, and (iii) acidification of soils through nitrification. Agriculture is
the second highest contributor to CH4 emission, accounting for up to 31% of total emission in the US
for example [2]. The emission of CH4 is considered among the primary contributors to earth warming
[3]. In addition, monitoring of CH4 concentrations in water is of high importance in many areas, such
as fishery and water treatment plants, where rapid changes in concentrations could result in serious
complications. In fishery, low levels of CH4 concentration can expose the fish to bacterial infection and
a high concentration can have lethal effects. However, controlling and legislating guidelines on green-
house gases is hindered by the lack of cost-effective, sensitive and selective gas detection systems.
Moreover, tracing and monitoring greenhouse gases in the ppm level in real-time with high sensitivity
and selectivity remains challenging. Therefore, the development of a low cost and reliable gas sensor
capable of continuously detecting and monitoring these emissions is extremely significant.

Solution: The proposed effort will address the critical need for a new family of energy-efficient, com-
pact, and cost-effective all fiber-based gas sensor for real-time monitoring of multi-species greenhouse
gases (NH3, CO2, and CH4) with high sensitivity, selectivity, and reliability. The proposed device is
based on a unique concept: “Laser-based Absorption Spectroscopy”. For any optical fiber sensor to
be practical and deployable, it is necessary for it to be compact and all-fiberized. A critical objective of
this project is to build an all fiber-based gas sensor in the telecommunication window. Operating in the
telecommunication wavelength regime offers the advantage of accessing high-quality, cost-effective
components due to the advanced and matured optical telecommunication technology. As a result, the
overall system development costs much less than the available commercial systems. Another criti-
cal objective of this project is to surmount the challenge of creating an efficient near-IR waveguiding
medium that enables strong light-matter interactions with greenhouse gases (NH3, CO2, and CH4). To
accomplish this, the PI will utilize a novel fiber medium: “hollow-core anti-resonant fiber (HC-ARF)”,
as it is currently the only viable solution that offers low-loss, low bend loss, and single-mode transmis-
sion [4–8]. The HC-ARF is the heart of this project, which acts as high-quality “gas-cell”. HC-ARF
provides exceptionally precise and well-controlled light-matter interactions, which are unattainable in
any type of waveguides [9]. This unique capability holds significant promise for the development of
novel applications in many emerging areas, and therefore, would be extremely impactful.



2. Literature Review and Rationale

In this section, a brief overview of the various gas sensing techniques will be discussed. Recently, sev-
eral articles have been published on various gas sensors for various applications such as automobile
gas emission monitoring [10], fire alarms [11], inspection of dairy products for food industries [12], etc.
Most of these gas sensors are developed to target specific gases and although some of the sensors
have reached commercialization, they still lack the ability for monitoring other gases such as NH3 and
CH4. For example, sensors used for fire and smoke detectors are mostly based on photoelectric or air
ionization effects, where a change in the density of air in the gas chamber triggers the alarm. Oxide
semiconductors have been widely studied for gas sensing, and a major setback has been the issue
of selectivity [13] and operational temperature. In attempts to increase the selectivity, dopants and
additives have been used to modulate the selectivity to some extent [14] but the operational temper-
ature still goes as high as 3000c for detection at 1000 ppm level. A more versatile, highly sensitive
and selective system is necessary for the detection and monitoring of ammonia in the atmosphere.
Gas absorption spectroscopy offers a strong advantage in terms of selectivity. By utilizing the unique
absorption spectrum of molecules, it is possible to target a specific gas, and the sensitivity of the sys-
tem can be improved by enhancing the light-matter interaction. To this end, hollow-Core anti-resonant
fibers (HC-ARFs) have attracted huge attention by virtue of their promise to deliver a unique range of
optical properties that are simply not possible with conventional solid-core fiber types. In HC-ARFs,
99.99% of the power in the optical mode is confined within the hollow-core. This gives the provision of
ultra-low (a tunable) optical nonlinearity, excellent power handling capabilities, low latency, and even
offers the prospect of ultra-low losses, both at conventional wavelengths (e.g., around 1550 nm) and
at longer wavelengths into the mid-IR where solid-core silica fibers fail [15]. Above all, the possibility
of light-matter interaction within the core of these fibers is of great importance for gas sensing appli-
cations. This technology has also recently enabled their use for extreme gas-based nonlinear optics
covering the extreme UV to mid-IR region [16].

In this project, the PI will demonstrate the detection of NH3, CO2, and CH4 using a ultra-low loss
and single-mode HC-ARF platform. In addition, the PI will investigate the absorbance of NH3, CO2,
and CH4 for different fiber lengths and gas-filling time. The proposed system is based on an all fiber
configuration thus enhancing its robustness. The system is expected to exhibit highly repeatability and
will have a response time of <5 s under only 0.5 bar pressure above the atmospheric pressure. The
system can be readily tuned to target other gas molecules with absorption bands in the near-IR.

3. Key Challenges

(1) One of the key challenges of this project is to identify an efficient and versatile near-IR transmission
medium with low-loss and tailored optical properties, which overlaps with the absorption spectra with
NH3, CO2, and CH4. (2) Another challenge is tracing atmospheric greenhouse gases in the ppm level
in real-time with high sensitivity and selectivity–the PI will address these challenges during this project.

4. Preliminary Results

Fiber loss characterization: The PI
b

600 800 1000 1200
Wavelength [nm]

0

2

4

6

8

10

Lo
ss

 [d
B/

km
]

measured

a

20 μm

0 1

straight

Rb = 4 cm
M2=1.03

M2=1.03

8 cm

20 μm

c

Fig. 1: SEM image and loss characterization. (a) SEM image of 5-tube
nested HC-ARF, (b) loss spectra of nested HC-ARF, and (c) HC-ARF bend
measurement (8cm bend diameter) with measured near-field profiles.

has performed extensive FEM simula-
tions and loss characterizations based
on recently fabricated HC-ARFs to en-
sure that HC-ARF can guide light in
the near-IR (1480–1700 nm). Fig.
1(a) shows the SEM image of a 5-tube
nested HC-ARF. The fibers were fabri-
cated in-house at CREOL, UCF based
on the numerically optimized design



parameters provided by the PI. The PI’s research students actively participated at CREOL in the clean
room activities, fiber preform preparation, fabrication and characterization. It is noteworthy that in the
U.S., “HC-ARFs can exclusively be fabricated at CREOL with a ultra low-loss of 0.79 dB/km, record
power delivery of 2.2 KW, and beam quality (M2) of 1.03 at 1080 nm [17]” and their modeling with ad-
vanced FEM-code is limited to PI’s group. The fiber has a core diameter, Dc = 23 µm, average nested
tube ratio d/D≈0.5, tube thickness, t1/t2 = 780 nm±10 nm, and gap separation between tubes, g
= 2 µm. The fiber parameters are chosen ensuring the maximum transmission, according to [18]:
λm = 4t

√
n2−1

2m+1
,m = 0, 1, 2, ..., where n is the glass index and t is the tube thickness. The measured

loss spectra is shown in Fig. 1(b). The HC-ARF exhibits broadband ultra-low loss guidance from
UV to near-IR with a record measured loss of ∼0.79 dB/km at 1030 nm. The measured mode-field
profiles for straight and bend fiber are shown in Fig. 1(c). The mode-field confirms excellent mode-
fields with near diffraction limited single-mode beam (M2 = 1.03). The measured bend loss remains
below 1 dB/km for bend diameters around 8 cm and confirms very stable mode-field profiles upon tight
bending (see Fig. 1(c)). The fiber in Fig. 1(a) is optimized at 1030 nm. The PI will design and fabricate
the fiber for the maximum transmission in the spectral range: 1480–1700 nm.

Ammonia (CH4) gas detection: Recently, we reported a compact all fiber system that constitutes
an hollow-core band-gap fiber (HC-PBGF) for detection of trace ammonia molecules [16]. The HC-
PBGF with central transmission band at 1550 nm is used to target the V1 + V3 ammonia absorption
band. Using a home-built supercontinuum source, spectrum analyzer, a telecom SMF-28 fiber, ferrule
and mating sleeves, a compact all fiber system was developed that allows for effective gas detection.
The enhanced light-gas interaction in the 20 µm core HC-PBGF allows for accurate monitoring of the
ammonia based on absorption spectroscopy. The proposed system is robust, cost-effective and based
on readily available commercial components which proffer solutions to the challenges faced in existing
gas sensors. Ammonia molecules were detected in less than 5 seconds response time using a few
meters of HC-PBGF with high repeatability. The preliminary findings of the ammonia gas detection will
aid in developing sensors for detecting multiple gas-species. Overall, the measured beam quality, loss
values, and ammonia gas detection are “highly promising”, which provide PI confidence to investigate
tailored light-gas interactions to achieve multi-species gas sensing.

5. Objectives: The objectives of this proposal are

Objective 1: Investigate, Design and Optimize near-IR Guiding HC-ARFs: The PI will conduct a
comprehensive investigation, design, and optimization of a versatile and customized next-generation
HC-ARF with record low-loss and tailored optical properties in the near-IR regime: 1480–1700 nm. The
primary goal is to design HC-ARFs with ultra-low loss and bend loss, and single-mode transmission.
To achieve this goal, the guiding and loss mechanism of HC-ARFs with random structural perturbations
will be investigated with finite-element modeling (FEM), and Monte-Carlo technique for the first time.

Objective 2: Fabricate and Characterize near-IR guiding HC-ARFs: The PI intends to fabricate
ultra-low loss HC-ARF with transmission from 1480 to 1700 nm. The optimized design parameters
obtained through extensive investigations using FEM, and Monte-Carlo technique in objective 1 that
will be used to fabricate HC-ARFs at CREOL, UCF (PI’s long-term collaborator). The fiber will be
provided at no cost and will be characterized in the PI’s lab. The characterization of HC-ARF includes:
(a) SEM imaging to check the fiber dimension and symmetry, and (b) loss measurements. Finally, the
fiber length will be optimized to a desired value for enhanced light-gas interactions.

Objective 3: Develop the Sensor for Real-Time Monitoring of Greenhouse Emission: The end
goal of this project is to develop the first-of-its-kind energy-efficient, compact, fast, reliable, and sensi-
tive fiber-based gas sensor for greenhouse gas detection. This will be achieved by utilizing a versatile
and customized HC-ARF, which will be deployed in a stand-alone device incorporating supercontinnum
(SC) source, HC-ARF, optical spectrum analyzer, and a few optical components.



6. Experimental Plan
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Fig. 2: SC laser characterization and experimental setup: (a) Simulation of molec-
ular absorption lines of CO2, NH3, and CH4 [19]. (b) SC generated for NH3 and CO2

sensing, overlaid with measured NH3 and CO2 absorbance (c) SC spectrum for CH4

sensing, overlaid with measured absorbance of CH4. (d) Schematic of multi-species
gas sensing set up: The SMF from the laser is mechanically spliced to an HC-ARF,
the other end of the HC-ARF is also mechanically spliced, and placed in a sealed gas-
cell. Two mass flow controllers (MFCs: (EL-Flow, Bronkhorst) will be used to control
the flow from N2 and either CH4 or NH3. The fiber SEM image is shown in Fig. 2(d).

SC laser characterization:
In this project, the char-
acterization of SC laser is
crucial so that it overlaps
the absorption with the CO2,
NH3, and CH4. A relatively
easy-to-build fiber-coupled,
in-house made SC laser will
be used for the experiment
(the PI will collaborate with
Dr. Christos Markos, DTU
Electro). The SC laser
uses a directly modulated
telecom-range diode laser
based amplifier (MLT-PLR-
OEM20, Manlight) operating
at 1550 nm as a pump laser
with 3.2 ns pulse duration.
The pump laser is driven by
an external pulse generator (TG2000, AIM-TTi), which is tunable from 30 kHz to 100 kHz. This tunabil-
ity is vital for our application because the peak power is consequential in determining the broadening
of the SC spectrum. The pulses from the laser are used to pump a standard dispersion-shifted fiber
(DSF) (DCF4, Thorlabs) with a ZDW close to 1550 nm; this means our pump is very close to the
ZDW, which is essential for standard SC generation [20]. The fiber output of the pump laser will be
directly spliced using a commercial splicer (FSM-100P+, Fujikura) on to the DSF so as to maximize
the coupling efficiency and also for the ease of handling.

Fiber characterization: In order to avoid back reflections from the end facet of the output fiber, the
output fiber will be angle cleaved - setting a cleaving angle of about 8 degrees in the tension cleaver
(CT-100, Fujikura). The angle-cleaved end of the fiber will be placed in the ferrule inside the gas-cell
shown in Fig. 2(d). Then the other end of the ferrule will be glued with an epoxy glue. Another ferrule of
same dimensions will be used for HC-ARF, here, the facet of the fiber will be flat-cleaved because there
is no issue of back reflection since the core is hollow (air). The HC-ARF is fixed into the ferrule similarly
with epoxy; the two connectorized fibers will be mated with a mating-sleeve connector (Thorlabs,
ADAF1). The mechanical splice will be adjusted carefully to obtain high coupling efficiency between
the two fibers while still maintaining some gap between the two ends to facilitate gas diffusion into
the HC-ARF. This procedure will be performed carefully under optical microscope for higher precision.
The PI predicts that a gap of 80 µm between the SMF and the HC-ARF will give a coupling efficiency
of 70% while maintaining sufficient path for gas diffusion. The procedure will be performed again at
the other end of the HC-ARF, where an optical patch cable will be mechanically spliced to the HC-ARF
and then connected to either an optical spectrum analyzer (OSA) for spectral characterization.

Output spectrum characterization: The output spectrum of the SC will be tailored to match the
absorption bands of the species by switching between the settings. For NH3 and CO2 detection, the
PI will use a repetition rate of 30 kHz and a seed current of 1700 mA to increase the power spectral
density (PSD) below the pump, since the region of interest is about 1480 nm to 1550 nm (Figs. 2(a–
b)). For CH4 detection, the PI will use a repetition rate of 91 kHz and a seed current of 3200 mA, to
increase the PSD above 1610nm, since this is the region of interest for CH4 (Fig. 2(a) and Fig. 2(c)).



Sensor Diffusion Time: The diffusion of the gas into the fiber is a crucial factor in this experiment.
Recently, we have measured the diffusion time with a small core fiber of 20 µm. The diffusion time of
<5 s and <8 s for 10 cm and 45 cm fiber lengths, respectively were measured for ammonia gas [16].
The PI expects that the diffusion time will be much lower due to the large core dimension [16].

Sensor Response Time, Detection Limit, and Sensitivity: In the proposed system, the response
time will be quantified by measuring the duration it takes for the gas to enter the HC-ARF, traverse
the entire fiber, and exit from it, expecting response time of <5 s. A detection limit in the order of
parts-per-million (ppm) can be obtained with an average measuring time of less than 5 s or even less
is attainable with the proposed configuration. The sensor performance will be evaluated using Allan-
Werle analysis [21]. The sensitivity and light-gas sample interactions can be enhanced by using a
longer fiber length, which will be explored in this project. It is worth mentioning that use of long-piece
of fiber will not increase the response time drastically, since a relatively large core diameter will be
used. For maintaining a compact footprint, the fiber will be coiled with a small bend radius, thanks
to the HC-ARF design, which exhibits low bend loss. The PI will leverage his expertise to miniaturize
the proposed device through optimizing the fiber length and coiling the fiber for a small footprint for
real-world applications towards a trustworthy sensor.

Sensor Reliability, Selectivity, and Size: For any sensor, reliability is important; i.e., it must give
consistent results when being used repeatedly. It is expected that the proposed sensor will be highly
repeatable based on our recent investigations [16], that shows consistent characteristics, thereby con-
firming its repeatability, unlike the metal oxides [21], and other techniques available today. Attaining
sensor selectivity holds significant importance when employing spectroscopic techniques for gas sens-
ing. The PI intends to investigate these effects experimentally during this project. In summary, the
proposed device is compact and cost-effective which requires a few optical components. The device
can fit comfortably on a small table or easy portability for real-time monitoring of multi-species gases.

7. Outcome

The project will deliver a compact, cheap, and all fiber-based gas sensor for multi-species gas detection
(NH3, CO2, and CH4) based on readily available and off-the-shelf optical components. All the above-
mentioned milestones are very ambitious and of high technological and scientific interest and will
be considered thus for publications in high profile international journals (Optics Letters/Express) and
conferences (CLEO/FiO, USA). The key results of the project will be considered for patenting and could
lead to commercialization of all fiber-based gas sensor, and will have positive-impact in the industrial
and agricultural sectors. Thus, funding from this proposal is vital for fully exploring its commercial
potential, laying a solid foundation for market entry, and driving innovative solutions for societal benefit.

8. Impact

This project will be a bridge between laboratory knowledge and urgent environmental demand to pro-
vide a cutting-edge technological solution for a better detection of multi-species greenhouse gases.
Technologically, this project could lead to a compact, cost-effective and all fiber-based real-time mon-
itoring gas sensor with unprecedented sensitivity, selectivity and detection limit. Success in program
goals will have broader societal and economical impacts since the proposed sensor will have access
to more researchers with lower cost. There is an enormous demand for the development of such de-
vices in the industrial and farming sectors. Thus, transitioning the technology to the industry would be
naturally facilitated through existing collaborations with companies engaged in building all fiber-based
gas sensor and would increase partnerships between academia, industry, and others. Overall, this
proposal directly addresses a problem of critical importance to the nation and society, which could cre-
ate strategic partnerships between academia and industry that turn concepts and ideas into solutions
that meet critical needs for society and help us all live more healthy, comfortable, and productive lives.
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Title: Machine Learning assisted Wearable Multiwavelength NIR Spectroscopy Module for 

Cardiovascular Risk Monitoring in various environments. 

Cardiovascular diseases (CVDs) are the most prevalent and significant health challenges facing the 

global population. It has reached epidemic proportions, leading to substantial economic burdens, loss 

of productivity, and increased mortality rates. These diseases are chronic and requires long term 

monitoring. Cardiovascular diseases are aggrieved by various conditions. A significant strain is caused 

by the local environment conditions like ventilation, altitude level, etc., which affects the respiratory 

health. As respiratory and cardiovascular system are interdependent, the strain on respiratory health 

has affects on cardiovascular and vice versa. Hence, monitoring of local/indoor environment along 

with cardiovascular health is critical. The proposed project aims to develop a NIR (Near-Infrared) 

spectroscopy module, wearable and equipped with multiwavelength capabilities, for non-invasive 

prediction and detection of cardiovascular risk. The machine learning algorithms will combine the data 

of various sensor and provide accurate understanding on the nature of the cardiovascular problem. 

This device will significantly impact healthcare by enabling personalized monitoring, timely diagnosis, 

and proactive management of the associated risk. 

Objective: 

The multiwavelength NIR spectroscopy module will interact with the skin's surface, and underlying 

tissues and blood vessels. The gas sensing module will track the local environment condition like O2 

and CO2 levels. The device will be combine the specific spectral patterns from individual and the local 

environmental factors to understand the cause and later track progress of cardiovascular disease. The 

spectral patterns will be a combination of both chemical changes like cholesterol levels, blood viscosity, 

O2 levels from various regions, etc., and physical changes in blood pressure and heart rate. 

1. Compact and Wearable Design: The primary objective is to design a compact and user-friendly 

NIR spectroscopy module that can be easily worn on the skin and monitor chemical and 

physical parameters associated with cardiovascular diseases. The device will be non-intrusive 

and comfortable, allowing for continuous monitoring and seamless integration into users' daily 

lives. 

2. Integration with environmental effects to predict and track the damage: The integration of 

O2 / CO2 sensing module will provide further insights into the effects of local ambient 

conditions to the cardiovascular system. Especially those living in non-ventilated environments 

and for individuals living/working at high altitudes. 

3. Multisensor data integration for ML assisted data analysis: By integrating multiwavelength 

capabilities and gas sensing modules, the module will be able to provide various conditions 

relevant to cardiovascular diseases. This enhanced specificity will enable accurate detection 

and differentiation of various conditions, leading to better management and control of the 

disease. It will also help with incorporating the effects of local environment and skin conditions 

in the analysis. 

4. Database development: One of the major challenges with success of such non-invasive 

devices is unavailability of good reference data.  The work will help in creating a database 

which will be helpful for future researchers in improving the work. 

Timely intervention based on the cardiovascular risk level can prevent or delay the progression of 

heart-related issues. The information of the local conditions will help in better understanding of the 

cause of variation in cardiovascular parameters. Users will be motivated to adopt healthier lifestyle 

choices based on real-time health data. The data will provide the doctors information to provide 

personalized treatment based on the individual’s local conditions. 



Title: Machine Learning assisted Wearable Multiwavelength NIR Spectroscopy Module for 

Cardiovascular Risk Monitoring in various environments 

Section 1: Background and Literature Review 

Cardiovascular diseases (CVD) affect millions of people and present serious healthcare 

issues. Cardiovascular diseases are the leading cause of increased medical costs and death 

worldwide. Cardiovascular diseases encompass a range of conditions affecting the heart and 

blood vessels, including coronary artery disease, heart failure, and stroke. A majority of 

cardiovascular diseases are associated with lifestyle and environmental conditions. There are 

various chemical and physical indicators for monitoring cardiovascular risk. Cholesterol and 

triglycerides are some of the chemical indicators, and blood pressure, blood viscosity and 

heart rate variability are some physical indicators of cardiovascular diseases. CVD share 

several risk factors, including unhealthy diets, physical inactivity, tobacco use, poor 

environmental conditions straining the heart and excessive alcohol consumption. Early 

detection and management of cardiovascular diseases are crucial to reducing the associated 

healthcare costs, improving patients' quality of life, and ultimately decreasing the mortality 

rates related to these conditions. 

Another important but usually ignored factors for predicting strain on the heart is environmental 

conditions. The environmental conditions like oxygen and CO2 levels, increases the strain on 

the heart as cardiovascular and respiratory conditions affect each other. Higher CO2 levels in 

the ambient living or work conditions can increase the load on the heart to maintain O2 

concentration in the body. The environment conditions like high altitude where the air is thinner 

making the availability of O2 lesser during breathing, also has significant effect on the 

cardiovascular system by thickening the blood, higher HRV, etc. This increases the strain on 

the heart. These environmental conditions are also helpful in tracking the prognosis or 

predicting cardiovascular issues for those with existing medical conditions.   

The conventional standard monitoring method for cardiovascular disease starts with ECG, and 

detection of biochemical biomarkers. Though ECG provide a better view to indicate problems 

in various regions of the heart. It misses out the effect of blood viscosity and other parameters. 

Also, for continuous ECG monitoring, chest straps with electrodes are available, it is 

inconvenient for users to wear them, making them limited to professional athletes and hospital 

settings. There are many fitness bands and smartwatches that help with continuously 

monitoring physical parameters like Heart rate variability but do not provide information about 

the other important factors like blood viscosity, cholesterol, etc. Also, none of the consumer 

grade wearable device provide information about the environmental conditions, and map it to 

the monitoring of vital parameters. 

A promising method for non-invasive, continuous monitoring of blood and cardiovascular 

markers is NIR spectroscopy. NIR wavelength based non-invasive biomarkers detection have 

decent accuracy for cholesterol detection and blood viscosity measurements. One of the 

limitations of such a method is it either focuses on only cholesterol and completely ignores 

other chemical and physical parameters for tracking. For physical parameters monitoring, IR 

wavelengths can help understand the blood viscosity conditions at various skin depths, blood 

pressure and the heart rate variability. Mutli-wavelength sampling can help with normalization 

and removing the effect of other interfering factors. For this, the selection of appropriate 

wavelengths and tuned algorithms or models are needed for calibration. The NIR monitoring 



can also help with detection of O2 and CO2 levels by selecting the ratio of appropriate 

wavelengths. 

To understand the effect of mutli-wavelength data from multiple parameters is not easy to 

process. Here, various machine learning algorithms helps with predictions and generating 

inferences and risk factors, which will be useful for consumer grade device as well as for 

doctors for understanding the impact of various environment.  

This project aims to combine multi-wavelength to make multiplexing of both chemical and 

physical biomarkers feasible, as well as compensate for variations due to sweat, skin type, 

and local environment. A reliable reference database and real-time algorithms are needed to 

achieve the required specificity. 
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Section 2: Problem Statement/Objective 

The prevalence of cardiovascular diseases has reached alarming levels worldwide, leading 

to significant economic burdens and increased mortality rates. Despite advances in medical 

technology, early and non-invasive detection methods remain limited.  

• The primary objective of our project is to design and create a compact, wearable NIR 

spectroscopy module with multiwavelength capabilities. This module will continuously 

monitor cardiovascular risk factors, including cholesterol and triglycerides, and the 

measurement of physical parameters like blood viscosity, HR variability and blood 

pressure. Along with the direct cardiovascular markers, it will also monitor indirect but 

influencing parameters like local O2/CO2 levels which can help with monitoring at all 

altitudes. The device aims to improve disease management, reduce healthcare. 

costs, and enhance overall patient outcomes by providing real-time health insights.  

o To achieve the above objectives: 

▪ Optimum NIR wavelength has to be selected. 

▪ Position of LEDs has to be optimised. 

https://doi.org/10.1109/ICMETC.2015.7449581


 

Figure 1: Representative images of the device with watch-type form factor with LED 

array on the back and O2/CO2 sensor modules on the wrist band. 

• The secondary objective is to create a database of signals from the skin at various 

NIR wavelengths and standard values to help the global research community use it 

to build new Machine learning algorithms with better accuracy. 

 

 

 

Figure 2: Multi-sensor input from multiwavelength NIR sensors for predicting 

cardiovascular risk. 

• As the device considers environmental factors, it can help individuals living at various 

altitudes for personalized data, which is different from individual living at low 

altitudes. 

 

Section 3: Outcomes 

The expected outcomes of the project include: 
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1. Compact and Wearable NIR Spectroscopy Module: The primary objective is to 

design a compact and user-friendly NIR spectroscopy module that can be easily 

worn on the skin and monitor chemical and physical risk parameters associated with 

cardiovascular diseases. The device will be non-intrusive and comfortable, allowing 

for continuous monitoring and seamless integration into users' daily lives. 

2. Multiwavelength Functionality: By integrating multiwavelength capabilities, the 

module will be able to interact with specific biomarkers relevant to cardiovascular 

diseases. This enhanced specificity will enable accurate detection and differentiation 

of these conditions, leading to better management and control of the disease. It will 

also help incorporate the effects of the local environment and skin conditions in the 

analysis. 

3. Database development: One of the significant challenges with the success of such 

non-invasive devices is good algorithms. But, that is dependent on the unavailability 

of good reference data. The work will help create a database that will be helpful for 

future researchers in further developing such NIR-based non-invasive devices. 

4. Tracking impact of local living conditions: The local living conditions like poor 

ventilation has not received proper monitoring in the health domain. So, data of 

environmental levels, can help with better prediction and analysis of the problem. 

5. Real-Time Health Monitoring: Integration of machine learning algorithms to provide 

real-time health insights, empowering users to manage their conditions proactively. 

6. Validated Calibration Models for various altitudes: Calibration models are based 

on extensive datasets validated against traditional laboratory measurements for 

robust and accurate results. 

 

Section 4: Impact 

The proposed technology has the potential to make a significant impact: 

1. Improved Disease Management: Early and non-invasive detection will allow for 

timely intervention and personalized treatment plans, leading to better management 

of cardiovascular diseases. 

2. Economic Benefits: The wearable module can reduce healthcare costs by 

minimizing complications, hospitalizations, and the need for frequent clinic visits. 

3. Enhanced Quality of Life: Continuous health monitoring will enable users to make 

informed lifestyle choices, improving overall well-being. 

4. Accessible Healthcare: In many parts of the world, healthcare is not easily 

accessible due to a limited number of doctors in the population or the far-off or few 

healthcare centers from the villages or countryside. The proposed continuous 

wearable device can help track chronic diseases which require care and monitoring. 

The data can be shared with the doctor to decide about the further course of 

treatment. 



5. Screening Device: The device can also be used for screening purposes for public 

health monitoring purposes.  

6. Helps in further research: The database and open-source design will help enhance 

the accessibility and accuracy of such devices and support a global support 

environment.   

 

Section 5: Conclusion 

The development of a wearable multiwavelength NIR spectroscopy module for 

cardiovascular disease monitoring can revolutionize healthcare by providing a cost-effective, 

non-invasive, and real-time monitoring solution for individuals living at all altitudes. It will also 

incorporate information of effect of poor ventilation, local conditions, altitudes, etc., in 

monitoring/predicting the cardiovascular risk. We have currently tested wavelengths from 

800 nm to 1650 nm for initial testing in a circular configuration. The proposed project aims to 

build upon the existing literature and address the limitations of previous research, ultimately 

leading to better disease management and improved health outcomes for individuals 

worldwide. Also, the database of responses of different NIR wavelengths generated would 

be a valuable resource for the global research community. 



EXECUTIVE SUMMARY 

Reducing Battery Wastage with Wavefront-Corrected Adaptive 

Terahertz Tomography  

 

Global Challenge: Environment 

Background 

One of the key strategies to net zero is decarbonization of passenger vehicles as well as other 

upcoming technologies such as IOT and medical devices, reducing electronic waste by 

increasing the energy storage lifecycle. It is projected that the global demand for lithium-ion 

batteries from a current 700 GWh to 4.7TWh by 2030. This rounds about to 70 million batteries 

being currently being produced and will scale to production of 470 million batteries. Currently, 

gigafactories hold a capacity of 10-40GWh per year of batteries. The cost of scrappage can 

be significant, especially for a Gigafactory reliant on high-volume production to maintain 

profitability. The cost of materials consumed  accounts for 75% of the price of lithium-ion 

battery cell production. Cell production losses can be high, and a scrap rate of up to 30% is 

not uncommon due to poor quality. The anticipated increase in numbers in the coming years 

highlights the importance of prioritizing decarbonization in battery manufacturing. This 

involves implementing sustainable practices aimed at minimizing waste and prolonging the life 

cycle of batteries. Enhancing quality control methods throughout production will assist 

Gigafactory operators in identifying the underlying causes of battery defects. 

Challenge 

Lacking structural integrity can lead to overcharging, pumping in far more energy than the cell 

intends to which cause a significant safety concern. Optimization of these processes and 

identifying defects early with nondestructive (NDE) inspection may minimize battery waste. 

Therefore, analytical methods are crucial for assessing parameters such as porosity, thickness 

uniformity, surface roughness, delamination, and swelling in battery packs, especially for thin, 

rapidly moving, coated electrodes. Current imaging methods face limitations in resolution and 

depth penetration, especially when dealing with materials that are not transparent in the visible 

light spectrum. THz radiation, with its ability to penetrate various non-metallic materials and 

provide high-resolution imaging, presents a promising solution. However, challenges such as 

wavefront distortions, environmental variability, and limited depth resolution need to be 

addressed 

Application and Impact 

The proposed project aims to develop an innovative Terahertz (THz) tomography technique 

with adaptive control to tackle these challenges. For layered structures, the THz time-of-flight 

time domain spectroscopy will enable micron-level depth information, allowing the system to 

quantitatively characterize materials that are opaque in the visible spectrum and of varying 

thicknesses. By measuring the arrival time of pulses reflected from surface and sub-surface 

layers, the technique can reveal uneven coatings and interface defects. The adaptive control 

is facilitated through real-time control of a deformable mirror tailored for terahertz regime. This 

mirror ensures an adjustable beam path, maintaining consistent signal quality, rectifying 

turbulence induced by environmental factors such as temperature and humidity variations, 

and achieving optimal focus at varying depths. This technique will enable precise imaging and 

analysis of battery structures, allowing for early detection and correction of defects, ultimately 

enhancing battery safety and efficiency while minimizing waste. 



Reducing Battery Wastage with Wavefront-Corrected Adaptive 
Terahertz Tomography  

 
 
Background 
 
One of the key strategies to net zero is decarbonization of passenger vehicles as well as other 
upcoming technologies such as IOT and medical devices, reducing electronic waste by 
increasing the energy storage lifecycle. It is projected that the global demand for lithium-ion 
batteries will go from a current 700 GWh to 4.7TWh by 2030 [1]. This rounds about to 70 
million batteries being currently being produced and will scale to production of 470 million 
batteries. Currently, gigafactories hold a capacity of 10-40GWh per year of batteries. The cost 
of scrappage can be significant, especially for a Gigafactory reliant on high-volume production 
to maintain profitability. The cost of materials consumed accounts for 75% of the price of 
lithium-ion battery cell production. Cell production losses can be high, and a scrap rate of up 
to 30% is not uncommon due to poor quality [2]. The anticipated increase in numbers in the 
coming years highlights the importance of prioritizing decarbonization in battery 
manufacturing. This involves implementing sustainable practices aimed at minimizing waste 
and prolonging the life cycle of batteries. Enhancing quality control methods throughout 
production will assist Gigafactory operators in identifying the underlying causes of battery 
defects. A simplified understanding of a battery's internal structure comprises key components: 
the cathode, anode, electrolyte, and separator, which are assembled to form a cell. Following 
this, cells are combined to create modules. Each layer undergoes a specific preparation 
process before stacking. A majority of the electrode manufacturing processes are roll-to-roll of 
very thin metal foils as shown in figure 1.  
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Li-Ion Battery Manufacturing Process Steps  

 
Introduction to the proposed technology 
 
Lacking structural integrity can lead to overcharging, pumping in far more energy than the cell 
intends to which causes a significant safety concern. Optimization of these processes and 
identifying defects early with nondestructive (NDE) inspection may minimize battery waste. 
Therefore, analytical methods are crucial for assessing parameters such as porosity, thickness 
uniformity, surface roughness, delamination, and swelling in battery packs, especially for thin, 
rapidly moving, coated electrodes.  
 
THz technology has witnessed immense progress, driven by advancement in efficient 
emitters, detectors and femtosecond laser systems. These developments have propelled the 
field into diverse applications, including quality inspection across various industries such as 
automatic paint coating, paper and plastic production [3] and medical imaging [4]. Many 
practical applications harness the remarkable capabilities of THz radiation (0.1-10THz) such 
as efficient transmission through materials and distinct spectral characteristics of chemical 
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compounds. While THz technology has made significant strides in these areas, the 
development of wavefront analysis and correction devices remains limited. 
 
The proposed project aims to develop an innovative THz tomography technique with adaptive 
control to tackle these challenges. The depth information is obtained through ‘time-of-flight’ 
time spectroscopy measurements.  A micron-level resolution can be achieved when a single-
cycle THz pulses reflect from layers with varying transparency, which differs from the visible 
range and complements white-light interferometry. The THz pulses are generated via 
photoconductive conversion of 800nm near-infrared pulses with a pulse duration of 100fs. The 
reflected pulses will have varying amplitudes (Fresnel coefficients) and time delays (phase 
shifts) due to the different refractive indices of materials in a battery pack, thus offering clear 
temporal information about the interfaces.  Given its time-resolved nature, the technique 
encompasses a wide bandwidth, enabling it to access a broad spectrum of THz frequencies, 
from very low to high. The adaptive control is facilitated by a deformable mirror that offers real-
time monitoring and adjustment of the beam path, with further details provided in the 
'Wavefront Correction' section. This technique will enable precise imaging and analysis of 
battery structures, allowing for early detection and correction of defects, ultimately enhancing 
battery safety and efficiency while minimizing waste. 
 
 
Wavefront Correction 
 
THz time domain pulsed imaging offers a distinctive 3D image of the sample by utilizing the 
time-of-flight of the reflected THz pulses. However, wavefront distortions can impact the phase 
and amplitude data even before the THz beam interacts with the sample (see Figure 2). More 
insights into aberrations in conventional THz optical setups employing broadband off-axis 
parabolic mirrors are available in the cited paper [5]. Consequently, wavefront distortion 
presents a notable limitation for THz imaging, affecting the focus, depth, and spatial resolution 
of the resulting images.  
 
 
 
 
 
 
 
 
 
 
 

(a)                                                           (b)                  
 
Figure 2: Zemax ray tracing and aberration analysis: (a) Reflection module with fold-mirror used in a conventional 
THz imaging (b) Mismatched focal length off-axis parabolic mirrors (in a 2”/3”/3”/2” sequence).  The rays cover a 
range about 2 times wider than the diffraction-limited size at 1THz exceeding the air disk (black circle) limit.  

 
The latest progress in beam shaping [6] and polarization control [7] is expanding the potential 
of THz imaging by integrating wavefront manipulation techniques. Yet, without precise 
understanding of the initial wavefront shape generated by the interaction of the THz beam with 
various optical components, these advancements are somewhat restricted [8,9]. It is 
anticipated that wavefront-corrected THz adaptive technology offers many advantages over 
other optical technologies such as optical coherence tomography and X-ray tomography, given 
that these have limited penetration depth and low spatial resolution. The penetration depths 
of THz radiation vary depending on the material, with plastics, for example, being transparent 
to it. This characteristic makes THz imaging advantageous in cases where battery packs 



contain dense opaque layers that hinder visibility under visible light. Moreover, being non-
ionizing and non-destructive, it has a lower environmental impact and may be more 
sustainable for long-term quality control applications. Developing a THz tomography system 
with deformable mirror ensures an adjustable beam path, maintaining consistent signal quality, 
rectifying turbulence induced by environmental factors such as temperature and humidity 
variations, and achieving optimal focus at varying depths. 
 
Current deformable mirror devices are unsuitable for THz frequencies due to their limited 
stroke range (6-10µm), making them viable only for frequencies exceeding 10THz. The 
objective will be to design the device that can work in the lower THz frequency range <5THz. 
By developing and integrating deformable mirror devices for THz wavefront analysis and 
correction, in a reflection geometry, it is possible to achieve dynamic depth-resolved imaging. 
The adaptive control will operate in a closed-loop configuration, continually receiving feedback 
and adjusting the beam path to achieve a desired wavefront shape. The system employs an 
electro-optic detection scheme to measure the amplitude and phase of the THz waves, while 
changes in the wavefront shape are monitored by capturing the intensity of the probe beam 
(at 800nm) using a CMOS camera (see Figure 3).The design of the deformable mirror involves 
a thin film reflective membrane controlled by actuators, which exert either a defined force or 
voltage to manipulate the mirror's shape. This allows for real-time adjustments to the 
wavefront, facilitating precise corrections to aberrations and distortions.  
 

 
 
Figure 3: Conceptual view of THz optical set up with deformable mirror and closed loop control feedback for 
dynamic wavefront correction. 

 
OBJECTIVES  
 

1. Optical modelling with Zemax to optimize spectrometer design and employ finite 
element methods for simulating the deformable mirror device. 

2. Tailoring deformable mirror (DM) device for terahertz frequencies, utilizing either a 
segmented or continuous mirror membrane (determined by the findings of objective 
1), featuring an electrically conductive coating and standard actuator mechanisms.  

3. Testing and validity of adaptive control: integration of DM into a pulsed THz time 
domain reflection geometry for developing calibration methods to ensure a distortion 
free system. The objective is to incorporate feedback from the control loop system and 
verify that the deformable mirror does not introduce aberrations. 

4. Characterize battery cells for structural defects across three main manufacturing 
stages (in collaboration with Warwick manufacturing group): electrode coating 
(thickness 50-200µm), pressing, and stacking. Cross-compare THz data with white 
light interferometry; also available at the University of Warwick. 



5. Utilize stage controllers to simulate manufacturing environment and capture battery 
images from various angles and implement 3D image reconstruction algorithms for 
comprehensive analysis. 
 
 
 

 
OUTCOMES 
 

1. Deformable mirror devices tailored to work for low-frequency THz range.  
2. Direct wavefront sensing and aberration correction for a pulsed-THz system.  
3. Automatic feedback response of wavefront shape and adaptive control of deformable 

mirror surface.  
4. 3D image reconstruction of battery back with categorization of structure defects 

inspected using the developed technology.  
5. Correlation of THz data with battery performance indicators to optimize the 

manufacture process.  
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Exacerbated by the compounding impacts of climate change and rapid urbanization, 

increased disease transmission and morbidity due to vector-borne viruses present a pressing 

global challenge. Dengue (DENV), Zika (ZIKV), and Chikungunya (CHIKV) are among the 

most threatening vector-borne diseases causing significant health and economic burdens, 

particularly in the Southeast Asia region. Worldwide, they comprise 17% of all infectious 

diseases and lead to 700,000 deaths annually. Among the three, Dengue is the most 

prevalent, causing substantial morbidity and mortality worldwide. Transmitted by the Aedes 

mosquito, one of the most powerful transmitters of arboviruses, about 4 billion people are at 

risk due to the vector’s presence in 129 countries, including the Philippines. This translates to 

an estimated 96 million symptomatic cases and 40,000 deaths worldwide 

Current diagnostic tools lack the ability to easily identify different virus serotypes, hindering 

effective management and surveillance efforts. This project leverages optics and photonics to 

develop an innovative solution to this health gap. By utilizing Raman spectroscopy and two-

dimensional (2D) materials, this study aims to develop platinum diselenide (PtSe2) Surface-

Enhanced Raman Spectroscopy (SERS) thin films capable of accurately detecting and 

serotyping vector-borne viruses through the identification of optical biomarkers from DENV, 

ZIKV, and CHIKV. This approach offers several advantages, including rapid and precise 

identification of viral strains, which is essential for targeted treatment interventions and 

proactive outbreak control.  

The three pivotal outcomes of this project contribute in the field of biomedical optics and 

disease diagnostics. First, this study expands the application of 2D transition-metal 

dichalcogenides (TMDs) for biomedical optics applications. Second, through the enhancement 

of the Raman signal of vector-borne viruses, this research elevates the capabilities of Raman 

spectroscopy, facilitating more accurate and nuanced diagnosis, with potential implications for 

prognosis, of vector-borne diseases. Finally, this project aims to establish a compelling 

complementary proof-of-concept for an ideal diagnostic tool for vector-borne diseases.  

The impact of this research aligns with several Sustainable Development Goals such as SDG 

3 (Good Health and Wellbeing), SDG 10 (Reduced Inequalities), SDG 11 (Sustainable Cities 

and Communities), and SDG 17 (Partnerships for the Goals). Socially, this research enhances 

disaster preparedness, lays the groundwork for future diagnostic tools, and benefits low-

resource settings such as the Philippines. Economically, it aids in prognostication and reduces 

overtreatment costs while bolstering global health security against pandemics. 

Through this project, the diagnosis and management of vector-borne diseases will be 

improved and would contribute to the global efforts in combating these illnesses. This 

innovative approach has the potential to revolutionize disease surveillance and control 

strategies, ultimately reducing the burden of vector-borne diseases on vulnerable populations 

worldwide. 
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LITERATURE REVIEW 
Vector-borne viruses have long been integrated with human history and societies, either as 
part of a current, emerging, or re-emerging infection. Recently, niche expansion of the 
vectors, as the arthropods colonize new habitats, allowed for the significant spread of the 
disease affecting larger populations worldwide [1]. This is attributed to a combination of 
factors, exacerbated by climate change, such as deforestation, urbanization, and increased 
air travel, all contributing to uncontrolled vector populations [2]. Furthermore, viral 
pathogens and other microbial symbionts contribute to vector host phenotypic plasticity 
affecting the structure and dynamics of disease outbreaks and future potential 
epidemics/pandemics. With the decline of public health services and the absence of efficient 
vector-control programs, many countries continue to experience a rise in cases of vector-
borne diseases [3].   

 
Global and Local Burden of Vector-borne Diseases 
Vector-borne diseases cause significant morbidity among people of different ages, resulting 
in loss of income and increased healthcare costs. Worldwide, they comprise 17% of all 
infectious diseases and lead to 700,000 deaths annually. Among the different arboviral 
vector-borne diseases, Dengue is the most prevalent. Transmitted by the Aedes mosquito, 
one of the most powerful transmitters of arboviruses, about 4 billion people are at risk due 
to the vector’s presence in 129 countries, including the Philippines. This translates to an 
estimated 96 million symptomatic cases and 40,000 deaths worldwide [3]. Other arboviral 
diseases include Chikungunya fever, Zika fever, and Japanese encephalitis, which were all 
detected previously in the Philippines. While the pandemic has dampened the number of 
cases in recent years, there has been a considerable increase in the number of cases in 

the Philippines between 2021 and 2022 (Table 1). There is also a 1.85✖ increase in the 

number of deaths from Dengue infections between 2021 and 2022 (Table 2). 
 
Table 1. Cases of vector-borne diseases from 2015 to September 2022 in the Philippines (DOH data) 

 
 
Table 2. Deaths from vector-borne diseases from 2015 to September 2022 in the Philippines (DOH data) 

 
 
Current gaps in the Clinical Management of Vector-borne Diseases (DENV, ZIKV, 
CHIKV) in the Philippines  
Dengue virus (DENV) is a single-stranded, RNA virus under the genus Flavivirus, 
systematically classified in the family Flaviviridae. It has four distinct serotypes, all of which 
were endemic in the Philippines with varying frequencies of molecularly validated 
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sequences for the past 60 years. Diagnosis of Dengue viral infection is mostly based on 

reported symptoms and physical examination. It presents after 5 - 7 days of incubation, 
defined in three stages: febrile, critical, and convalescent [4]. Dengue patients may present 
as an asymptomatic, mild, or severe flu-like illness and are typically self-limiting. However, 
the case-fatality rate can be as high as 20% in the absence of early diagnosis and/or 
treatment. Severe outcomes such as dengue hemorrhagic fever (DHF) or dengue shock 
syndrome have been the focus of serotype association studies but serotype-to-clinical 
manifestations have relatively limited correlation studies [5]. Studies have shown that one 
of the strongest risk factors for developing severe outcomes is when a person gets infected 
sequentially and/or concurrently by different types of dengue fever [6]. Presently, there are 
no diagnostic tools used easily in the clinical setting that can detect the presence of different 
dengue serotypes.  
 
Another endemic Flavivirus species, Zika Virus, (ZIKV) is actively transmitted in the 
Philippines as well. Unlike DENV, ZIKV infection’s epidemiological data is very sparse (e.g. 
serological prevalence) and remains geographically limited, arising from sporadic outbreaks 
being reported [7]. The cases are generally presented as mild, although the symptoms are 
estimated to occur 3 - 14 days from exposure. Zika viral infection during pregnancy could 
result in microcephaly and other congenital malformations, referred to as Congenital Zika 
syndrome [8].  Serological assays widely used for monitoring these Flavivirus species (ZIKV 
and DENV) had low specificity arising from the cross-reactivity of the antibodies (i.e. IgG) 
or low sensitivity ascribed from the time-dependent antigen or antibody abundance [7]. 
 
The third vector-borne virus transmitted by infected Aedes species in the Philippines is 
Chikungunya virus (CHIKV). Chikungunya presents mainly as fever and polyarthralgia and 
is managed symptomatically, although chronic arthritis is the most common and severe 
complication [9]. 
 
Raman Spectroscopy as a Diagnostic Tool for Vector-Borne Diseases 
Raman spectroscopy is a vibrational spectroscopy technique based on the inelastic 
scattering of the photons. Through this technique, the vibrational, rotational, and low-
frequency modes of molecules can be investigated [10-11]. When a monochromatic light, 
such as a laser, hits a material and interacts with its molecules, the scattered light could 
either have a frequency the same as that of the incident light (Rayleigh scattering) or a 
slightly different frequency from the incident light (Raman scattering). This change in 
frequency, called a Raman shift, is due to the vibrational and rotational properties of the 
material [10]. Note that these Raman shifts, measured in wavenumbers (cm -1) are 
independent of the excitation wavelength and are purely due to the intrinsic properties of 
the material. It is commonly used for fingerprinting the composition of materials since 
different molecules have a unique spectral signature [12]. Thus, Raman spectroscopy is 
often used to identify the chemical composition of materials. 
 
Because of the ability of Raman spectroscopy to determine the molecular vibration of 
materials without being destructive, it has also been used to study biological samples [10]. 
One of the advantages of this spectroscopic technique over others is its ability to avoid 
interference from the water molecules of biological samples due to its virtual transparency 
in Raman [11]. Water, which is the major component in biological samples, has negligible 
Raman scattering. With technological advancement in recent years, the use of Raman 
spectroscopy for viral detection has revitalized. Viral identification is done by determining 
the viral component and/or the antibodies elicited from the immune response [13]. 
Compared to RT-PCR, it is much more cost-efficient since it does not require expensive 
reagents, assays, and kits. Moreover, Raman spectroscopy only requires minimal sample 
volume. Also, it requires less time as it has simpler processing steps (no need for additional 
labels or probes). 
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There are relatively few studies utilizing a regular Raman spectroscopy set-up for vector-
borne viruses. One study compared the Raman spectrum of normal blood from the Dengue-
infected blood.  Their Raman spectra show that there are suppressed peaks present in the 
normal blood and had additional peaks at different frequencies [12, 14]. Compared with 
NS1, IgG, and IgM serology tests, it was found that results from Raman spectroscopy have 
better specificity and sensitivity [14-15]. Ultimately, these studies did not probe the different 
serotypes of the Dengue virus. However, Raman spectroscopy has been proven that it can 
differentiate between strains of the same viral species with a minimal viral titer of 50 plaque-
forming units per µL [16]. 
 
Since the initial symptoms of ZIKV and DENV are similar, a study used surface-enhanced 
Raman spectroscopy (SERS) to distinguish ZIKV and the dengue NS1 protein [17]. SERS 
is a modified Raman spectroscopy technique that takes advantage of the near-field effect. 
This occurs when a metal is irradiated at the metal's plasmonic resonance and generates a 
strong local electromagnetic field which would result in the enhancement of the Raman 
scattering at the surface. In the published study, they successfully used a multiplexed 
SERS-based immunoassay using 1,2-BPE and 4-MBA as Raman reporter “nanotags'' to 
distinguish the ZIKV and DENV NS1. However, this study did not report the actual spectrum 
of the Zika virus as well as its associated peaks.  
 
There have been no reports yet on the Raman spectrum of the Chikungunya virus. The 
closest report on it in literature is as a negative control for a SERS probe designed to detect 
West Nile Virus (WNV) and DENV [18].  
 
None of the enumerated literature above has correlated the results of the Raman 
experiments to the clinical outcomes. Thus, the results of this study will be able to address 
the current gaps not only in the Raman spectroscopy of vector-borne viruses but also in the 
diagnosis and management of diseases caused by these viruses. Furthermore, accurately 
identifying the Raman spectrum of these viruses in terms of changes in intensity, and 
appearance/disappearance of new peaks during the course of illness can be valuable 
information in predicting severe outcomes in the future. However, this goal will be more 
attainable with the fabrication of SERS substrates that can further strengthen the Raman 
signal from the viruses.   
 
2D transition-metal dichalcogenides for biomedical SERS application 
One of the reasons for the low number of published literatures on the use of Raman 
spectroscopy for viruses is the weak Raman signal of ZIKV and CHIKV. A solution is to 
deposit the viruses first onto a SERS substrate to strengthen its Raman signal. 
   
Surface-enhanced Raman spectroscopy (SERS) is surface-sensitive biosensing method 
that amplifies the molecular vibration spectra by many orders of magnitude when the 
molecule is near metallic surfaces [19]. The enhancement effect of SERS is primarily due 
to the interplay between the electromagnetic and chemical effects [20]. The electromagnetic 
effect stems from the localized electromagnetic field near plasmonic nanoparticles or rough 
surfaces due to surface plasmon resonances (SPRs). Meanwhile, the chemical effect 
occurs as a result of the interaction between the substrate and absorbed molecules through 
processes like charge transfer and the mixing of molecular orbitals with electronic states. 
 
Two-dimensional (2D) materials such as transition metal dichalcogenides (TMDs), black 
phosphorus, and hexagonal boron nitride (h-BN) has been gaining interest since the 
discovery of graphene in 2004 due to their high uniformity, chemical stability, 
biocompatibility, controllable doping, and ease of fabrication which is highly advantageous 
for SERS applications [21]. While significant advancements have been made in utilizing 2D 
materials for high-performance SERS substrates, the practical utilization of this technique, 
especially for biomedical applications, is still in its nascent phase. A particular avenue that 
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can be explored to advance the practical application of 2D TMDs SERS substrates is by 
further probing its biocompatibility to advance biomedical diagnostics, such as medical 
testing, identifying biomarkers, and imaging, with emphasis on enhancing sensitivity and 
specificity [21]. 
 
Among TMDs, PtSe2 is relatively new and less studied. It is a Group 10 layered TMD with 
a calculated interlayer distance of 5.08 Å. The platinum (Pt) atom is sandwiched between 
two selenium (Se) atom layers and forms a 1T-phase with lattice parameters (a and b) of 
3.73 Å [22]. In bulk form, it is a type-II Dirac semimetal but in a few layers form, it becomes 
a semiconductor [23-24]. Like with other TMDs, PtSe2 also has a tunable band gap which 
can be controlled by implementing strain, chemical doping, applying electrical field, or 
changing the layer thickness [23]. In addition, PtSe2 is one of the few 2D materials that is 
proven to be air-stable [25]. First-principles calculations proved that the layer-dependent 
SERS tunability of PtSe2 is directly related to the interlayer interaction [26]. Currently, no 
specific research studies are focusing on PtSe2 as a SERS substrate for virus detection. 
However, in the field of 2D materials in general, SERS applications for virus detection are 
an active area of research. Thus, not only will this proposed study address an important 
health issue but it will also address a current knowledge gap in the field of material science. 
 

PROBLEM STATEMENT/OBJECTIVE 
Problem Statement 

● Health issue: Lack of a diagnostic tool that combines viral identification with 
serotyping and clinical surveillance and is capable of mass testing  

● Solution: To develop a complementary optical accessory of a spectroscopy-based 

diagnostic tool for vector-borne diseases relevant to the Southeast Asia region 
Note: The applicant has an ongoing study that focuses on determining the Raman 

signature of vector-borne viruses. This proposed study on the other hand will develop a 

thin film to enhance the Raman signal detected from the vector-borne viruses. Moreover, 

this will improve Raman spectrum data as an input for the reference database for optical 

biomarkers of vector-borne viruses. 

 
Objective 
General: To develop platinum diselenide (PtSe2/Al2O3) Surface-Enhanced Raman 
Spectroscopy thin films for the detection of vector-borne viruses 
 
Specific: 

● To fabricate few layer PtSe2 with optimized thickness on Al2O3 using chemical 

vapor deposition 

● To characterize the properties of PtSe2/Al2O3 thin films using SEM, XRD, and 

Raman Spectroscopy 

● To obtain the Raman spectrum of Dengue, Zika, and Chikungunya virus deposited 

on PtSe2/Al2O3 thin films; and 

● To compare these with the Raman spectrum from the viruses deposited on regular 

glass slides and commercially available SERS slides 

 

OUTLINE OF TASKS / WORKPLAN 
 

TARGET ACTIVITIES 
YEAR 1 YEAR 2 

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 

Hiring of research personnel         
Procurement of materials and equipment         
Training of project team         
Fabrication and optimization of PtSe2/Al2O3 thin 
films 
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Characterization of PtSe2/Al2O3 thin films         
Raman experiment on viruses deposited on glass 
slides 

        

Raman experiment on viruses deposited on SERS 
slides 

        

Raman experiment on viruses deposited on 
PtSe2/Al2O3 thin films 

        

Data analysis         
 

 

OUTCOME(S) 
 

● Expansion on the use of two-dimensional (2D) transition-metal dichalcogenides 

(TMDs) materials for biomedical optics application 

● Enhancement of the Raman signal of vector-borne viruses and consequently, 

improvement of the capability of Raman spectroscopy for the diagnosis (and 

potential prognosis) of vector-borne diseases 

● Proof-of-concept of an ideal diagnostic tool for vector-borne diseases that 

combines viral identification with serotyping and clinical surveillance while still 

being easy to use for low-resource settings 

 

IMPACT 
Sustainable Development Goals (SDGs) Addressed:  
SDG 3: Good Health and Wellbeing, SDG 10: Reduced Inequalities, SDG 11: Sustainable 
cities and communities, SDG 17: Partnerships for the goals 
 
Social Impact 

● Results from this study will complement the ongoing work on the use of Raman 

spectroscopy as a diagnostic tool that can help prevent severe outcomes of dengue 

and lessen mortality of dengue fever. Consequently, this improves the Philippines’ 

disaster preparedness for outbreaks. 

● Moreover, this lays the groundwork for a future project that will further look at the 

clinical adaptability of using optical biomarkers as an alternative diagnostic tool 

which can lessen the burden for healthcare workers and facilities.  

● Once proven, this study can also be extended to test other vector-borne viruses from 

other Southeast Asian countries 

  
Economic Impact 

● This will also strengthen the ongoing proof-of-concept study, which will be a jump-

off point for a more extensive study on the use of Raman spectroscopy as a 

prognostication tool for dengue in the future. The prognosticating ability will prevent 

cases of overtreatment, which will lessen the burden on use of government 

resources especially during dengue outbreaks. In turn, the diagnostic test will lessen 

the financial burden of unnecessary admissions for patients who could be managed 

at home. 

● Infectious vector-borne diseases have the potential to cause pandemics which not 

only pose a threat to human life but also to the global economy. Thus, early detection 

mechanisms must be deployed and easily accessible to the public for better 

monitoring and tracking. 
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Compact Computational Flat-Optical Bronchoscopes for

Image-guided Cancer Therapies Under Respiratory Deformation of Lungs
Praneeth Chakravarthula

cpk@cs.unc.edu, UNC Chapel Hill, Department of Computer Science

The proposal aims at developing ultra-thin and compact bronchoscopes using nanophotonic
meta-optics. The proposed work will allow for a thin design with decreased tip length and
increased working channel of the bronchoscope enabling unprecedented small size and
improved imaging capabilities for early lung cancer detection.

Problem Statement and Objectives
Over 200,000 new cases of lung cancer are diagnosed annually in the United States alone,
resulting in about 150,000 deaths, making lung cancer the most lethal of all forms of cancer.
Only 1 in 6 lung cancers are diagnosed at an early stage and over half are diagnosed with
distant metastasis. For effective and early diagnosis, adequate and representative biopsy
sample collection is the key which will help in better management and improve patient
outcomes. However, accessing inner nodules of the lung is challenging due to the large size of
the bronchoscope (~3.5mm diameter and 1.2mm working channel) and thick non-agile camera
modules compared to the bronchial airways of the lungs. Adding to this, the lungs deform
intraoperatively due to respiratory motion making it further difficult to visualize the lesions
towards the periphery of the lung. Given that existing solutions do not address this problem and
a standard scope can only reach up to 4-5th generation of bronchi – in a typical 23 generation
bronchial tree of lung – we aim to develop an ultra-thin and compact bronchoscope based on
computationally designed flat meta-optical elements that will significantly reduce the size while
still allowing for full color real-time imaging and guided therapies.

Impact of Proposed Research
The development and implementation of thin bronchoscopes will have a transformative impact
on respiratory medicine. The ultra-thin meta-optical cameras will not only shrink the size and
increase the agility of the device, but will also increase the working channel to allow for
integration with biopsy needles for real-time guidance during biopsies. The reduced rigid tip
length of the proposed bronchoscope, from replacing thick compound lenses with thin flat
metalens, allows for enhanced maneuverability, facilitating smoother navigation through narrow
and tortuous ducts with minimized patient discomfort and risk of complications. By reaching
peripheral lung regions more effectively, the proposed design can enable more extensive
visualization and sampling of lesions that were previously challenging to access, resulting in
higher diagnostic yield and more accurate staging of lung cancer. Furthermore, integrating with
the computational optimization techniques will improve image resolution thereby improving
real-time guidance during procedures. Overall, the proposed research can significantly advance
respiratory medicine and interventional pulmonology, enhancing patient outcomes.
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Abstract 
Bronchoscopy is a crucial minimally invasive 
diagnostic and therapeutic tool in respiratory 
medicine allowing direct visualization and 
sampling of the airways for the evaluation and 
management of various lung conditions. The 
size of bronchoscopes directly impacts the 
patient's comfort and tolerability during the 
procedure. A thinner and less rigid 
bronchoscope enables higher agility, larger 
accessibility including the peripheral 
pulmonary areas, and induce less stress on the 
surrounding tissues, especially when the lung 
is deforming during respiration. The size of the 
imaging optics poses a major limitation in 
miniaturization of the bronchoscope as well as 
increasing the size of the working channel for 
procedures, including taking cancer biopsy samples. Moreover, the size of the bronchoscope 
limits diagnostic and therapeutic approaches only to the central pulmonary regions, reaching 
only up to fourth-order bronchi in the best case. 
 
In this project, we aim to use meta-optics to drastically miniaturize imaging optics while 
achieving similar functionalities with significantly reduced size. We propose an inverse-
designed meta-optic that will be computationally optimized and combined with a coherent fiber 
bundle to achieve an imaging device that will enable at least 60% reduction over traditional 
imaging optics used in bronchoscopes. The size of the meta-optic lens will be miniaturized to 
about 1mm in diameter and under 2mm in rigid tip length compared to a few centimeters of tip 
length in standard bronchoscopes. This will allow for significantly improved maneuverability 
into higher order (at least up to ninth order) peripheral bronchi while maintaining image quality 
to visualize pulmonary airways. We will build an experimental prototype bronchoscope and 
demonstrate full color real-time video capture.  
 
Problem Statement and Objectives 
Over 200,000 new cases of lung cancer are diagnosed annually in the United States alone, 
resulting in about 150,000 deaths, making lung cancer the most lethal of all forms of cancer [1]. 
Only 1 in 6 lung cancer cases are diagnosed at an early stage and over half are diagnosed with 

 

Figure 1. During bronchoscopy, a physician deploys a bronchoscope 
through the airways (right) to target a suspicious lung nodule 

(yellow) for biopsy or treatment, from a reference generated from 
the reconstruction of a preoperative CT scan (left). 



distant metastasis. For effective and early diagnosis, adequate and representative biopsy 
sample collection is the key which will help in better management and improve patient 
outcomes. However, accessing inner nodules of the lung is challenging due to the large size of 
the bronchoscope compared to the bronchial airways of the lungs. Adding to this, the lungs 
deform intraoperatively due to respiratory motion making it further difficult to visualize the 
lesions towards the periphery of the lung. Given that existing solutions do not address this 
problem and a standard 5.9 mm scope1 can only reach up to 4th generation of bronchi – in a 
typical 23 generation bronchial tree of lung – we aim to develop a compact bronchoscope 
based on computationally designed flat meta-optical elements that will significantly reduce the 
diameter as well as the rigid tip length of the bronchoscope and increase the working channel 
while still allowing for full color real-time imaging and guided therapies. 
 
Description of Proposed Work and Expected Outcomes 
We aim to reduce the footprint of the imaging optics in the bronchoscope by replacing 
traditional bulky imaging lens stack with computational flat-optical metalenses. Conventional 
bronchoscopes, and endoscopes in general, use a bulky stack of refractive optical elements 
that are designed to reduce the aberrations and maximize the image quality, see Figure 2. 
However, the size of these optical elements result in thicker imaging scopes with rigid tips, 
fundamentally limiting the device agility, especially within smaller ducts such as higher order 
bronchial branches. Solutions that reduce the rigid tip length and compact the scope are in fact 
urgently needed.  
 
Flat meta-optics is an emerging technology that 
enables creating miniaturized optical elements 
using subwavelength nanophotonic structures that 
allow precise control over the behavior of light, 
such as its propagation, polarization, phase and 
amplitude. Meta-optics are composed of arrays of 
nanoscale scatterer elements that interact with 
light in unconventional ways. Such ultrathin flat 
optics not only dramatically shrink the size of 
traditional optics but can also enable 
functionalities that were not achievable previously, 
such as bending light at sharp angles, focusing 
light into subwavelength spots, extending depth-
of-field and creating artificial optical phenomena, 
all on a single surface. However, meta-optics 
traditionally suffer from strong aberrations (both chromatic and Seidel) making large field-of-
view and full-color imaging challenging. As such, a full-color meta-optic endoscope for 400-700 
nm spectrum with acceptable field-of-view, depth-of-field and a small enough aperture has not 
yet been achieved to the best of our knowledge. 
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Figure 2. Standard 5.9mm Therapeutic Bronchoscope. The 
imaging optics restricts the size and flexibility of the 

bronchoscope, limiting the diagnosis only to the central 
airways, up to third or fourth order pulmonary nodules. 

 



 
Figure 3. Overview of the metalens design pipeline (Left). We circumvent computational FDTD methods via 

differentiable fast approximation of RCWA which allows us to perform gradient-based optimization. A scanning 
electron microscope (SEM) image of a fabricated test metalens is shown on the right. 

 
In this proposal, we aim to achieve an inverse-designed 1mm meta-optic, optimized to capture 
full-color scenes in the visible spectrum in real-time. The metalens will be designed in 
conjunction with a coherent fiber bundle of 1mm diameter, keeping the overall size of the 
bronchoscope imaging area and the rigid tip length to the minimum, and significantly increasing 
its working channel (from 1.2mm to ~2mm) as well as the flexibility to access higher-order 
peripheral bronchi of the lung. To this end, we will build fully differentiable forward models, 
some via learned deep neural networks, to model the wave effects of nano scatterers on the 
metalens and optimize for the metalens phase as an optimization parameter to minimize any 
aberrations under broadband illumination.  
 
Differentiable modeling for metasurface optics. 
We will build deep learning models for efficiently determining the optical response of the 
metalens-based imaging system in the bronchoscope as a function of the design parameters 
(e.g. tip length, incident wavelength, nano scatter shape). Specifically, we will learn the imaging 
response as 

! = #(%, '), 
where ! is the PSF of the optical system obtained via wave propagation method # such as 
angular spectrum method, % is the input wavefront, and ' denote the system design parameters. 
Imaging optics usually deviate from the paraxial regime where the imaging system can be 
described by a single, spatially invariant PSF. We will fully quantify chromatic and Seidel 
aberrations (coma, distortion, astigmatism, spherical), and compute spatially varying PSFs as 

!()) 	= 	#(%()), '), 
where ) is the angle of incidence for the incoming wavefront.  
 
Modeling the millions of sub-wavelength scatterers on a meta-surface is challenging and 
requires full electromagnetic simulation to accurately model the wave effects of meta-optic. 
Traditionally, metasurfaces are simulated using finite-difference time-domain methods which 
result in high computational complexity, making them impractical for optimization-based inverse-
design of metasurfaces beyond a few micrometers in aperture. Therefore, we will use rigorous 
coupled-wave analysis (RCWA) over several nanostructure sizes and build a differentiable 
proxy mapping function using deep neural networks to approximate the effects of nano 



structures during the meta-optic design. This technique will allow for faster differentiable 
simulation. Specifically, we will approximate the phase response 
of the metasurface as  

+(,) 	= 	ℎ(.(+(,!"#$%&)), ,), 
where . is a function that converts the wavefront at the design 
wavelength ,!"#$%& into a metasurface nanostructure and ℎ is a 
function that determines the phase response at an arbitrary 
wavelength , for a given nano-structure design. Both . and ℎ are 
built as fast and fully differentiable deep neural networks, closely 
approximating RCWA techniques. An overview of the pipeline for 
designing the flat meta-optic is illustrated in Figure 3. Once 
designed, we will fabricate the metalens and combine it with a 
thin coherent fiber bundle to complete a thin bronchoscope for 
evaluation. Preliminary simulation of imaging through coherent 
fiber bundles (with traditional imaging lens) is shown in Figure 4.  
 
Evaluation Plan 
We will analyze the optical performance of the proposed meta-optic bronchoscope both 
quantitatively via its modulation transfer function (MTF2) and qualitatively by comparing it with 
existing standard bronchoscopes. For qualitative comparison, we first plan to conduct a 
comparison of images that are displayed on an OLED screen and images that are captured with 
the newly designed metalens fiber optic imager and the in-built camera of an off-the-shelf 
bronchoscope. Next, we plan to insert the metalens fiber-optic imager into the working channel 
of an existing bronchoscope, Ambu Scope 5 Broncho3, and compare the image quality of the 
airways within the lungs. For this, we will collaborate with Prof. Ron Alterovitz at UNC Chapel 
Hill who has extensive experience with operating bronchoscopes on experimental lungs and 
conducting clinical trials on real pig and human lungs.  

 
We have already conducted a few preliminary 
evaluations in simulation for the proposed approach for 
designing the metalens-based bronchoscope, optimized 
for broadband illumination across the visible spectrum. 
Our preliminary results suggest that the metalens with 
1mm aperture will achieve an FOV of 45 degrees and 
reduce the tip length significantly, down to 2mm, 
compared to a few centimeters in standard 5.9mm 
bronchoscope. A comparison of simulated MTFs of a 
metalens design (without fiber bundle) relative to 
diffraction limited PSF and best prior work is shown in 
Figure 5. 
 

 
2 MTF is the ability to transfer contrast at a given spatial frequency (resolution) from object to the sensor.  
3 https://www.ambuusa.com/endoscopy/pulmonology/bronchoscopes/product/ascope-5-broncho 

 

 

Figure 5. The calculated MTF for various angle of 
incidence (AoI). Thick solid lines correspond to the 

diffraction limit. Dashed lines correspond to calculated 
MTF curves for Tseng et al.[1]. Full thin lines correspond 

to the meta-optic proposed in this work. 

 

Figure 4. Simulated image as seen through 
a coherent fiber bundle. Inset shows 

groundtruth image. 

https://www.ambuusa.com/endoscopy/pulmonology/bronchoscopes/product/ascope-5-broncho


Impact of Proposed Research 
The development and implementation of thin bronchoscopes will have a transformative impact 
on respiratory medicine. The ultra-thin meta-optical cameras will not only shrink the size and 
increase the agility of the device but will also increase the working channel to allow for 
integration with biopsy needles for real-time guidance during biopsies, offering improved 
diagnostic capabilities and therapeutic interventions. The reduced rigid tip length of the 
proposed bronchoscope allows for enhanced maneuverability, facilitating smoother navigation 
through narrow and tortuous ducts with minimized patient discomfort and risk of 
complications. By reaching peripheral lung regions more effectively, the proposed thinner 
bronchoscope promises to enable more extensive visualization and sampling of lesions that 
were previously challenging to access, resulting in higher diagnostic yield and more accurate 
staging of lung cancer. Furthermore, integrating with the computational optimization techniques 
will improve image resolution thereby improving real-time guidance during procedures. Overall, 
the proposed research can significantly advance respiratory medicine and interventional 
pulmonology, enhancing patient outcomes. 

Prior Work 
Solutions explored for thin endoscopy involve lensless and computational imaging with single 
fibers [2-4] or coherent fiber bundles [5-8]. However, these approaches are often restricted by 
short working distances and vulnerability to bending and twisting of the optical fibers, hindering 
real-time image capture. Additionally, research has been conducted on optimizing and 
fabricating compact optical elements, including 3D printed elements, directly on fibers [10] or 
freeform mirror optics for side-viewing endoscopes [11]. While these alternatives offer high 
optical performance, the scalability of 3D printed or freeform optical elements remains a 
challenge, particularly for bronchoscopy, where disposable optics are preferred to prevent 
cross-contamination between patients. Meta-optics [12,13], on the other hand, not only 
dramatically shrink the size of traditional optics, but also can combine multiple functionalities in 
a single surface [14,15]. Moreover, flat meta-optics are compatible with high-volume 
semiconductor manufacturing technologies [16,17] and can create cheap disposable optics. 
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Next-generation High-precision Surgical Laser Technology 
PI: Dr. Qiang Fu                                                                                                          Category: Health 
Abstract: Lasers are already routinely used for medical treatment in almost every modern hospital. 
Specifically, in the field of high-precision surgery such as eye surgery, the primary tools are generally 
ultraviolet lasers and near-infrared femtosecond lasers. The use of ultraviolet lasers involves ablation 
that relies on the scission of chemical bonds through photochemical processes, which can pose 
mutagenic risks to patients. Meanwhile, femtosecond laser cutting employs multi-photon ionization; 
while precise, its limited ablation efficiency makes it less suitable for broader high-precision surgical 
applications, such as in neurosurgery. Given these constraints, there is a pressing need for safer and 
more efficient laser technology for high-precision surgeries. Mid-infrared (MIR) lasers, which offer 
highly localized and purely thermal ablation processes, are a promising alternative.This project is 
devoted to the development of a new generation of mid-infrared laser scalpel which will sow the seeds 
for the replacement of current high-precision surgery technologies, offering unprecedentedly flexible 
and precise cutting with exceptional sub-single-cell collateral ablation damage margins (<5 μm). This 
advance is driven by cutting-edge MIR laser (optical parametric oscillator, OPO) and hollow-core fiber 
(HCF) technology. This project offers practical solutions capable of substantially reducing the 
likelihood of patients suffering from the side effects associated with traditional surgical lasers, which 
include excessive wounds, the formation of large scars and potential mutagenic effects. Importantly, 
this proposal will be centered upon needs in the fields of eye surgery and neurosurgery, which are areas 
of high global health importance and demand. This technology will enable remarkably unimpaired and 
accurate tissue ablation from the outside and deep into the body, providing better disease control, and 
leading to a higher likelihood of successful health outcomes.  
Challenges and Innovations: Although MIR laser radiation at 
wavelengths of 6.1 or 6.45 µm has proven to offer much less ablation 
collateral effects than other wavelengths, no such laser sources are 
generally used in surgeries due to lack of both practical laser sources 
and robust power delivery systems. Compared to gigantic scientific 
free-electron-lasers and low-power quantum-cascade-lasers, compact 
pulsed OPOs are a promising solution, but current 6-6.5 µm designed 
OPOs offer limited power (≤1.5 W) and poor control on pulse 
properties (duration, shape, repetition rates), together these are 
inadequate for optimized surgical ablation outcomes. 

A fiber beam delivery system is vitally important for surgical lasers 
to enhance system robustness and flexibility, allow sharing of 
expensive laser sources, and application for minimally invasive surgery. Traditional MIR fibers have 
many limitations, e.g. low-damage-threshold (soft-glass fibers), mechanical rigidity (metallic HCF), 
and complex fabrication (Omniguide HCFs). Emerging anti-resonant HCFs (AR-HCFs) have 
compatibility with standard fiber fabrication techniques and extraordinary properties, i.e. low cost, 
scalability to long lengths, high mechanical durability, high damage threshold, and low 
nonlinearity/dispersion, with potential for low loss at 6-6.5 µm for surgical applications. 

This project delivers high-power pulse-tailorable 6-6.5 µm light from a new electronically-
controlled MIR OPO, guided by novel AR-HCFs, suitable for next-generation laser surgery. 
Future Directions and Impact: This project aligns with the OPTICA Foundation Challenge call's 
Health theme, specifically under "New Therapeutic Laser." Integrating OPO and AR-HCF technologies, 
this project will help address the global biological graft tissue shortage for corneal transplant surgery 
and enhance the preservation of neurological tissues in neurosurgery, thereby improving patient 
outcomes and offering significant economic benefits. In this project, my research team will develop a 
handheld laser scalpel, and future designs will incorporate features compatible with endoscopic 
instruments to increase versatility across different surgical settings. We will deliver a surgical laser 
prototype and refine it for specific surgeries. Additionally, we will manage intellectual property to 
enhance licensing opportunities and pursue clinical validation to ensure the prototype’s medical safety 
and efficacy. The OPTICA Foundation Challenge will serve as a stepping stone to establish a 
specialized photonics research team dedicated to next-generation high-precision surgery, aiming to set 
new standards in laser surgery, revolutionize the field, and transform surgical practices and outcomes. 



Case for Support: Next-generation High-precision Surgical Laser Technology 
Problem Statement and Objectives 

Despite significant advancements in medical laser technology, current surgical tools still exhibit 
substantial limitations in spatial resolution and side effects. In specialized areas such as ophthalmic 
surgery and neurosurgery, current laser systems present challenges: ultraviolet lasers carry mutagenic 
risks and femtosecond lasers, though precise, are inefficient and unsuitable for handheld operations. 
Additionally, photothermal laser systems such as CO2 lasers, while efficient and free of genetic risks, 
do not substantially lessen tissue damage compared to traditional scalpels and electrosurgical bipolar 
devices. This inability to minimize tissue damage compromises patient recovery and prolongs hospital 
stays, resulting in the continued dominance of electrical/mechanical tools. These traditional tools, 
although cost-effective, lead to tissue wastage in cornea transplant surgeries and inadequate 
preservation of critical brain tissues in neurosurgical procedures - both areas with high clinical 
demand and significant societal impact. Moreover, the need for advanced laser technology extends 
beyond healthcare into sectors such as communication, sensing, and manufacturing, where innovative 
laser and fiber technologies could drive substantial advancements. 

This project aims to meet the critical demand for a safe, highly efficient laser tool for high-
precision surgery by developing a novel mid-infrared (MIR) laser system. The proposed technology 
focuses on building a fiber-laser-pumped high-power optical parametric oscillator (OPO) that operates 
at wavelengths of 6-6.5µm, capable of producing laser beams with tailorable pulse parameters for 
minimal collateral tissue damage. Utilizing anti-resonant hollow-core fibers (AR-HCFs), the laser 
system will flexibly and efficiently emit near-diffraction-limited beams, suitable for both handheld 
and minimally invasive surgical applications. The objectives of this project are multifaceted: 

(a) To engineer a high-power (average power >50 W; peak power >100 kW) 2-µm fiber laser 
with adjustable temporal characteristics as a robust pump laser system. 

(b) To develop an OPO with high frequency conversion efficiency (>10%) for optimal MIR 
output. 

(c) To achieve <1 dB/m loss in silica-based AR-HCFs and optimize the fiber power delivery 
system for precise, fundamental-mode output at the point of use. 

(d) To construct an ablation testbed for precise targeting and preservation of biological tissues. 
(e) To integrate these innovations into a compact surgical laser prototype for demonstration and 

validation, thereby expediting clinical translation. 
Literature Review and Methodology 

The goal of this project is to develop a novel 6-6.5µm pulse-structure-tailorable surgical laser 
which can achieve unprecedented ablation outcomes, i.e., removal of a defined amount of material 
efficiently and with minimal impact on surrounding and collateral tissues. 

MIR lasers hold special promise for tissue ablation due to the absence of mutagenic risk, high 
absorption, and thus small penetration length (defining ablation resolution in depth, typically <10µm 
[1]). Current MIR surgical lasers, e.g., CO2 gas lasers, rely on strong water absorption [1-3], shown to 
be non-ideal in achieving minimal collateral damage [2]. Moreover, they generate continuous-wave or 
long-pulses (many nanoseconds or longer) and thus lead to large regions of collateral damage 
(>30µm-width [4]), limiting ablation resolution (in width).  

In the MIR, 6.1 and 6.45µm wavelengths, coinciding with the amide I and II absorption bands of 
protein, respectively [1,2], have been shown to be the optimal wavelengths to minimize collateral 
damage. This is because energy coupled into the protein matrix causes conformational changes which 
reduce the structural integrity of tissue allowing for tissue removal with much less collateral damage 
[5-6]. So far, pioneering surgical studies at such wavelengths have focused on free-electron laser (FEL, 
predominantly at the Vanderbilt FEL centre [7-
9], which possesses the world’s only FEL 
healthcare integration system). FELs are major 
scientific facilities due to their wholly 
impractical footprint and high price (hundreds 
of million pounds). Quantum cascade lasers 
(QCLs) are potentially an alternative, however, 
their low peak power (<<1kW) prevents their 
use in high-precision ablation [10-11]. In 
contrast, OPOs offer a promising practical 
solution as efficient nonlinear frequency 



converters. They provide both wide MIR wavelength tuneability and powerful pulsed output. 
Although the OPO is an established technology [12-14], few works have focused on 6-6.5µm 
generation for tissue ablation [15-18]; all are based on bulk-laser-pumped OPOs, which involve high 
maintenance costs and produce relatively low beam quality (partially due to the poor-beam-quality of 
the pumps used). High beam quality is needed to enable small and selective tissue ablation. Critically, 
these OPOs also have low-power outputs (≤1.5W) which limit the ablation efficiency [19], and poor 
pulse duration control options, leading to sub-optimal collateral damage/ablation outcomes [20-23]. 

To overcome the limitations of traditional OPOs, the first fiber-laser-pumped temporal-
controllable 6-6.5µm OPO is proposed here. It offers high power (>5W), near-diffraction-limited 
beams and remarkable temporal pulse control, achieved by electronically tailoring the pump pulses 
and tactfully designing the OPO cavity for the target 6-6.5µm wavelengths. The OPO characteristics 
can be conveniently adjusted and optimised after monitoring and evaluation of the ablation process 
and hence will be capable of providing optimised/required ablation outcomes.  

For beam transport, fiber delivery systems are greatly preferable to free-space beam delivery or 
modified articulated arms, providing: enhanced system flexibility (surgeon-friendly, for endoscopic 
use) and reliability (fewer beam perturbations), better beam quality at focus, laser placement far from 
the operating theatre, sharing of expensive laser sources, and support of a safer and less cluttered 
operating environment [24]. As mentioned in the executive summary, options for single-mode fiber 
operating at 6-6.5µm are restricted. Omniguide fibers are promising and have gained a solid footing in 
surgery using CO2 lasers operating at 10.6-µm [3,24-25]. However, the maximum fiber length and 
performance at 6-6.5µm wavelengths are limited by their challenging 
fabrication processes where at least two thermo-mechanically compatible, 
high refractive-index contrast materials must be identified and drawn down to 
fiber while reliably maintaining a multilayer structure with micrometer 
dimensions [25]. By contrast, this project will employ novel silica-based AR-
HCFs, which are non-toxic, biocompatible, mechanically robust, highly 
damage resistant, and produced in long lengths. Light transmission in an air-
core minimizes the transmission losses and undesired nonlinearities at high 
power, allowing their use for 6-6.5µm single-mode beam transmission.  

The laser system will be especially conducive to various tissue ablation investigations and high-
precision surgical applications, e.g., cornea keratoplasty and brain tissue incisions. 
Research Programme: The adjacent figure shows highly 
interlinked work packages. It highlights: 
• The combination of work packages required to deliver 

this proposal. 
• The need for continuous interactions between/across 

multiple work packages. 
• The importance of integration/development of laser 

treatment methodology. 
• The work direction for future clinical validation and 

evaluation. 
WP1: Short-pulsed 2-µm fiber laser systems with remarkable control of power and temporal 
characteristics. As an OPO pump source, a compact, maintenance-free, high-beam-quality fiber laser 
will be designed and built (not achievable for traditional bulk pump lasers). It will employ a holmium-
doped-fiber master oscillator power amplifier (MOPA) configuration seeded by a 2.05-µm gain-
switched laser diode. The MOPA consists of 3-4 amplifier stages to enable average/peak power 
scaling to 50-W/100-kW. The MOPA output will be near-diffraction-limited, linearly-polarised, and 
have a narrow spectral linewidth (<3.5 nm) to facilitate efficient pumping of the OPO (WP2). The 
MOPA temporal properties will be accurately driven/controlled by an arbitrary waveform generator 
and engineered to work in the picosecond or sub-nanosecond regimes with great flexibility in pulse 
duration, pattern, shape, and repetition rate. The temporal characteristics of the MOPA will dictate 
those of the proposed OPO which can be adjusted to achieve optimal ablation. For small collateral 
damage, “cold” photomechanical ablation is typically desirable [1,26], and requires short pulse 
durations, e.g. <3.1ns for corneas at 6.1µm [16]. 
The all-fiberized high-power 2.05-µm laser with unprecedented temporal control will be developed 
for the 1st time. I have gained all the experience needed (throughout my PhD research) to develop it. 



WP2: Tuneable MIR OPO laser covering 
the target 6-6.5 µm wavelength band. 
Driven by the estimated threshold peak 
powers for soft tissue ablation of ~1 kW 
(fluence ~1 J/cm2 for nanosecond pulses 
[1,16,26], reducing with shorter pulses), a 
>10-kW-peak-power MIR OPO will be built 
in this project pumped by the fiber laser 
developed in WP1, providing flexible 6-6.5 µm tuneability and high beam quality output. The 
nonlinear crystal is a key element for OPO design; here I will employ zinc-germanium-phosphide 
(ZGP) crystal with large nonlinear coefficient (75 pm/V), high damage threshold (55.6 MW/cm2 at 1 
μm, 10 ns), good thermal conductivity and good mechanical properties. Using phase-matching 
technique, the OPO wavelength can be accurately tuned (by tuning crystal angle from 53.6° to 54.4°) 
between 6 to 6.5 µm. To scale the peak power to the 10 kW level, I will employ novel OPO designs 
invented by my previous works at Optoelectronics Research Centre (ORC), UK: burst-mode-pumping 
cavities [27] or fiber-feedback-cavities [28].  
This unique OPO development requires cutting-edge short-pulsed MIR OPO design and 
implementation skills. I have been an experienced researcher in this area for >5 years [29,30]. 
WP3: Delivery of high-power MIR laser pulses. In this proposal, we plan to develop a power 
delivery system based on silica AR-HCF. The fibers will be fabricated in specialty fiber drawing 
cleanrooms, in collaboration with the team led by Prof. Xin Jiang, a leading specialist in HCFs at the 
Russell Centre for Advanced Lightwave Science (Philip Russell Centre). We will optimize key 
structural parameters of the AR-HCF, such as core sizes, number of tubes, membrane thickness, and 
tube gaps. These optimizations will build on state-of-the-art designs that I developed during my 
previous works at the ORC. The aim is to achieve an AR-HCF with a transmission loss of <1 dB/m 
and an overall delivery system insertion loss of <3 dB over a meter-scale power delivery. The robust 
AR-HCFs developed will be specifically used to deliver fundamental-mode MIR pulses within the 6-
6.5 µm range. This capability will be employed for the 1st time to investigate the ablation of biological 
tissues. Furthermore, with support from Han’s Laser Technology, a leading domestic industrial laser 
company, we will engineer a practical bench-top ablation laser system with a distally designed 
handpiece to facilitate use during tissue ablation tests proposed in WP4. 
AR-HCF technology is a cutting-edge and rapidly evolving field. My previous contributions have led 
to the development of two state-of-the-art MIR hollow-core fibers specifically at wavelengths of 4.5-6 
µm, as documented in references [31] and [32]. 
WP4: Tissue treatment methodology development and integration of laser system. We will 
systematically investigate tissue ablation in vitro. This research will be conducted in collaboration 
with biological partners at the College of Life Sciences and Medicine, Shenzhen University. After 
monitoring and precise evaluation, we will adjust various laser parameters such as wavelength, power, 
pulse duration/structure, and exposure time. These parameters, initially developed in WP2 and WP3, 
will be optimized to achieve optimal ablation outcomes. Detailed studies will be carried out to 
understand ablation phenomena across different tissue types, including selective ablation capabilities 
and performance in/around fluid-filled areas (cerebrospinal fluid in brain surgery). This will help 
evaluate the practicality of the laser system in diverse clinical scenarios. Outcomes from these 
experiments will be benchmarked against traditional mechanical ablation techniques, such as the use 
of a scalpel (eye surgery) and bipolar electrocautery (neurosurgery). Emphasis will be placed on the 
ablation of animal eye and brain tissues, setting the stage for progression from post-mortem human 
tissue studies to in vivo applications and, ultimately, clinical trials. As part of our long-term 
engagement strategy, we will organize focus groups with clinicians to observe and assess the 
technology, and to study relevant patient cohorts that meet the necessary clinical criteria. 
     Overall, my unique expertise in fiber lasers, OPOs, and AR-HCFs uniquely positions our team to 
lead this pioneering project. 
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Impact and Beneficiaries 
(a) In laser surgery, patients will benefit from having much lower side effects, better health outcomes, 
and shorter hospital stays which in turn improves their quality of life and lead to great economic 
impact. (b) In ophthalmic surgery, there is a significant global shortage of corneal graft tissues with 
only one available cornea for every 70 needed, and the newly developed laser tool can potentially 
solve this problem by reducing tissue wastage while allowing multiple corneal transplant recipients to 
benefit from a single eye donor. (c) In open brain surgery, a significant portion of removed 
brain/tumor tissues is typically unsuitable for further medical investigation or research, which are in 
high demand. The laser tool will be used for high-precision tissue removal, effectively preserving 
most of the tissues obtained from surgical cases. This enhanced preservation could potentially 
alleviate the critical shortage of living tissue samples in brain tissue banks. (d) Apart from healthcare 
area, free space communication, sensing, industrial/additive manufacturing, and remote detection will 
be greatly benefited by the new MIR laser and fiber technology. (e) In academic area, researchers will 
benefit significantly from the knowledge/data presented in high-profile journals and conferences. 
Outcome and Ambition  
      The primary outcome of this OPTICA Foundation Challenge is the development of a cutting-edge 
MIR laser prototype, utilizing advanced 6-6.5μm laser and fiber technologies. Funded by the OPTICA 
Foundation, this project aims to revolutionize laser surgery by introducing transformative technology 
that enhances surgical precision, thereby improving patient outcomes, reducing hospital stays, 
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ensuring safer surgical environments, and advancing medical research, particularly in neuroscience. I 
plan to lead a dynamic, DEI-friendly research team dedicated to high-precision surgery, tackling 
critical issues such as surgical side effects, and achieving breakthroughs in reducing tissue wastage 
and damage. Throughout this initiative, I will enhance my academic standing by presenting our 
findings at conferences and fostering collaborations across academic and industrial sectors, while 
actively seeking further grant funding (see Timeline, T8). This award will provide the essential skills 
and resources to pioneer laser and fiber technologies in high-precision laser surgery. Over the next 
two years, my team, which includes 2 PhDs and a postdoc, will focus on developing a robust laser 
system designed for precise tissue ablation, setting new benchmarks in the field of medical surgery. 
Host Institution and Collaboration 
      The project, co-hosted by the Center for Biomedical Photonics (CBP) and the Key Laboratory of 
Laser Engineering at Shenzhen University, is well-equipped with cutting-edge laser and fiber optic 
instruments essential for developing high-precision surgical laser technology. As an experienced HCF 
researcher, I will utilize my fiber design expertise alongside the Philip Russell Centre’s fabrication 
facilities to produce specialized fibers tailored for this project. Under the leadership of Prof. Junle Qu, 
an OPTICA Fellow specializing in photonics imaging, we will extend the CBP's focus to include 
therapeutic laser applications, filling a crucial gap in its capabilities. Collaborations with the School of 
Life Sciences and Medicine at Shenzhen University and Han’s Laser Technology will provide vital 
biological insights and ensure industrial applicability. This unique combination of advanced research 
and strategic partnerships positions us to lead in pioneering surgical laser technology. 
Risk Assessment and Mitigation Strategies 
      The risks associated with WP1 and WP2 are low, leveraging my expertise and support from the 
host institution, with regular reviews planned to ensure alignment and efficiency. WP3 faces a 
medium risk of higher-than-expected fiber losses; we will mitigate this by increasing the laser's power 
budget and adjusting designs for greater loss tolerance. WP4 could experience delays due to 
insufficient animal tissue supplies, which we will address by closely coordinating with our biomedical 
partner and identifying alternative sources. Equipment failures, particularly the fiber drawing tower, 
pose a medium risk to facility-dependent tasks; we will counteract this by utilizing alternative 
equipment available at the Philip Russell Center’s spin-off company- iFiber Optoelectronics 
Technology. In addition, the risk of human resource shortages due to partners or PhD students 
withdrawing will be mitigated by developing a broader collaborator network and establishing 
contingency plans for task redistribution and new recruitments to maintain project continuity. 
Exploitation 
      The technology developed in this project offers broad healthcare applications, including as an 
ablation tool in ophthalmic, neurosurgical, and cancer treatments. We will conduct a pilot study on 
targeted patient cohorts, such as those needing keratoplasty or brain cancer interventions, utilizing 
clinical criteria like OCT, MRI, and X-ray to guide trial ablations in a safe, well-equipped 
environment. Moreover, the project will investigate additional applications such as MIR gas sensing, 
in collaboration with academic and industrial partners. Throughout the OPTICA Foundation 
Challenge, we will evaluate the commercial viability of the medical laser, tailoring its design for key 
market sectors and involving focus groups of clinicians and industry partners for feedback and rapid 
knowledge transfer. We will also perform a preliminary health economic analysis to highlight the 
technology's financial benefits. Intellectual property arising from this project will be diligently 
managed for patenting and licensing, leveraging the University's robust IP procedures and the Center 
for Biomedical Photonics at Shenzhen University's expertise in commercializing innovations. 
Dissemination and Public Engagement 
      I will globally disseminate the outcomes of this project through publications in open access 
OPTICA journals like Optica, Biomedical Optics Express, and Optics Letters as well as in other high-
prestigious journals such as Science Advances and Nature Photonics. Additionally, I will present our 
findings at international conferences, including CLEO, High Brightness Congress, and SPIE 
Photonics West, making the research accessible via my university's digital repository. Actively 
engaged in public outreach, I will participate in science festivals and conduct educational programs in 
local schools to foster an interest in photonics. As Chair of the "Lasers in Manufacturing" and 
Committee Member of the "Therapeutic Laser Application" technical groups at OPTICA, I will 
organize webinars and sessions that showcase practical laser applications, aiming to attract and 
cultivate new talent in the field. 



A quantum information processor based on a high-finesse ring-resonator 
including a nanofiber cold-atom light-matter interface 

Category: Information   

Executive summary  
 

Targeted Challenge 
Engineering strong coupling between propagating photons and isolated quantum emitters is a crucial 
prerequisite for the transmission and processing of optically encoded quantum information, as well as for 
revealing novel quantum phenomena. Unfortunately, the interaction between light and most quantum 
emitters is typically weak. Indeed, even when tightly focusing a photon on a single trapped atom, the 
probability the two interact is in practice very low. For this reason, in the last decades, various strategies to 
enhance photon-atom coupling have been developed. In cavity quantum electrodynamics (QED), atoms are 
placed between highly reflective mirrors, allowing photons to bounce back and forth, thereby increasing 
the interaction probability. Instead, in waveguide QED, photons propagate through nanophotonic structures, 
that allow one to obtain stronger coupling than in free space and enable interactions with multiple atoms. 
Both cavity and waveguide quantum electrodynamics often lack single-atom control and addressability. 
This limitation is addressed by an emerging paradigm that employs arrays of atoms trapped in optical 
tweezers, offering unprecedent control over atomic internal and external degrees of freedom. 

Proposed project 
The ambitious goal of this project is to demonstrate a novel quantum system that combine advantages of 
cavity and waveguide QED with the single-atom control offered by arrays of optical tweezers. This system 
will consist of a high-finesse all-fiber ring-resonator including a so-called optical nanofiber (i.e., glass fiber 
100 times thinner than a human hair). An ensemble of up to hundred neutral atoms will be trapped about 
300 nm away from the nanofiber surface by shining an array of optical tweezers towards the nanofiber 
surface. The resulting system will allow us to explore a novel regime of light-matter coupling: it will operate 
in the single-atom strong coupling regime of cavity QED (cooperativity, C > 1), while maintaining a very 
high single-pass optical depth (optical depth, OD > 1), a rare combination required for the demonstration 
of novel protocols for quantum information processing. Furthermore, being entirely based on standard 
single-mode fiber, the proposed system will seamlessly integrate into any current or future fiber networks. 

Intended outcomes 
The proposed system will be capable of experimentally implementing quantum protocols that are beyond 
the capabilities of any existing platform. As an example, within the context of this proposal, we will 
demonstrate that it can operate as a photon sorter, i.e., a device that is able to decompose a coherent light 
pulse into its Fock state components. Such a device represents a "holy grail" in the field of quantum optics, 
as it would receive a classical input (i.e., a laser pulse) and deterministically produce a highly non-classical 
state of light as an output, a very desirable operation in quantum information processing. 

 



A quantum information processor based on a high-finesse ring-resonator 
including a nanofiber cold-atom light-matter interface 

 

Literature Review 
Investigating the interaction between photons and quantum emitters has unveiled some of the most 
counterintuitive phenomena of quantum physics. While these discoveries are fascinating in their own right, 
they also pave the way for groundbreaking quantum technologies that simply cannot be matched by 
classical devices. However, the interactions between individual photons and isolated quantum emitters are 
generally weak and thus probabilistic. To harness the full potential of quantum mechanics, it is essential to 
engineer artificial systems, in which this interaction is strongly enhanced and therefore deterministic. 
Historically, one of the most successful approaches developed for this purpose relied on placing the 
quantum emitters within the mirrors of a high-finesse optical cavity [1]. In cavity quantum 
electrodynamics (QED), the photon-emitter interaction strength is enhanced by the number of cavity 
roundtrips that the photon makes before being lost into the environment. An important figure of merit for 
cavity QED setups is the cooperativity parameter, defined as: C=g2/(κ γ), where g is the coupling rate 
between the emitters and the cavity, κ is the cavity loss rate and γ is the spontaneous decay rate of the 
emitters. Most of the applications in quantum information processing require operations in the single-atom 
strong-coupling regime, meaning C > 1 [1]. 
A complementary and more recent approach is offered by the rapidly growing field of waveguide QED [2, 
3], in which quantum emitters are coupled to photons propagating in nanophotonic structures. Not only 
does this allow to achieve interaction strengths between a propagating photon and a single quantum emitter 
significantly stronger than in free space [1], but due to the low propagation loss of current nanophotonic 
devices, each propagating photon can interact equally strongly with a large number (i.e., hundreds or more) 
of successive emitters over long propagation distances. 
It is important to note that in both cavity and waveguide electrodynamics it is typically not possible to 
individually address and control each quantum emitters, a feature that is highly desirable for quantum 
information processing. This capability has been pioneered by recent experiments, in which large ensembles 
of atoms are trapped using arrays of optical tweezers [4], and that are therefore quickly becoming a leading 
platform for quantum computation and simulation.  
A logical question to address is whether the different advantages offered by these approaches of enhancing 
and controlling photon-atom interactions could combined to reach completely unexplored regimes of light-
matter coupling (see Fig.1). Despite years of effort and notable attempts, current nanophotonic platforms 
have only achieved strong coupling with a few emitters coupled to nanophotonic waveguides via optical 
tweezers [5, 6], or to couple thousands of emitters to the same cavity mode, but in the weak-coupling regime 
[7, 8]. 
Over the past few years, we have also 
risen to this challenge, by demonstrating 
a platform able to bridge the fields of 
cavity and waveguide QED, consisting 
of an all-fiber ring-resonator containing 
an optical nanofiber, i.e., a glass fiber 100 
times thinner than a human hair [8, 9, 10]. 
This configuration permits to interface 

Fig. 1. Cavity QED, waveguide QED, and optical tweezer arrays 
each offer unique advantages. Combining these technologies could 
enable the exploration of new regimes of light-matter interaction. 



thousands of cold atoms with photons propagating in the ring-resonator via the evanescent field of the 
optical nanofiber. This has been rather successful, allowing us to study the collective radiative dynamics of 
large ensembles of waveguide-coupled quantum emitters [9, 10] and the transition regime between cavity 
and waveguide QED, including its related non-Markovian dynamics [8]. 
 

Problem Statement/Objectives 

Envisioned platform 
In this project we aim to experimentally demonstrate a novel hybrid nanophotonic system for processing 
optically encoded quantum information. This system will combine (i) the strong all-to-all interactions 
typical of cavity QED, (ii) the long interaction lengths of waveguide QED and (iii) the single-atom 
control demonstrated with optical tweezers arrays. The envision platform is shown schematically in Fig. 2 
and consists of a high-finesse ring-resonator containing an optical nanofibre. A 1D array of optical 
tweezers will be used to trap a large ensemble of laser-cooled atoms about 300 nm away from the nanofiber 
surface. The key idea behind this configuration is to employ the nanofiber to allow a single propagating 
photon to interact strongly with each of the hundreds of trapped atoms, while the high-finesse ring-resonator 
will further enhance their coupling strength. The resulting cavity QED system will operate in the single-
atom strong coupling regime, i.e., C > 1, for each of the hundred trapped atoms. Finally, the tweezers array 
will allow each of the trapped atoms to be addressed individually, allowing their internal state to be prepared 
and their relative distance to be precisely controlled. 
An exciting feature of the proposed system is that it will operate in the single-atom strong coupling regime 
(C > 1), while maintaining a very high single-pass optical depth (OD > 1), a rare combination required for 
the experimental realization of novel quantum protocols [2]. As an example, in the context of this 
proposal, we will demonstrate the predicted but not yet measured photon number dependent group delay in 
vacuum induced transparency (VIT) [11, 12]. This protocol would lead to the temporal separation of a 
coherent light pulse into its Fock state components, leading to the demonstration of an all-fiber photon 
sorter (see Fig. 2), a highly sought-after device in quantum information processing. 

Fig. 2. The envision platform consists of an all-fiber, high-finesse ring-resonator containing an optical nanofiber. 
A 1D array of optical tweezers is used to trap up to a hundred laser-cooled atoms close to the nanofiber surface. 
This system will be used to demonstrate photon sorting, i.e., the temporal separation of a coherent light pulse 
into its Fock-state components (green-shaded pulses). 



Another important feature of the proposed system is that, since it is completely based on standard single-
mode optical fibers, it could be seamlessly integrated in fibers networks with very low insertion loss, a 
highly desirable characteristic for applications in quantum information processing and quantum networks, 
where photon loss should be avoided at all costs. Possible applications in this direction include the 
generation of non-classical states of light [13] and realization of photon-photon quantum gates [14]. 
Objectives 
The following objectives (Objs.) will be pursued: 
Obj.1: Demonstration of a novel nanophotonic system, consisting of large (N > 100) ensemble of optically 
trapped and individually addressable atoms, in which strong all-to-all interactions are engineered via 
coupling to the optical mode of a nanofiber-based high-finesse ring-resonator. 
Obj. 2: Prove the potential of this platform by demonstrating novel quantum effects beyond the capabilities 
of existing systems. As an example, we will experimentally demonstrate that our system can operate as a 
photon sorter, i.e., it is able to deterministically separate in time the photon number components of a laser 
pulse. This protocol is based on the phenomenon of vacuum induced transparency and requires operations 
in an extreme regime of cavity QED, which, remarkably, can be accessed using our system. 
 

Main elements of the proposal and preparatory work 
I acknowledge that the proposed project is ambitious given the time and budget constraints of this call. 
However, considerable preparatory work has been carried out by our group over the last few years and I 
am convinced that we will be able to achieve our goals by the end of the project. In the following, I will 
discuss in more detail the main elements of the proposal, including our preliminary results.  
Nanofiber cold-atoms interface and high-finesse ring cavities 
Coupling large atomic ensembles to optical nanofibers is the specialty of our group, which pioneered this 
technique a little over 10 years ago. In particular, this project will take place in the so-called NanoFiRe Lab 
in the group of Prof. Rauschenbeutel at the Humboldt University in Berlin. This lab hosts a recently build 
cold atoms experiment in which laser-cooled cesium atoms are coupled to an optical nanofiber integrated 
into all-fiber ring-resonator [8, 9, 10]. Previously, technical limitations prevented us from reaching the 
single-atom strong coupling regime, primarily due to the high-loss (around 10% round-trip loss, 
corresponding to a finesse F ≈ 60) resulting from the need of integrating commercially available tunable 
fiber couplers in our setup. Recently, in our self-built fiber post-processing rig we developed the fabrication 
of so-called null-couplers [15], in which the light coupling ratio can be controlled by launching acoustic 
waves propagating along the coupler waist. Importantly, null-couplers feature very low insertion loss (about 
1%) and also allow for different couplings ratios for two orthogonal polarizations, a feature crucial for the 
demonstration of photon sorting. We have already demonstrated in our lab that using such couplers ring-
resonator can be built with a finesse F > 300, which is more than enough to reach the single-atom strong 
coupling regime. 
Trapping of atoms via tweezers arrays 
Ensembles of laser-cooled atoms are typically trapped in the evanescent field of a nanofiber using 
nanofiber-guided laser beams [16]. This method, which is routinely used in our group, requires about 20 
mW of nanofiber-guided light. As the nanofiber is placed in ultra-high vacuum, this leads to an increase in 
the temperature of the nanofiber of several hundred degrees. We have observed experimentally that when 
the nanofiber is integrated into a ring resonator, its temperature increase causes very fast and very large 
fluctuations of the resonator modes, making it very difficult to perform further experiments. 



For this reason, for this project we will instead trap the atoms by shining towards the nanofiber an array of 
optical tweezers. When the tweezer beam hits the nanofiber, it forms a standing wave close to nanofiber 
due to the interference of the incident and the reflected lights. This creates optical traps for laser cooled 
atoms approximately 300 nm from the nanofiber surface. This technique has already been demonstrated for 
the trapping of up to three atoms in the evanescent field of nanophotonic structures [17] (and for a single 
atom with optical nanofibers [5]). Taking advantage of the enormous progress in experimental techniques 
for manipulating large arrays of atoms in free space [4], we aim at extending this technique in the field of 
waveguide QED and demonstrated up to hundred nanofiber-coupled atoms. We note that compared to free-
space tweezers for, e.g., quantum computing, several experimental details are considerably simpler in our 
case. For example, due to waveguide mediated infinite-range interactions, in our case, there is no not need 
to bring the atoms very close together to achieve strong interactions, nor is it critical to be able to rearrange 
them to form defect-free ensembles. We note that this technique requires overall a much higher power (>1 
W see Timeline) with respect to the traditional nanofiber-based trapping via guided modes. Nonetheless, 
the light glass overlap in the case of tweezers is several orders of magnitude smaller than for propagating 
fields and as a consequence, we do not expect any instability in the cavity modes. 
Finally, I would like to mention that, while our group has extensive experience with single tweezers for 
laser-cooled atoms [18], we have not yet attempted to operate large (i.e., hundreds) optical tweezers 
simultaneously. For this reason, I plan to spend three months (August to October 2024) in the group of 
Prof. Jeff Thompson at Princeton University, one of the world leaders in this field, to familiarize myself 
with these experimental methods. I have already secured funding for this research stay through the 
"Strategic Partnership Program" of the Humboldt University of Berlin. 
 

Outcomes 
The most immediate outcome of this project will be the experimental demonstration of a protocol for 
quantum information processing that is beyond the capabilities of any existing platform. We will realize a 
photon sorter. The latter refers to a device that is able to separate a laser pulse into its photon number 
components (see Fig. 2). Such a device represents a "holy grail" in the field of quantum optics, as it would 
take a classical input (i.e., a laser pulse) and deterministically produce a highly non-classical state of light 
as an output, a very desirable operation in quantum information processing [19, 20]. 
Around a decade ago, it was predicted that this could be realized using vacuum induced transparency (VIT) 
in ensembles of cold atoms [11, 12, 20]. 
VIT is a coherent effect analogue to 
electromagnetically induced transparency 
(EIT), in which the control beam is 
replaced by a quantized cavity mode (Fig. 
3(a)). As observed in standard EIT, also 
VIT allows one to open a transparency 
window in an opaque medium for a 
probe field and to slow-down its 
propagation by tailoring its group 
velocity (see Fig. 3(b)). This occurs due 
to a temporary transfer of the photon 
excitation from the probe field to the 
cavity mode. In VIT the width of the 
transparency window as well as the 

Fig. 3. (a) Λ-type energy level scheme required for VIT. In our 
implementation we will use the following internal states of Cs: |g1> = 
|6S1\2, F=3>, |g2> = |6S1\2, F=4> and |e> = |6P3\2, F=4>. (b) Calculated 
VIT spectrum (blue line) for an ensemble of atoms coupled to a 
nanofiber ring-resonator. The coupling to the cavity allows to open a 
transparency window into an otherwise opaque medium. The gray 
line indicated the single-pass transmission without the cavity. This 
calculation has been performed assuming the realistic parameters: 
single pass OD = 5 and single-atom cooperativity C = 6.3. 



group velocity of the probe beam depend on the number of photons in the cavity mode, which in turn is 
determined by the number of photons initially present in the probe pulse. For this reason, the different 
photon-number components of the probe field will experience different group velocities and can be 
separated in time. To observe this phenomenon, one has to satisfy two conditions: (i) single-pass optical 
depth, OD > 1 and (ii) single-atom cooperativity C > OD [12]. Notably, these very stringent conditions can 
be easily met for the system in this proposal. 
 

Impact 
This proposal has several novel elements, each of which is likely to have a major impact on the fields of 
quantum optics and quantum information processing. 
Waveguide-coupled tweezer arrays would enable the first-ever demonstration of a waveguide QED 
system with over 100 individually addressable emitters. This remarkable result would not only advance 
quantum information processing but also open up unprecedented opportunities to study collective radiative 
dynamics, such as superradiance and subradiance, in large ensembles of emitters [9, 10]. 
The trapping of atoms in an all-fibre resonator in the single-atom strong coupling regime will have a 
major impact on fundamental studies of quantum optics and in particular on the study of non-Markovian 
quantum systems. In fact, the low optical loss of optical fibers allows for the creation of exceptionally 
long cavities (up to several tens of meters), where the round-trip time can be comparable to or exceed the 
excited state lifetime of the emitters. In this case, the feedback provided by the cavity is not instantaneous, 
i.e., the cavity acts as a non-Markovian reservoir. Although we have conducted initial measurements in this 
direction [8], we have not yet reached the single-atom strong coupling regime, limiting our ability to fully 
investigate the quantum properties of this system. I would like to emphasize that such an experimental setup 
is unprecedented at optical frequencies. 
Finally, there is no doubt that the experimental demonstration of photon sorting, discussed above, would 
represent a ground-breaking milestone for quantum information processing. 
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Name of the project: Developing a portable and low-cost device using dynamic light
scattering for Rotavirus detection in environmental and drinking water
Category: Environment & Health

Problem Statement:
● 500k children <5 years, and >50k more aged 5-9 die due to
diarrhea each year

● 37% of these preventable deaths are due to Rotavirus
● Current detection systems are based on polymerase chain
reaction (PCR), genetic sequencing, and SEM, which are
expensive, require infrastructure, expensive consumables,
highly skilled human resources, and in overall aren't practical
for wide-scale deployment in resource-limited settings where
they are actually needed.

Proposed Solution: Develop a low-cost, reagent-less, highly
portable, Dynamic Light Scattering (DLS) based detection device
for rapid detection of rotavirus in water. Pilot experiments with
bench-top setup show that we can detect 4000 U/ml live
attenuated rotavirus from Rotarix oral vaccine in water.

Features of the target device:
● Should be portable (∅3cm, length 12cm, <250g), low-cost
(~$100 in materials), user-friendly (minimal training required),
no reagents required

Real world applications:
● Surveillance of environmental and/or drinking water in
resource-limited settings, identify fecal contamination, prevent
water-borne diseases transmitted by oral-fecal route

Project outcomes:
● Research, development and related publications in context of using DLS to detect
rotavirus particles, focusing on particularly on required sensitivity and specificity

● Understanding of diffusion characteristics of rotavirus particles and their clusters
● Development of a prototype device, reaching alpha testing stage in partnership with local
governmental and non-governmental stakeholders in water supply systems

● Foster local research and innovation ecosystem in a developing country, providing
research opportunity to solve important global problems

Long-term Impact:
● Reduce infant mortality by at least 50k/ year in developing countries, including Nepal
● Develop methods that can be translated for detecting other kinds of waterborne viruses
eg. hepatitis, norovirus etc

● Ensure resilient economic development by promoting and investing in research,
innovation & manufacturing capabilities in Nepal

Collaborators: Prof. Daniele Faccio (U of Glasgow, DLS expert)



Developing a portable and low-cost device using dynamic light scattering for
Rotavirus detection in environmental and drinking water

Literature Review:
Nearly 500,000 children under the age of 5, and 50,000 more aged 5-9 died due to diarrhea
in 2022 (most recent available data) [1]. The vast majority of these deaths are in the low
income countries in the world. Nearly 37% of these preventable deaths are attributed to
rotavirus infections [2] in spite of the availability of vaccines for almost two decades. Even in
the USA, up to 70,000 hospitalizations and 60 deaths are attributed to rotavirus infections.
This data underscores the need for enhanced surveillance and proper water-treatment.
Prevalent techniques for detection of rotavirus in water are based on polymerase chain
reaction (PCR), gene sequencing and SEM – all of which are very challenging for
deployment even in well-resourced areas, and particularly infeasible in resource-limited
settings. Diagnostic enzyme immunoassay kits are only available to confirm infection with
sufficiently high viral load or reactive proteins. Rapid and low-cost technologies to detect
rotavirus in water, while important for the whole world, have become critical to save lives in
the neediest parts of the world. In order to rapidly increase the surveillance capabilities to
prevent these deaths, in this project I will use Dynamic Light Scattering (DLS) based
techniques to develop a low-cost, rapid, reagentless, and portable device to detect rotavirus
or their clusters in water.

Rotaviruses themselves are 55-70 nm in size [3]. They can also form vesicle cloaked
clusters, whose sizes range up to hundreds of nanometers, and are emerging pathogens in
water [4]. These vesicle cloaked clusters of rotavirus are of particular concern, because they
are difficult to disinfect from the environment with conventional techniques such as
chlorination, and can even remain in the environment for up to 16 weeks [4]. Commercial
systems using DLS can detect particles up to 1 nm in size, and researchers have
demonstrated the viability of using DLS to detect virus clusters already [5, 6]. However,
these expensive commercial systems are economically infeasible to scale in developed
countries, let alone deploy in the scale needed in low-resource settings. The low-cost and
portable device I aim to develop in this project will be used to detect rotavirus in drinking and
environmental waters, which will allow communities as well as local governments to take
appropriate steps towards preventing spread.

Proposed Solution:
We have developed a simple and low-cost system (currently benchtop) to detect rotavirus
particles that can be packaged and implemented in a resource-limited setting [7]. This
system used a 5 mW, 532 nm laser, a widely available SMF-28 fiber, a photodiode, a
transimpedance amplifier, and inexpensive microcontroller (Fig. 1). This system can
currently detect 4000 U/ml live attenuated rotavirus from Rotarix oral vaccine (Fig. 2) in 10
minutes. We are working towards integrating all of these components into a portable
prototype (Fig 3). The device will cost less than $100 in components, the size will be
comparable to a standard glue-stick (30 mm x 120 mm), and will perform tests in under 10
minutes.

As Fig. 2 shows our pilot results, where the peaks correspond to virus particles that can be
identified based on deviation outside of a noise threshold. Detection events were observed
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for all virus concentrations from 125 kU/ml to 4 kU/ml but were not observed in the pure
water.

Fig. 1: a) Schematic of the DLS-based system used in the experiments. b) Detail showing fiber
collecting scattered light.

Fig. 2: a) Signals of water and 4x diluted Rotarix vaccine, with detected peaks in arbitrary units,
b) Zoomed in version of Fig. 3a to show detail, along with the threshold value, c) Number of events

detected by our system in 10 mins for different concentrations of virus particles.

I have been involved in community-engaged co-development of low-cost water surveillance
systems for E. coli for the past 5 years [8-12]. Based on my past interactions, different
stakeholders in the water system (consumers, water-user communities, regulators, etc.)
prefer a portable dip-in system not-requiring any specific technical know-how. Therefore our
goal is to develop a simple, low-cost dip-in system as depicted in Fig. 3.

Key Challenges and Objectives:
Challenge 1: A water sample may contain a wide array of
foreign particles of different sizes and origins. It is imperative
to get rid of the majority of unwanted particles prior to testing
for viral particles using my method.
Objective 1: Develop a low-cost method to remove
particles that interfere with DLS measurement.
I will start with a basic syringe filtration technique, using
commonly available 220 nm syringe membrane filters. A 220
nm filter will remove all the particles (eg. most of the
bacteria, silt, etc.) but should allow the rotavirus particles
(along with many other virus particles and small molecules).
I will try filters of smaller pore-sizes only if needed, as they
are more expensive and require higher pressure from a
machine.
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Challenge 2: The DLS method will only give me the approximate particle size, it does not
tell me if the particle is a rotavirus, or some other particle.
Objective 2: Improving specificity of the DLS method to detect rotavirus. It is
well-known that DLS-based technique can identify particle size by measurement of Diffusion

coefficient . Here, is the Boltzmann constant, is the temperature, is the𝐷 =  
𝑘

𝐵
𝑇

6πη𝑟 𝑘
𝐵

𝑇 η

viscosity of water, and is the particle size (radius for spherical particle). As rotavirus𝑟
particles or their clusters are known to have specific shape, size and mass, I expect to obtain
these specific characteristics of the particles from the measured signal shown in Fig. 2(b).
For example, the average mass of the particle can be quantified using the mean squared𝑚‾

velocity of the particle using the equipartition theorem:𝑣2‾ 1
2 𝑚‾  𝑣2‾   = 1

2 𝑘
𝐵
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Similarly, I also expect to use Langevin dynamics of the particles in the presence of an
optical force field, which I had investigated in the context of spectroscopy [12]. Based on the
information obtained from several physical parameters, I also intend to use machine
learning, which has provided 21% improvement in specificity in the context of fluorescence
sensing [10].

Challenge 3: Literature suggests that 100-1000 rotavirus particles are enough to cause an
infection. This sets the ideal sensitivity target to <100 particles in 50 ml (a single serving for
an infant). Although this level of sensitivity is not possible with any existing technology,
without using concentrative steps, I set this goal for this project as I believe that it should be
possible using DLS technique.
Objective 3: Enhance sensitivity of the DLS method to detect <100 rotavirus
particles/50 ml. Conventionally, concentrative steps using >20 liters of water are used to
enhance sensitivity. While this strategy will be my fall-back, I intend to enhance the
sensitivity using optical methods. I will explore the use of a cuvettes with reflecting mirrors
(so that the effect of a single particle is amplified by multiple reflections), using several
SMF-28 fibers at different locations of the probed sample volume, using multimode fibers
along a CMOS camera so that a larger volume is probed at once.

Objective 4: Miniaturized dip-in alpha-product development, and validation with
real-world samples outside the lab environment. A miniaturized dip-in alpha-product, as
envisaged in Fig. 3, is my goal. I expect this objective to be constrained by the boundary
conditions set by the outcomes of the previous objectives (specificity and sensitivity).
However, with my >10 years of experience in opto-mechanical hardware and software
design and validation, I am confident to fulfill this objective. I have a demonstrated track
record [8-10] of taking a benchtop system to a portable (10x reduction in weight and size),
low-cost (15x reduction in cost) version of the device. That portable device focused on
detecting bacterial contamination in drinking water, and is now entering the
commercialization phase. I am now turning towards real-time detection of rotavirus that has
remained elusive in spite of causing 37% of infant deaths. With the benchtop system already
showing promise in our pilot experiments for detecting rotavirus, we now move towards
taking that to build a more sensitive, more specific, smaller, portable, and lower cost system.

In the final device I hope to use a fiber-coupled laser, and a fiber-coupled detector, the
respective driver and amplifier would then be connected to a commercially available
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microcontroller, which will perform the measurement and display it on a screen. Based on
the measurement, it would also indicate via traffic-light LED. In the case when we need to
increase specificity by using machine learning techniques, the device can connect to a
server that runs the machine learning algorithm (if needed), using readily available GSM
sim-card modules. The device casing will be made of ABS plastic for durability. Validation
experiments for the envisaged alpha product will compare the sensitivity and specificity with
PCR-based methods on environmental water from 100-200 sources.

Objective 5: Further development, funding, etc.
The Optica Challenge funding will support initial prototype development. In order to take this
solution to the people, we would need more funding, for which we can apply to grants that
support impact ventures like this. Specifically, I will seek support from USAID and UKAID
that are known to support the planned activities. I also expect that accelerators and investors
in the network Optica/Optica Foundation could also be helpful.

Outcomes
● Publications regarding:

○ specific diffusion behavior of the rotavirus particles, as they are found in the water
distribution system and the environment, which will help their detection using
techniques such as DLS

○ optical methods for enhancing sensitivity to detect 100 rotavirus particles in 100 ml
sample

○ simple and low-cost method for sample preparation for DLS measurements
○ these publications will also help translate detection of other virus particles (eg.

hepatitis, norovirus, etc.) and other liquid medium
● Enhanced partnerships:

○ with local governments and local community for co-development of a dip-in system
■ Lubhu Tallo Dobhan Water Supply Community (Partnership agreement signed)
■ Tarakeshwor Municipality (Partnership agreement signed)

○ with the group of Prof. Daniele Faccio (University of Glasgow), with whom we have
been collaborating on this project

● TRL-6 prototype of a dip-in system to detect rotavirus and their clusters
○ designs, relevant patents
○ route for further development and impact

● Personal and institutional development

Long-term impact:
● Better surveillance method for water-borne viruses in general. Currently no realtime

method exists to detect virus particles in environmental or drinking water. Although I will
exclusively focus on rotavirus in this project, the outcomes from this project will be useful
for surveillance of many other viruses (eg. hepatitis, norovirus, etc.), in many other liquid
mediums (eg. serum). Successful completion of this project is likely to have immense
impact in the academic and scientific community, industries, and society.

● Saving lives in developing countries. Assuming that only 25% of the rotavirus
infections are reduced due to the real-time detection method we have developed, it will
help save almost 50,000 infant lives per year in developing countries. Low-cost and
reagentless properties of the proposed method is particularly helpful to facilitate
implementation and achieve the stated 25% reductions in the infections.
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● Supporting industrialization and R&D ecosystem in Nepal.

Immediate impact:
● R&D opportunities and training to the local students and scientists

Projects like these also provide a platform for students and recent graduates to develop
the basics of research skills and work in the country they call home. We have trained
nearly 50 scientists at our institute, who would likely not have had any opportunity to
learn and research in the field of optics and photonics in Nepal. This project will help me
continue developing necessary laboratory infrastructure, provide R&D opportunities and
training to the local students and scientists, and inspire many potential future leaders to
work in optics, biophotonics, physics, and research in general.

● Personal level: grow as a leader in Optics
Receiving the Optica Challenge Prize will enable me to not only solve one of the most
pressing issues in the developing countries, it will allow me to continue to grow as a
leader in cutting edge scientific research, development and innovation, in spite of
extremely limited resources we have in Nepal.

Finally, as we highlighted in our recent comment in Nature Reviews: Methods and Primers,
support from international collaborators, and funding from organizations like Optica is
instrumental in nurturing the nascent research ecosystem that we have here in Nepal [11].
Projects like the proposed one give opportunities, and confidence, for scientists and
engineers in low resource countries to create a positive, and lasting societal impact.
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Optica Foundation Challenge 2024: Health  
Mesoporous Photonic Chip for identification of Protein (MPCiP) 

Roman Zakoldaev, UiT The Arctic University of Norway 
Health Challenge 
Imagine a megapolis where waste removal systems cease to function - the resulting buildup would lead 
to a major health crisis. Similarly, in Alzheimer's disease, the accumulation of misfolded protein 
amyloid-β (Aβ42) in the brain contributes to the formation of cellular plaques which gradually disrupts 
nerve cells and tissues, causing a cognitive decline (Figure 1). 
Qualitative and quantitative label-free assessment of amyloid 
proteins in human blood represents unmet and unique 
opportunity for early detection of the disease. 
In clinical settings, doctors currently use costly and time-
consuming fluorophore-based immunoassays. A faster and 
label-free alternative is Raman spectroscopy (RS), which 
uses light to discriminate between protein monomers and 
oligomers. However, conventional RS setups application is 
hindered by its high limit of detection and the bulkiness of the 
equipment.  
Photonics Challenge  
Recent developments in on-chip waveguide interferometers, 
bi-modal waveguides and other diagnostic photonics sensors 
have proven their feasibility for point-of-care biosensing. Yet, 
existing biosensors often rely on fluorescent labels or perform indirect measurements through intensity 
change, leading to issues like false positives and diagnosis delay. To overcome these challenges, I 
propose a photonics biosensing platform that includes a novel waveguide design to enhance proteins 
RS. Despite this potential, according to currently available literature, there are no clear arguments why 
there has been limited exploration of waveguide-coupled RS for protein analysis. This represents a 
significant gap in the field, which my project aims to address. 

This project aims to develop and validate an ultra-sensitive photonics biosensing platform for 
waveguide-coupled Raman spectroscopy of misfolded proteins at nanomolar concentration, outlining 
a new era for time-resolved on-chip protein analysis. 

Outcomes 
A new type of waveguide biosensors will be developed to distinguish protein monomers/oligomers at 
nM level paving the way for early diagnosis of Alzheimer's disease. The single-step waveguide 
fabrication will be developed. The biosensor prototype will be presented at an Optica conference.  
Impact 
For medical institutions, the biosensor offers a new method for real-time detection and analysis of 
structural changes in proteins. Once the biosensor is approved for amyloids, it can be easily calibrated 
for other biomarkers. 
Future prospects 
Combination the biosensor with microfluidics will enable protein separation and purification for early 
diagnosis from blood samples. Furthermore, the platform will serve as a research platform for 
enhancing our understanding of chronic metabolic pathologies, as well as a validation platform for 
drug-dependent protein folding / unfolding kinetics to select available treatment options. 

 
Figure 1. Tracking Alzheimer's 

Progression: amyloid-β monomers 
evolve into oligomers, contributing 
to brain damage. On-chip Raman 

spectroscopy for early detection of 
these biomarkers in blood. 
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Mesoporous Photonic Chip for identification of Protein (MPCiP) 
Roman Zakoldaev, UiT The Arctic University of Norway 

Introduction  
The human brain with its billions of neurons can be compared with a densely populated city. In this 
neural metropolis, the waste accumulation poses a functional threat to vital brain structures, specifically 
the entorhinal cortex and hippocampus. Misfolded amyloid-β proteins (Aβ42) building up inside the 
entorhinal cortex and hippocampal intercellular spaces are considered as a defining characteristic of 
Alzheimer's disease1 (Figure 1, a). While amyloid monomers themselves are not inherently harmful, 
their aggregation into oligomers marks a turning point towards harming neuron viability.  

Recent research found that amyloid oligomers present in blood and in cerebrospinal fluid of 
patients2 suffering from Alzheimer's disease. Yet, the challenge lies in the lack of efficient, reliable, 
and accessible methods for structural study and early detection of amyloids3. Current bioanalytical 
methods used in clinical research are those using fluorophores like immunoassays, or label-free methods 
such as cryogenic electron microscopy, nuclear magnetic resonance spectroscopy, circular dichroism 
spectroscopy. In ideal world, endogenous 
protein structures are studied without 
introducing any labels, which can diverge 
proteins from their natural, endogenous 
state4. However, in clinical settings, 
application of these label-free methods is 
limited because of their unavailability, 
high operational demands, and a lack of 
sufficient standardisation5. 

Raman spectroscopy (RS) 
allows label-free qualitative and 
quantitative analyses of proteins6, 
offering insights into protein 
conformation and chemical bonding 
changes7. Researchers from EMPA2 have 
concluded that RS of red blood cells 
could potentially be used for a clinically 
relevant Alzheimer’s disease diagnostic 
tool. The fundamental limitation for 
conventional RS is its low signal efficiency, which corresponds to a high limit of detection (LoD). For 
example, the LoD of RS of amyloid-beta proteins in a conventional Raman setup is around 100 µM, 
whereas clinics require a detection limit as low as 10 nM8.  

Surface Enhanced Raman Spectroscopy (SERS) applied in conventional Raman setups 
increases the biomolecule signal to the desired LoD9. This amplification is achieved by binding proteins 
to plasmonic nanostructures periodically arranged on the chip surface. Upon laser radiation, these 
structures generate an intense electromagnetic field, significantly amplifying the Raman signal. This 
technique shows promise in single molecule detection9 and DNA analysis10. Subsequently, SERS was 
integrated into a microfluidic chip11, which enabled precise detection of Aβ42 down to nM level. 
However, this setup still requires bulky laboratory equipment around the microfluidic chip, presenting 
a significant barrier to achieving compact, chip-scale diagnostic devices suitable for on-site clinical 
applications. 

Photonics technologies such as Waveguide Enhanced Raman Spectroscopy (WERS) suggest 
a way to make sensors more efficient while keeping them compact. WERS utilizes the evanescent12 

interaction - a phenomenon where light travels along a waveguide core and interacts with molecules 

 

Figure 1 Graphical representation of Alzheimer’s 
disease early biomarkers as oligomerization of amyloid-
beta proteins (a) and their spectroscopic identification 

with the proposed photonic chip (b).  
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located in proximity, amplifying a signal up to 108. This approach promises a seamless transition from 
laboratory settings to point-of-care diagnostic tools. However, it is still challenging to concentrate 
sufficient targeted biomolecules in the evanescent field of the waveguide without introducing 
bioreceptors, such as antibodies, which cause stability issues and non-specific binding. 
State-of-the-Art in WERS, Mesoporous Material 
Recent research from Ghent University13 demonstrated a promising solution for WERS by integrating 
a waveguide with a mesoporous SiO2 layer, demonstrating a 600-fold enhancement in the Raman signal. 
Given the proven effectiveness of mesoporous SiO2 materials in hosting proteins14, and SiO2 
waveguides maintain low background signal within the amyloid’s fingerprint region15. This material 
has the potential to be used in protein hosting, detection and analysis. Despite this potential, according 
to currently available literature, there are no clear arguments why there has been limited exploration 
of on-chip RS for protein analysis. This represents a significant gap in the field, which my project aims 
to address. To overcome these challenges, I propose the photonic chip that combines waveguides with 
mesoporous materials to enhance proteins analysis.  
 
2. Problem Statement and Project Plan 

The primary objective of this project is to develop and validate a Mesoporous Photonic Chip for 
Identification of misfolded Proteins (MPCiP), which will be then calibrated to analyze amyloid 
oligomerization with expected nanomolar sensitivity.  

Chip design and principle.  
The MPCiP is constructed using a mesoporous-cladded waveguide fabricated within a mesoporous 
silica substrate by laser writing process. The waveguide directs the laser light through this porous layer, 
where interaction with protein occurs evanescently, producing and collecting the Raman signal (Figure 
1,b). The output signal provides real-time information on protein structure changes and its 
monomers/oligomers concentration.  

To improve the LoD to nanomolar level, mesoporous material is used for protein confinement, 
combined with WERS. Although the presence of pores can cause light scattering and suppress the 
evanescence field, maintaining a balance between the pore size (< 30 nm) and porosity (20-50 %) will 
result in a. relatively highly transparent optical material (transmission > 85%, l > 500 nm16).  

Among waveguide fabrication methods, direct laser writing stands out due to its simplicity as 
it requires only one step to inscribe a waveguide into optical materials. However, existing laser 
technologies provide only relatively high-contrast waveguides, which presents a gap in the field. 
WERS requires waveguides both with high-contrast and high-confinement. In this project, the use of 
UV laser sources aims to achieve both high resolution and high contrast of the waveguides, a 
combination demonstrated for the first time. 

I propose to complete the project in 18 months (6 quarters), executing 3 work packages (WPs) 
according to the following workflow. This workflow images are based on preliminary results or from 
references, outlining the expected outcomes (Figure 2). 

 
Figure 2. Illustration of the workflow with key results for each WP 
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WP1: Development of waveguides in mesoporous material 
Objective: Design and fabricate waveguides within a mesoporous silicate material (pores size < 30 nm) 
using ultraviolet (UV) laser technology15. The waveguides will be designed for TM single-mode to 
maximize evanescent field penetration into the surrounding mesoporous material, enhancing sensitivity 
through interaction with immobilized proteins, which are confined in mesopores.  
Tasks and Methodology: (T1.1) Use Lumerical FDTD simulation software to design waveguides 
considering possibilities of UV laser technology. The simulation will ensure the ability of waveguides 
to support a single-mode operation and assess how well the evanescent field is confined within 
mesoporous material. (T1.2) Waveguide fabrication is planned in a close collaboration with Dr. J.C. 
Gates15 (University of Southampton, UK) using UV laser technology, achieving the lateral waveguide 
resolution of 0.5-2.0 µm. The laser-induced densification process collapses the pores within the 
mesoporous material, creating a refractive index contrast between the densified waveguide core 
(n~1.45) and un-densified cladding (n~1.15)17. (T1.3) Test the fabricated waveguides for optical losses 
and single mode operation. 
Milestone (M1): Mesoporous-cladded waveguides are fabricated and tested. 
WP 2: Waveguide-coupled Raman spectroscopy: calibration 
Objective: Calibrate the waveguides by analyzing Raman signal from the background and immobilized 
standard analytes.  
Tasks and Methodology: (T2.1) Use a confocal Raman microscope at UiT to record background Raman 
spectra (550 – 2000 cm-1, resolution 1 cm-1) on commercial mesoporous samples such as porous glass 
Vycor, and/or layers produced by flame hydrolysis deposition (J.C. Gates15). This step aims to analyze 
and determine the optimal pore size/volume ratio that results in a smooth Raman background signal, 
free from high-frequency features. Important to start this task before the fabrication process to select 
suitable materials. (T2.2) Perform waveguide-coupled Raman measurements at UiT (setup of Prof. 
O.G. Hellesø15). The setup will involve exciting Raman by coupling 660/785 nm laser radiation into 
waveguides. The captured signal will be filtered through a long-pass filter, then directed to a 
spectrometer (Teledyne Princeton, IsoPlane SCT320). This step will determine if in-line coupling is 
possible. The calibration of fabricated waveguides will include detecting benzyl alcohol (BnOH) and 
its denatured form (d7-BnOH) to identify sharp peaks18. A MSc student will be enrolled for this WP. 
Milestones (M2): The waveguide is calibrated, and MPCiP is ready for protein analysis. 
WP 3: MPCiP analysis of amyloid-β monomers and oligomerization 
Objective: Investigate the oligomerization process of commercially available Aβ42 by immobilizing it 
in the MPCiP and analyzing changes in Raman spectra with the focus on amide bands. 
Tasks and Methodology: (T3.1) Assess mesoporous materials to decide if additional chemical treatment 
is needed to enhance surface wettability (see Risks), improving the immobilization of amyloid 
monomers. This task in combination with T2.1 should start at the beginning of the project to make a 
decision about suitable mesoporous material before the fabrication step. (T3.2) Conduct waveguide-
coupled Raman spectroscopy of immobilized Aβ42 (Sigma-Aldrich1*) in MPCiP to differentiate 
monomers and determine the LoD by testing varying concentrations (10-4 M to 10-9 M). Verify these 
concentrations using Amyloid beta 42 Human ELISA Kit (Thermofisher). (T3.3) Study the 
oligomerization process of amyloids within MPCiP by inducing changes through heating or pH 
adjustments. Monitor shifts in the amide I band from 1658 cm-1 to 1670 cm-1 during protein 
oligomerization, as linked to disease pathology8. Analyze the amide III region (1200 - 1300 cm-1) for 
insights into secondary structures and side-chain interactions. For spectral analysis, use principal 

 
*Commercially available Amyloid β Protein Fragment 1-42 

https://www.sigmaaldrich.com/NO/en/product/sigma/a9810
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component analysis (PCA) or for handling complex/noisy data, apply a deep learning model developed 
at UiT19. 
Milestone (M3): MPCiP is validated for differentiate between amyloid Aβ42 monomers and oligomers 
and determining their concentration. 
 
Timing of the work plan, Gantt Chart makers for 6 quarters (18 months): 

 
 
Risks and contingency plan: 
Design and fabrication risk (level 2/5): There can be challenges in achieving the desired waveguide 
geometry (T1.1). To mitigate them, UV laser settings (repetition rate, power density and scanning 
speed) will be refined. If low evanescent field penetration into mesoporous material (low confinement), 
I will consider diffused or ridged waveguide types, which can be produced using photolithography 
available at Dr. Gates facilities. This serves as a backup plan, but my priority is to develop single-step 
laser fabrication of waveguides.  
Low Raman signal (level 2/5): During the development of waveguides (T1.1), I will adjust the 
mesoporous structure in terms of porosity or pore size to enhance Raman signal strength. The 
effectiveness of these modifications will be assessed through Raman signal registration at the 
calibration phase (T2.1). Depending on the results, I might employ in-line or back-coupling for MPCiP. 
Protein immobilization in MPCiP (level 3/5): To improve protein immobilization in mesoporous 
(WP3), I will find the “sweet” spot: (i) amyloids will bind to internal porous surface without any extra 
treatment; (ii) porous surface can be chemically activated with functional hydrophobic or hydrophilic 
groups to facilitate protein attachment; (iii) peptide decoration, which acts as recognition ligands for 
amyloids, will be used to improve the specificity of the sensor; This decision will be made in the 
beginning of the project after considering results from T2.1 and T3.1. 
Infrastructure and budget. UiT is well-equipped with the necessary scientific instruments to support 
both experimental and simulation tasks. Most of the budget will be allocated towards purchasing optics 
and optomechanics for the fabrication step; mesoporous materials; proteins; verification ELISA kits. 
 
3. Outcomes 
Each project WP will result in immediate outcomes and deliverables (D). After simulation and 
waveguide fabrication (WP1), single-step laser method for inscribing high-confinement waveguides 
within mesoporous materials will be made into a patent, using the formal disclosure of invention (DOFI) 
(D1). Right after, project results will be presented at Optica conference: Laser Congress (D2). 

Calibration of mesoporous-cladded waveguide Raman spectroscopy of standard analytes 
(WP2), suggesting a new platform for the on-chip sensing. The results will be submitted to open-access 
journal Optics letters with preliminary title “Low-loss, high-confinement mesoporous-cladded 
waveguides for small molecules Raman spectroscopy” (D3). 



 5 

The MPCiP, validated for amyloid protein analysis, will differentiate between monomers and 
oligomers, offering qualitative insights crucial for early diagnosis of Alzheimer’s disease. The results 
will be presented at Optica conference: Biophotonics Congress (D4), and further the manuscript will be 
prepared Biomedical Optics Express with preliminary title “Label-free study of amyloid Aβ42 

oligomerization process on photonic chip” (D5).  
Communication is aimed to bridge the barriers between science and non-experts via Optica 

chapter2* events at UiT. Key results of the project will be presented in social media (Research Gate, 
LinkedIn) and newsletter platforms (forskning.no).  

The connection of outcome and deliverables presented in Table 1. 
Table 1 
WP Outcome Deliverable Quartel 

1 Single-step laser method for waveguides inscribing DOFI (D1) 2 
Conference (D2) 3 

2 Calibrated mesoporous-cladded waveguide Paper submission (D3) 4 

3 MPCiP Analysis of Aβ42 
Conference (D4) 5 
Paper submission (D5) 6 

 
4. Impact 
Scientific impact:  
The MPCiP will serve as a new platform for medical and biochemical communities to detect and 
analyze protein structural changes; detection of early bioindicators of Alzheimer's disease. Once MPCiP 
is approved for amyloids, it can be easily calibrated for other biomarkers, small molecules, such as 
glutathione, which recently has been considered as an indicator of Alzheimer's disease19. 
Economic impact: 
The market value for chronic disease management is, unfortunately, constantly growing. For 
Alzheimer's disease, the projected market size by 2033 is 30.8 billion dollars3**. As a diagnostic tool, 
the MPCiP biosensor will capture a significant share of this market. 
Technological impact: 
Insights gained from studying the oligomerization process of amyloid-β will enhance understanding of 
Alzheimer’s pathology and lead to new approaches in disease treatment.  The developed UV laser 
method simplifies the production processes by reducing reliance on cleanroom environments, thereby 
lowering operational costs and suggesting availability.  
Societal impact:  
The project supports the United Nations' Sustainable Development Goals4***, particularly those related 
to health and well-being (Subgoal 3.4) and innovation (Subgoal 9.5). By enhancing the understanding 
of diseases like Alzheimer's, the MPCiP contributes to global health advancements. The project will 
contribute to upgrading scientific and technological capabilities globally, offering accessible 
technologies that can enhance research and development across diverse regions. 
Impact on personal career development: 
The project will significantly enhance my expertise in practical biosensing and increase my visibility 
within the scientific community. Project performance will lead to multiple first-author papers, 
facilitating my entry into a multidisciplinary field. In the long term, the results will serve as a foundation 
for securing additional funding and establishing my own research team. Further, to improve LoD of 
MPCiP and compactness by application of deep learning approach and peptide decoration of 
mesopores. 

 
* https://site.uit.no/arcticoptica/  
** https://www.towardshealthcare.com/insights/alzheimers-therapeutics-market-sizing 
*** https://sdgs.un.org/goals  

https://site.uit.no/arcticoptica/
https://www.towardshealthcare.com/insights/alzheimers-therapeutics-market-sizing
https://sdgs.un.org/goals
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Wafer-scale, transfer-free hetero-integrated photonic circuits using confined growth of single-
crystalline 2D materials – Summary 

Sang-Hoon Bae, Washington University in St. Louis 

The integration of two-dimensional (2D) materials for on-chip photonic applications has attracted immense 
research interest, thanks to their prominent optoelectronic attributes and the unprecedented degrees of 
freedom to create heterogeneous integrated photonic layouts and van der Waals (vdW) heterostructures 
without the lattice-matching constraints that apply to heteroepitaxy. Abundant useful properties are shown 
in 2D materials of graphene and transition metal dichalcogenides (TMDs), encompassing vital optical 
functionalities from light emission, modulation, photodetection, and nonlinear optics. However, most 
reported 2D-materials-based integrated photonic devices to date still largely remain lab demonstrations, far 
faltering the surging vision of practical 2D-photonics commercialization in real-word.  

Before fledging into fully viable technology, 3 long-standing challenges exist for integrated photonics based 
on 2D materials. (1) Most reported devices use transferred 2D materials. This is because substrates that are 
suitable for 2D material growth (such as sapphire) cannot be directly used for integrated optical applications 
(typically require thick SiO2 BOX layer). Consequently, 2D materials are later transferred to prefabricated 
photonic templates such as waveguides and micro-cavities using PMMA or metal handler after growth. 
However, the transfer process inevitably induces residues and defects (cracks, holes, wrinkles) to 2D that 
significantly deteriorate material optical property and performance. Transfer of delicate 2D films is also 
incompatible with standard foundry mass-production process.  (2) Lack of robust scalable synthesis method 
of high-quality 2D materials, especially 2D TMDs. Conventional mechanical exfoliation and transfer 
approaches can produce 2D flakes with high quality, but it remains a trial-and-error process with heavy 
labor work and extremely low yield. For scalable manufacture methods such as chemical vapor deposition 
(CVD), it was an open challenge to obtain controlled monolayer-by-monolayer (ML) single-crystalline 
uniform 2D material growth over wafer-scale, especially for 2D TMDs. (3) Due to the above two reasons, 
currently reported works are still restrained to single-device demonstration of 2D materials. 

Here we propose a novel strategy to simultaneously solve the abovementioned issues, by providing a 
transfer-free approach to fabricate integrated 2D photonic devise at wafer-scale with high robustness, high 
throughput, and low-cost. The proposed project will be based on our modified CVD on patterned thin 
HfO2/SiO2 substrates that have judiciously engineered growth pockets to spatially confine the nucleation 
of 2D materials. Using this confined CVD method with spatial growth selectivity, we have priorly 
successfully achieved single-crystalline 2D TMD (WSe2, MoS2) controlled growth (ML, bilayer/BL, and 
BL 2D vdW heterostructures) on sapphire or HfO2/Si templates. Here, we will use optical substrates (2 µm-
thick SiO2/Si) deposited with very thin (< 10 nm) HfO2 to realize integrated photonic applications including 
2D TMD (WSe2, MoS2) or quasi-2D metal-halide perovskites-based waveguide-integrated photodetectors 
and 2D ML-TMDs-based optical modulators. The growth patterns will be re-designed for optical devices 
followed by re-optimized confined CVD growth conditions. Compared to conventional Si or SiN photonic 
platforms that either necessitate 2D transfer or can hardly realize good waveguide quality on 2D, we 
propose a new hybrid bottom-up nanofabrication strategy, by using SU-8 polymer waveguides to directly 
make the as-grown 2D monolayers into integrated photonic devices without any layer transfer. This method 
completely solved the residue and defect problems in conventional approaches. The SU-8 polymer 
waveguides also have the benefit of low-loss (~2 dB/cm), low-cost, and easy-to-fabrication.  

Wafer-scale hetero-integrated photodetectors array will be demonstrated without 2D transfer, by first doing 
confined CVD of ML 2D WSe2 and/or MoS2, followed by aligned photolithography and metal lift-off for 
electrodes and e-beam lithography (EBL) for SU-8 waveguides with high responsivity. Dual confined CVD 
of ML TMD will be developed to form 2D/HfO2/2D structure to electrically modulate the absorption of the 
2D material for broadband (visible to near infrared) integrated optical modulators. A proof-of-concept 
demonstration of scalable integrated 2D photonic nano-system with 2D modulators and photodetectors will 
be delivered as well, following the research steps/schedules detailed in proposal. By simultaneously solving 
the prior outstanding challenges in 2D integrated photonics community, we envisage this transfer-free 
scalable strategy to integrate single-crystalline 2D monolayers to photonic chip can offer a crucial leap 
towards the practical commercialization of 2D photonics into a viable and worthy technology. 
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Wafer-scale, transfer-free hetero-integrated photonic circuits using confined growth of single-

crystalline 2D materials 

1. Literature Review and Motivation 

The heterogeneous integration of functional optical materials has not only proven a backbone in 
prototyping massive optoelectronic applications with excellent performance, but also a driving engine to 
explore novel nanophotonic phenomena in diverse heterostructures1. Featured with broad bandwidth and 
ultrafast speed, photonic integrated circuits (PIC) are poised to circumvent the electrical bottleneck in 
integrated electronics, relying on a wide spectrum of devices such as lasers, optical modulators, and 
photodetectors2. However, despite the successes of silicon (Si) and silicon nitride photonics, single 
material platform still has varying intrinsic shortcomings that can hardly meet the increasing demand for 
and multifunctional high-performance PIC devices2. Moreover, conventional heteroepitaxy approaches to 
this end involve stringent lattice-matching requirements, severely limiting the available choices of hetero-
integrated photonic devices.  

Featured with van der Waals (vdW) surfaces, two-dimensional (2D) materials as transferrable vdW 
building blocks showcasing unprecedented degrees of freedom to integrate and mix with arbitrary 
photonic templates without lattice-matching constraints1,3. These atomically thin materials have attracted 
tremendous research interest in the photonics and optoelectronics, owing to their intriguing and salient 
optoelectronic attributes4,5. Including graphene6, transition-metal dichalcogenides (TMDs), black 
phosphorus (BP), hexagonal boron nitride (h-BN), and emergent candidates like quasi-2D halide 
perovskites7, a big family of 2D materials show abundant optical functionalities, covering light emission, 
modulation, detection, and nonlinear optics. Various endeavors have thus been devoted to incorporating 
2D materials to optical waveguides to develop high-performance integrated photonic devices. For 
instance, graphene-transferred Si waveguides are used to develop optical polarizers, and integrated optical 
amplitude or phase modulators8 with broad optical bandwidth. All-optical graphene plasmonic switches 
are also proposed with ultrafast operation speed and low power consumption9. Compared to graphene that 
lack an electronic bandgap, 2D BP and TMDs are more promising for active photonic applications such as 
nano-lasers10, amplifiers, and photodetectors with miniaturized device footprint and excellent CMOS 
compatibility. Besides graphene, broadband photo-detectors were also demonstrated with high 
responsivity and wide bandwidth using BP11, or 2D TMDs12. They can also be assembled into artificial 
vdW heterostructures with diverse designer photonic structures for drastically enhanced light-matter 
interactions.  

2. Problem Statement/Objectives 

Despite prior exciting progress on 2D integrated photonics, most proposed 2D-integrated devices remain 
lab explorations, making real-word practical products still a distinct vision5. For nearly the last two 
decades since the debut of graphene, intensive efforts have been put in 2D material synthesis and 2D-
photonics integration optimization at large-scale to prototype new functional devices. Nevertheless, 
significant progress towards commercialization of 2D material-based technology is still largely 
elusive.  

Large-scale graphene monolayers were successfully synthesized via chemical vapor deposition (CVD)5. 
However, to make functional integrated photonic devices, the graphene sheets need to be transferred to 
prefabricated optical waveguides made of, for instance, Si or silicon nitride8,13. The PMMA- or metal-
handlers-based 2D transfer process will inevitably induce polymer residues and defects like wrinkles or 
cracks, which can crucially deteriorate device performance6.  In terms of 2D TMDs-based optical 
applications, the majority of previous demonstrations rely on exfoliated flakes12-14, because the growth of 
continuous 2D TMD monolayers over wafer-scale is still challenging. Although mechanical exfoliations 
can produce 2D flakes with the best quality for on-chip lasers, modulators15, and photodetectors12, it 
remains a trial-and-error heavy labor work with very small-sized, irregular-shaped 2D film and extremely 
low yield1,5. Even with the perspectives of robotics-aided film exfoliation, the 2D transfer-based 
approaches still require precise control over the delicate 2D films well-aligned to target photonic 
structures and it unavoidably induces defects on 2D with degraded device performance and rising cost, 
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faltering most current research far away from robust and scalable mass-production required in 2D 
commercialization1.  

To summarize, currently 3 outstanding challenges exist in 2D-materials-based integrated photonics. (1) 
Lack of robust and high-throughput 2D material growth method with high material quality over 
wafer-scale. (2) Reliance of 2D film transfer that inevitably induce material defects and transfer residues. 
(3) Lack of system level demonstration of 2D-based integrated photonic chips, as current papers 
majorly centered on only single device. For the first challenge, the realization of single-crystalline 2D 
monolayers (such as 2D TMDs and h-BN, except graphene) continuous over wafer-scale is still under 
investigation. This is mainly because kinetic control of few atomic monolayers has proven extremely 
challenging, caused by 3 critical issues: (i) monolayer-by-monolayer 2D material growth, (ii) single-
crystalline 2D material growth, and (iii) 2D materials growth at a wafer-scale. So far, a few reports have 
tried to address one among the three issues. However, no single report has been made to tackle all three at 
the same time, although 2D commercialization becomes possible only after all issues are solved. 
Monolayer single-domain TMDs were grown on laser-pre-damaged areas, but this method cannot realize 
2D heterostructures in wafer-scale due to the unconfined growth scheme, low laser-scanning yield, and 
damaged bottom seedings16. Large-scale layer-by-layer growth of 2D heterostructures were also reported, 
by with poly-crystalline 2D quality of compromised performance17. For the second challenge, transfer-
free heteroepitaxy was explored to grow MoTe2 on arbitrary surfaces18. However, except certain single-
crystalline substrates, most photonic templates, especially the post-fabricated optical waveguides and 
cavity structures are not suitable for 2D material growth, leading to drastically deteriorated 2D material 
quality. Moreover, the demonstrated 2D TMDs remains bulk (>10 layers), the extraordinary 
optoelectronic properties of 2D TMDs only reveal at a few monolayers4. For the reported growth of bulk 
2D TMDs, they are no longer direct bandgap material, losing the suitability for most active optoelectronic 
applications1. For the third challenge, MIT researchers have proposed chalcogenide glass-on-graphene as 
a handy platform to make various integrated photonic devices of modulators, photodetectors, and 
polarizers19. However, it still remains discrete device level demonstration and drawbacks of graphene 
transfer is still necessitated.  

 

Figure 1. (a) Conventional CVD yields uniform polycrystalline 2D films with grain boundaries. (b) Confined 

CVD for location-selective single-domain 2D material synthesis strategy. (c) SEM of grown WSe2 with 

verified 100% single-domain 2D monolayers on sapphire pockets with prefabricated a-SiO2 trenches. 

Objectives (proposed research): Here we propose a transfer-free and scalable approach to produce 
single-crystalline 2D material monolayers, bilayers, and their heterostructures via engineered CVD on 
judiciously pre-patterned optical substrates with designed growth pockets. This approach can make a 
remarkable leap towards practical commercialization of 2D integrated photonics by simultaneously 
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solving all the three challenges above: (1) highly robust confined CVD growth of single-crystalline 2D 
materials for low-cost foundry mass-production. (2) Direct and controlled layer-by-layer growth of 2D 
monolayers on arbitrary pre-defined locations and on almost arbitrary industrial wafers. (3) Capable of 
making 2D-based integrated photonic systems with excellent process compatibility by modified device 
fabrication process. We will focus on integrated photonic devices and circuity based on 2D 
semiconductors such as 2D TMDs (e.g., WSe2, MoS2) and 2D metal halide perovskites for on-chip 
photodetectors and optical modulators, as compared to graphene, wafer-scale growth of 2D TMDs with 
monolayer and single-crystallinity is still an open challenge with greater impact. The objectives above 
will be made reality based on the following three crucial technologies that we have already successfully 
achieved. 

 

Figure 2. (a) Raman mapping & TEM of confined monolayer (ML) WSe2 on sapphire. (b) Photo & schematic 

of confined growing ML-TMD on HfO2-covered SiO2/Si substrate. (c) Measured electrical I-V curve made by 

confined grown ML-bilayer (BL) MoS2. (d) Photoluminescence spectra of confined grown ML-WSe2 and 

exfoliated WSe2 flakes. (e) and (f) HAADF-STEM of confined-grown WSe2/MoS2 vdW heterostructures, and 

ML-single-crystal WSe2 on HfO2. (g) Cross-sectional STEM of ML & BL MoS2 grown on patterned HfO2. 

(i) Wafer-scale layer-by-layer controlled epitaxy of single-crystal 2D materials by geometrically 
confined CVD. In our previous work1,20 (Nature 614, 88-94, 2023), we have solved multiple critical 
issues including monolayer-by-monolayer growth controllability (both homo- and hetero-structures) with 
single crystallinity at pre-designated locations in wafer-scale. Compared with conventional CVD that 
yields spatially ununiform (hybrid with 0~2 monolayers) polycrystalline 2D materials (Fig. 1a), 
crystalline sapphire substrates (c-plane Al2O3) patterned by deposited amorphous SiO2 mask are applied 
as CVD growth templates. As the binding energies of the 2D adatoms on a-SiO2 is significantly higher 
than c-Al2O3, nucleation will preferably take place at the predefined growth pockets (i.e. c-Al2O3 substrate 
without SiO2 coverage). The first set of nuclei is thus geometrically confined to predesignated locations 
(Fig. 2b). By judiciously controlling the growth pocket size (2~10 µm) and growth time, uniform single-
crystalline 2D WSe2 monolayers are formed (before starting the 2nd layer nucleation).  

(ii) Monolayer-controllable non-epitaxial single-crystal 2D TMD growth on amorphous oxides by 
geometrically confined CVD. Despite the excellent 2D material quality realized on patterned c-sapphire, 
the substrate is not suitable for integrated photonic applications. On-chip integrated photonic devices 
typically require waveguide structures, such as Si-on-insulator, with thick buried low-index oxides (like 
SiO2) to avoid leakage of guided electromagnetic waves2. Therefore, to realize a transfer-free method to 
fabricate 2D PICs, we need to directly growth 2D monolayers on optical templates with thick SiO2 layer. 
Leveraging ALD HfO2-covered oxide layers, growth selectivity is theoretically confirmed by density 
functional theory (DFT) calculations20 and experimentally verified by Raman mapping (Fig. 2a), XPS, 
and AFM characterizations20. Single-domain controlled growth of monolayer (ML) to bilayer (BL) MoS2 
on a-HfO2/ SiO2/Si optical substrate (Fig. 2b) is experimentally verified with excellent optoelectronic 
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properties (Figs. 2b & 2c), even comparable to mechanically exfoliated ML 2D TMD flakes (Fig. 2d). 
The primal single-crystallinity of the ML, BL, and vdW heterostructures of WSe2 and MoS2 are also 
verified by the High-angle annular dark-field STEM images (Figs. 2e-2g)20. 

(iii) Modified hybrid bottom-up fabrication process of 2D integrated photonic devices. Instead of 
growing 2D on prefabricated structures like optical waveguides and resonators18, which have massive 
fabrication-induced defects and contained interfaces, we propose forming high-quality ML 2D materials 
first by confined CVD. Then proceed with electrical contact fabrication and lastly do the waveguide (WG) 
fabrication (Figs. 3a, 3b) via e-beam lithography (EBL). This approach does not necessitate any 2D 
material transfer and consists of all-standard nanofabrication processes compatible for scalable 
manufacture at foundry with reduced cost. We have tested the fabrication of various SU-8 photonic 
structures (Fig. 3c) with low optical loss, such as the SU-8 polymer micro-ring resonator with quality 
factor Q~8×104 (Fig. 3d). The SU-8 polymer waveguides are beneficial with low optical loss, moderate 
refractive index, low-cost, and can be formed directly after EBL and development without involving 
expensive etching tools like RIE towards practical commercialization. 

 

Figure 3. (a) and (b) Modified hybrid fabrication method for waveguide-integrated 2D photodetectors and 

modulators respectively. (c) SEM of various photonic components made by SU-8 polymer photonics. Inset: 

simulated |E| distribution of TM00 mode in a 2×0.6 µm SU-8 waveguide. (d) Transmission spectrum of a SU-8 

micro-ring. (e), (f) Photo-responsivity of crystalline quasi-2D perovskite film. Inset: perovskite STEM image. 

3. Outline of tasks/Work Plan 

Tasks & milestones: We target the following 2D-integrated devices/systems. (1) Transfer-free, scalable 
fabrication of waveguide-coupled integrated photodetectors will be demonstrated levering confined-
CVD-grown ML~BL WSe2 or MoS2, by following fabrication steps shown in Fig. 3a. (2) scalable 
fabrication of integrated optical amplitude or phase modulators based on confined CVD ML 2D TMDs 
(Fig. 3b). (3) A proof-of-concept demonstration of integrated photonic system with integrated optical 
modulators and photodetectors on the same photonic chip. 

To realize the targets above, the following tasks will be addressed. (T1) Optimized HfO2 deposition and 
SiO2 growth pattern design for optical applications. Firstly, in our previous work, a-HfO2 was 
deposited on ~ 30 nm thin SiO2 substrate. To realize integrated optical waveguides without substrate light 
leakage, we will firstly optimize the atomic layer deposition (ALD) of ultra-flat a-HfO2 on SiO2 (2 µ-
thick)/Si substrate. Also, our prior confined growth pocket size and pattern design were for electronic 
applications of 2D (Fig. 2): the growth pockets for 2D were too small in size (~ 2×2 µm) and too dense 
for optical applications. For integrated photonic devices such as modulators, lasers, and photodetectors, 
the desired size of ML 2D material (same as the growth pocket size) would be around 4~20 µm 
depending on applications. The spacing of the growth pockets is also desired to be larger to accommodate 



S.-H. Bae, Washington University in St Louis 

electrodes and avoid the evanescent coupling between adjacent waveguides1,6. Thus, we will re-design the 
growth pattern (the growth condition will be also changed) to guarantee high-quality monolayer (ML) 2D 
TMD growth first. Then further optimize the confined CVD condition to target ML~BL 2D TMD (WSe2) 
with low multi-domain portion to even single-crystalline quality. (T2) Dual-layer confined growth of 
ML 2D materials. After achieving Task (T1), the proposed 2D integrated photodetectors can be realized 
by all standard process of photolithography, e-beam evaporate of Pt/Au electrodes, metal lift-off, and EBL 
process without challenge (Fig. 3a). However, for modulators, capacitor structures need to be formed in 
order to electrically tune the carrier density/optical absorption of the 2D materials15,19. Thus, after the 1st 
confined growth, we will ALD HfO2 as the spacing layer, followed by 2nd patterning of SiO2 growth mask 
for 2nd confined CVD. (T3) Confined growth of quasi-2D metal-halide perovskite (PVSK) & system 
optimization. Besides 2D WSe2 and MoS2, we will also test confined CVD of 2D PVSK (Figs. 3e, 3f) for 
photodetection and laser applications. System optimization of photonic chip with 2D modulators & 
detectors will also be performed. 

Schedule: Month 1: Optimize ALD HfO2; Design confined growth mask pattern for optical applications. 
Month 2-4: Optimize confined CVD growth condition for ML 2D WSe2 on HfO2/SiO2/Si with new 
patterns. 
Month 4-5: Integrated 2D photodetectors array fabrication and optical measurement. 
Month 5-8: Dual-layer confined growth of ML 2D WSe2 or MoS2 (with 2D/HfO2/2D capacitor structure). 
Month 9-10: Integrated optical modulators based on dual-ML 2D TMD and SU-8 polymer waveguides. 
Month 10-12: Integrated 2D photonic chip with 2D modulator & photodetector: fabrication & 
measurement. 

4. Outcomes and Impact 

By implementing the tasks above, we embody an exciting leap towards the commercialization and 

advancement of 2D materials-based integrated photonics. A potentially revolutionary paradigm can be 

established by using confined CVD growth of ML single-crystalline 2D materials (TMDs, PVSK) for wafer-

scale, transfer-free 2D integrated photonic devices manufacture with excellent quality, which simultaneously 

solving three previously long-standing challenges (2D quality, transfer issues, and system integration) in 2D 

integrated photonics society. We will demonstrate broadband integrated 2D photodetectors from 500 nm to 1 

µm (responsivity > 0.3 A·W–1), broadband 2D modulators from visible to near infrared (> 5 GHz bandwidth), 

and proof-of-principle integrated 2D photonic chip via low-loss (~2 dB/cm) SU-8 waveguides with light 

modulation and photodetection, opening a new avenue for practical 2D hetero-integrated photonics towards 

commercialization to viable technology. 
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The pressing demand for information processing systems with high-bandwidth, high-
speed, and energy-efficient capabilities is of considerable significance in the current 
information era. This has driven the development of alternative computing architectures over 
the recent decades including analog computing, neuromorphic computing, reservoir 
computing, extreme learning machines, and quantum computing. Among those, recent 
progress in optical computing has demonstrated positive results, indicating an efficient way to 
perform optical neural networks with a sensing capability. In parallel, the research area of 
quantum metrology has shown the improvement of high sensitivity on diverse optical 
instruments as well-established examples of gravitational wave detections and many 
configurations of quantum imaging and spectrometry. One of the experiments is known as the 
nonlinear SU(1,1) interferometer, proposed in 1986 by Yurke et al., which has garnered 
significant attention thanks to its presence of sub-shot-noise sensitivity, even in the presence 
of external loss and a possibility to extend to multimode. Despite the advancements in such 
classical optical computing and quantum metrology, fundamental questions about the 
feasibility of exploiting optical quantum effects for information processing and machine 
learning remain open. 

Our research proposal aims to address this challenge by investigating the capability of 
a quantum optical platform for simultaneously sensing and performing a pattern recognition 
task. We propose the development of an optical apparatus - the “quantum-enhanced optical 
learning machine”. It consists of a cascade of multimodal optical parametric amplifiers, 
interspersed with a linear optical circuit and reconfigurable optical phase arrays. One layer of 
the optical machine is the reconfigurable multimode nonlinear SU(1,1) interferometer. We aim 
to explore the intricate interference between signal and idler radiations in the cascade setting. 
By implementing linear optical circuits, one can adjust the relative phases between the optical 
pump, signal, and idler fields of spatial modes of optical parametric amplifiers; hence enabling 
us to control the de/amplification and quantum correlation of parametric downconversion light 
in the circuit. Using the quantum effect, we aim to show the feasibility study of the high 
sensitivity of phase imaging beyond the standard quantum limit. Moreover, the learning 
capability and trainability of the optical machine will be investigated to estimate the potential 
and limitations of the machine in terms of measurement sensitivity, expressibility, and 
trainability. With those successes, we aim to showcase an application of the optical machine 
for simultaneous sensing and performing pattern recognition tasks. 

The outcomes of the research project could have a far-reaching impact on our 
understanding of the role of the quantum effect presented in cascaded OPAs on 
simultaneously sensing and information processing with a possibility to address the global 
demand in sensing and computing. 
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The collection of vast amounts of data has become primary, driven by our recognition 
of the immense potential in extracting and learning valuable information through AI-driven 
algorithms. Such knowledge could help enrich our quality of life and deepen our understanding 
of nature. The global demand for data storage and traffic as well as information processing 
via electronic computers has consequently increased. To meet the escalating requirements of 
training larger AI models, a transition towards more parallel processing using Graphics and 
Tensor Processing Units has been realized. The progression leads to even more acceleration 
in the demand for computations and necessitates the development of more efficient computing 
hardware capable of large-scale data processing while minimizing energy consumption and 
latency. Addressing these challenges, our research proposal aims to investigate the capability 
of an alternative quantum optical platform for sensing and information processing. This 
platform is based on a reprogrammable sequence of optical parametric amplifiers, linear 
optical circuits, and reconfigurable phase arrays that can encode classical information. The 
project offers a potential way for advancing quantum optical information processing with the 
possibility of overcoming the limitations of conventional electronic computing. 

Literature Review 

The development of diverse computing architectures has regained attention over the 
recent decades as the quest for alternative information processing units has been rapidly 
increasing. Examples include analog computing, neuromorphic computing, reservoir 
computing, extreme learning machines, and quantum computing [Wetzstein2020, 
Marković2020, Shastri2021]. 

Light is a good candidate for such computing paradigms because of its advantages in 
high bandwidth, high speed, low energy consumption, and low latency [Hamerly2019, 
Wetzstein2020]. As such, many researchers and startups have been advancing optical 
platforms both in bulk and integrated optics in many directions [Lin2018, Cao2022, 
Cartlidge2023]. For instance, in terms of energy consumption, an optical neural network has 
been shown to use less than 1 photon per multiplication to obtain about 90% accuracy on 
handwritten-digit classification [Wang2022]. In terms of high speed and large bandwidth, the 
recent development of the optical parallel convolutional processing unit has demonstrated 11 
trillion operations per second, enabling the convolution of images with 2.5x105 pixels [Xu2020]. 
Besides, the idea based on large-scale optical random reservoir computing demonstrated the 
ability to predict spatiotemporal signals of chaotic systems [Rafayelyan2020]. 

Despite the recent progress in optical computing, the incorporation of nonlinearity, a 
pivotal resource in deep neural networks, is the major problem and has been long considered 
commonly to be the main drawback of optical computing due to the high energy requirement 
of a nonlinear optical process [Farhat1985, Shen2017, Hughes2018, Wang2023]. 
Nevertheless, recent advancements have demonstrated promising results, for example, by 
harnessing multiple scattering processes [Xia2023, Yildirim2023]. Besides, nonlinear 
activations can also be implemented instantaneously using homodyne detections [Chen2023]. 

In parallel, the emergence of quantum machine learning (QML) has opened a 
compelling avenue of research. In this context, our interest is in a specific scenario wherein a 
part of an information processing unit operates using quantum effects. The quantum devices 
are typically used to process a computationally difficult subroutine and/or learn from classical 
data. We here referred to such a device as a quantum-enhanced learning machine. Various 
models of such machines have been proposed, for example, variational quantum circuits and 
quantum Boltzmann machines [Cerezo2021, Amin2018, Mitarai2018, Steinbrecher2019]. To 
my knowledge, the questions about the advantages and performance of quantum-enhanced 



learning machines, in comparison to classical counterparts, are still unclear and continue to 
be actively investigated.  

Addressing challenges such as encoding large-scale classical information into a 
quantum system, and evaluating the learning capacity, trainability, and expressivity have been 
key areas of research [Schuld2022]. Additionally, the implementation of the quantum-
enhanced learning machine within an optical platform remains in its infancy, with significant 
potential for our future understanding and development of an efficient measurement device 
that can spontaneously measure and process the data. 

In our recent works, the implementation of programmable linear optical circuits using 
complex scattering processes was successfully demonstrated [Goel2024]. The circuit is 
utilized for the controllability of two-photon interferences [Leedumrongwatthanakun2020] as 
well as for the certification of high-dimensional entanglements [Goel2024]. Furthermore, our 
programmable optical circuit, known as the multi-plane light conversion device, was effectively 
utilized to achieve quantum state discrimination in high dimensions [Goel2023]. These results 
showcase the potential of our programmable optical circuit for manipulating entangled qudits, 
offering exciting possibilities to extend the implementation of quantum information processing 
beyond a traditional qubit-based quantum circuit. 

Building upon these advancements and our expertise on the OPA in the low gain, we 
introduce the apparatus of the quantum-enhanced optical learning machine to tackle the 
problem. This machine is a reconfigurable optical circuit capable of generating high-
dimensional entangled states from a cascade of multimodal optical parametric amplifiers 
(OPAs), interspersed with a linear optical circuit and reconfigurable optical phase array. The 
idea is to generalize the traditional multimodal nonlinear SU(1,1) interferometer [Yurke1986, 
Frascella2019] to the cascade and reconfigurable configuration. In the standard multimodal 
nonlinear SU(1,1) interferometer, the application is on wide-field phase imaging with sub-shot-
noise sensitivity, even in the presence of external optical loss [Frascella2019]. Here, instead 
of an object placed in between OPAs, the optical circuit is used to change a basis of d-mode 
signal and idler fields, while an object (or classical information encoded on the optical phase 
arrays) is placed on the idler fields. The Sagnac configuration is used to obtain phase stability 
of the cascade of OPAs. Besides, the quantitative complementary metal-oxide-semiconductor 
(qCMOS) camera is used to detect the optical signals. 

 

 
 
Figure.1 The conceptual schematic of quantum-enhanced optical learning machine: It consists 

of a series of high-dimensional entangled light sources generated from the optical parametric 
amplification (OPA) process, a linear circuit, Ui, and reconfigurable optical phase arrays Pi. The optical 
phase arrays, implemented by a spatial light modulator (SLM), are used to encode classical data and 
weight parameters onto the optical circuit where all pump, signal, and idler fields are manipulated to 
control de/amplification process in the cascade OPAs. In practice, the Sagnac loop is used to implement 
the cascade of OPAs. 

 

 



Leveraging the programmability of spatial light modulators, we gain the manipulation 
over the relative complex amplitudes of the optical pump, signal, and idler fields. This enables 
the control of noiseless de/amplification and quantum correlation of the cascade OPAs. In the 
first step of the project, we wish to utilize the manipulation of the quantum effect to measure a 
sub-shot-noise image of the phase profile using the cascade OPAs. The theoretical and 
numerical developments for the setting of the cascaded OPAs are also investigated in order 
to provide an optimal design for the optical experiment, namely OPA gain, and the number of 
spatial entangled modes. In the second step, the learning capability and trainability of the 
quantum-enhanced optical learning machine are studied by using statistical learning theory. 
At this step, the method of encoding weighting parameters and the linear optical circuit is 
designed and implemented. This allows us to estimate the potential and limitations of the 
machine in terms of measurement sensitivity and the capability of learning. With those 
successes, we aim to finally showcase the application of the machine for simultaneous 
sensing and performing pattern recognition tasks. The project opens an avenue of quantum 
metrology in more complicated scenarios and might pave the way for implementing a 
decentralized quantum edge device. 

Problem Statement/Objective 

Can the quantum effect presented in the cascade of multimodal optical parametric amplifiers 
(OPAs), interspersed with a linear optical circuit and reconfigurable optical phase array 
(object) be used as a resource in sensing and information processing? If yes, why so? 

Outcomes 

1. Experimental demonstration of sub-shot-noise measurement of phase profile using 
the cascade of optical parametric amplifiers. 

2. Underlying physics of the quantum-enhanced optical learning machine that is used 
as a resource for both sensing and computing. 

3. Understanding the learning capability and trainability of the optical machine. 
4. Training one graduate student 
5. At least two publications 

 
 
Impact 

The research project holds the potential to have an impact on various aspects of 
information processing and artificial intelligence. If successful, the proposed investigation 
could lead to several significant advancements. It could contribute to our broader scientific 
understanding of quantum phenomena, that occur in the cascade of multimodal optical 
parametric amplifications, interspersed with a linear optical circuit. This control of 
amplifications and quantum correlation over multiple optical modes allows us to engineer a 
quantum state, particularly for sensing applications. For instance, it facilitates quantum-
enhanced widefield imaging and a generation of high-dimensional multipartite entangled 
states for multiple observers.  

We anticipate that the phenomena can be exploited for optical computing, the findings 
may put forward the understanding of a quantum resource used in computing and the role of 
quantum measurements, i.e., the interface of the hybrid quantum(optic)/classical(electronic) 
information encoding. If true, the practical utility of the proposed optical machine in large-scale 
real-world data classifications and predictions could have far-reaching implications.  

Overall, the impact of the research proposal could lead to significant advancements in 
optical computing, quantum-enhanced technologies, and artificial intelligence, paving the way 
for a more efficient approach to large-scale information processing in the modern era. 
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Executive Summary 

Fabrication-free ultra-thin optical vortex generator 

Category: Information 

PI: Sejeong Kim, Department of Electrical and Electronic Engineering, University of Melbourne, 

Australia. 

The project aims to address the rapidly increasing global demand for data transmission capacity, which 

is projected to grow 60-fold over the next decade. This surge necessitates the development of 

technologies beyond 5G and 6G. One promising solution involves deploying orbital angular momentum 

(OAM) modes. While OAM modes can be generated using commercially available tools such as spiral 

phase plates, Q-plates, and spatial light modulators, these tools tend to be bulky. Integrated photonics-

based OAM generators, utilising metasurfaces or annular grating ring structures, have shown potential, 

but they require expensive and time-consuming electron beam lithography. 

This project proposes an innovative approach to generating optical vortices using 2D materials. The 

method builds on a theoretical foundation published in 2003, which has not yet been experimentally 

explored to create an OAM generator for integrated photonics. The concept involves light with spin 

angular momentum (SAM) interacting with an anisotropic medium, where some portion of the light 

converts to the opposite handedness. During this process, the transmitted beam gains OAM to preserve 

total angular momentum. Since this process relies solely on the interaction between SAM and the 

medium, it eliminates the need for nanofabrication, significantly reducing costs and easing scalability. 

This project leverages the giant birefringence discovered in various 2D materials and will likely 

demonstrate a thin optical vortex generator that can be easily transferred onto various substrates. This 

project aims to demonstrate a fabrication-free, 2D-material-based OAM generator, achieve large-scale 

(> cm to wafer-scale) OAM generation, and develop an ultra-thin (<100 nm) OAM generator. These 

objectives will enhance the practicality, scalability, and integration of OAM technology.  

The successful completion of this project depends on several key factors. Firstly, PI Kim, as a co-first 

author, played a pivotal role in the paper that reported the generation of optical vortices from liquid 

crystals by constructing the optical setup necessary to observe spiral arms and fork patterns. Secondly, 

her research lab is well-equipped with essential tools, including a supercontinuum laser capable of 

supporting experiments at wavelengths between 410 nm and 2.4 µm, and a spatial light modulator (SLM) 

for creating optical vortex with various topological charges. Additionally, PI Kim can commit 0.2 full-

time equivalent (FTE) of her time to this project. Importantly, her group has recently observed optical 

vortex generation from hexagonal boron nitride, providing a solid foundation for this proposed work. 

The outcome of this project will demonstrate a groundbreaking method for creating an OAM generator 

with a small footprint that is also readily available at wafer scale. This project has the potential to 

revolutionize optical vortex generation, significantly impacting fields such as data communication and 

imaging. It will advance research on 2D materials with giant birefringence, potentially leading to new 

applications in optical technologies. The results will be published in peer-reviewed journals and 

patented, ensuring substantial contributions to both scientific knowledge and practical applications. 



Title: Fabrication-free ultra-thin optical vortex generator 

PI: Sejeong Kim, University of Melbourne  

< Literature Review > 

1. Introduction  

The exponential growth in demand for data transmission is expected to increase the required capacity 

by 60-folds in 10 years.1 To meet this stringent requirement, researchers are currently investigating 

orbital angular momentum (OAM) as a potential solution for future technology beyond 5G and 6G. 

Optical vortices are light waves characterised by helical phase fronts carrying OAM. The field emerged 

in 1989 with the discovery of vortex solutions and has been extensively studied over the previous three 

decades.2 Throughout this period, optical vortices have found practical applications across various areas 

other than optical communications, including quantum technology, optical tweezers, microscopy, and 

imaging. This project will demonstrate an innovative optical vortex generator that does not require 

nanofabrication. The conventional methods used to create OAM are explained below, and the theoretical 

groundwork of the proposed work is on page 2.  

2. OAM generation methods 

There are various methods to create optical vortices, summarised below. One common and intuitive 

approach is using a Spiral Phase Plate. The spatially varying thickness of the plate induces spatially 

varying phase front of light, as shown in Fig. 1. This figure illustrates the creation of an optical vortex 

with a topological charge (𝑙 ) of 1, where 𝑙  indicates the number of twists the light makes in one 

wavelength. Spiral phase plates are now commercially available from many optics companies, such as 

Edmund Optics. These plates have recently regained 

attention in the research domain due to the advances 

in 3D-printing techniques, which enable creation of 

micro-sized spiral phase plates on various substrates, 

including optical fibres. However, once created, the 

plate can only generate a fixed topological charge.  

A Spatial Light Modulator (SLM) is an alternative 

method for creating optical vortices. An SLM consists of a 2D array of liquid crystal pixels that controls 

the phase of reflected beams. While it is more expensive than spiral phase plates, it offers the capability 

to generate any topological charge and allows for fast switching between different topological charges. 

SLMs are commercially available from various companies, including Santec and HOLOEYE. Despite 

fast switching and suitability for many free-space applications, miniaturising SLMs poses a challenge.  

Metasurfaces offers a promising avenue in this respect. In 2011, a groundbreaking demonstration 

showcased phase control of light using antenna arrays (Fig. 2a), thereby overcoming the constraint of 

standard optical components that rely on gradual phase 

accumulation along the optical path.3 Since then, 

metasurface-based OAM manipulation studies have 

yielded numerous advances, with recent designs 

showcasing multiplexed manipulation of OAM.4 

Another on-chip solution for generating an OAM beam 

involves the use of angular grating structures (Fig. 2b). 

Figure1. Spiral phase plate creating OAM. 

Figure2. OAM generation using (a) 

metasurface and (b) angular grating. 

 



So far, these on-chip solutions necessitate electron beam lithography to define nano-sized structures.  

< Problem Statement and Objectives > 

To be compatible with the existing optical communication platforms, a compact device with small-

footprint for OAM manipulation is necessary. Metasurface and angular grating-dressed micro rings are 

being investigated as potential candidates; however, they both require sophisticated nanofabrication 

involving electron-beam lithography to create nano-sized features. This need for precise 

nanofabrication is not only costly but also a bottleneck for scaling up. Scalable, low-cost solutions that 

can be integrated on chips or with fibre are crucial for practical OAM applications. 

This project proposes a fabrication-free OAM-generator that can be used for both on-chip and large-

scale applications. In this work, we investigate a propagating circularly polarised beam in anisotropic 

media that converts to the opposite handedness and gains OAM. The aims of this project are to: 

1) Demonstrate a fabrication-free, 2D-material-based OAM generator; 

2)   Achieve large-scale (> cm to wafer-scale) OAM generation; 

3)   Develop an ultra-thin (<100 nm) OAM generator. 

< Project plans > 

PI Kim has already obtained preliminary data (page 4) that is the foundation of this proposal. Detailed 

aims are included in the ‘Optica Foundation Challenge Timeline Template’. 

 

< Feasibility and Capability > 

1. Theoretical work 

In the theoretical prediction paper published in 2003,5 the authors mathematically derived that a 

circularly polarised paraxial beam propagating along the optical axis of an anisotropic medium can 

acquire OAM. Simply put, the input beam experiences spatially varying effective refractive indices 

when travelling through an anisotropic medium, causing some portion of the beam to convert to 

circularly polarised light (CPL) with opposite handedness. Now consider the conservation law of the 

total angular momentum, 𝐽, which is the sum of spin angular momentum (SAM), 𝜎, and orbital angular 

momentum 𝑙. The initial beam with right-handed CPL has a total angular momentum of +1, with SAM 

corresponding to 1 and OAM corresponding to 0. The total angular momentum in the output beam with 

the opposite handedness must be conserved to +1, thus the beam should contain OAM corresponding 

to 2 as 

𝐽 =  𝜎 +  𝑙:       (𝑏𝑒𝑓𝑜𝑟𝑒) 1 = 1 + 0 →   (𝑎𝑓𝑡𝑒𝑟) 1 =

−1 + 2. 

Now, the question is the efficiency of this conversion 

process. Simulation results predict that with sufficient 

propagation length, this conversion can reach nearly 50%.5 

The first experimental validation was reported in 2020.6 

This work utilized 5-mm-thick c-cut β-BaB2O4 (BBO) 

crystal and experimentally demonstrated that the 

outcoming second harmonic generated beam carries 

additional optical vortex charge (Fig. 3).  

 

Figure3. Illustration showing the output 

beam gains OAM 

 



2.  Giant birefringence in 2D materials 

The giant birefringence of 2D materials plays a central role in the proposed research. Prior to the 

discovery of 2D materials, conventional birefringent materials widely used included liquid crystals, 

with their ∆𝑛  typically smaller than 0.1 and at best 0.2. Apart from liquid crystal, a well-known 

crystallin birefringent material is BBO, which has ∆𝑛 corresponding to 0.12. In 2019, we measured and 

reported refractive indices from crystalline hBN, revealing a large birefringence ( ∆𝑛  ~ 0.3) for 

transparent materials (Fig 4. left).7 Subsequently, intensive searches for giant optical anisotropy among 

natural and artificial materials have been pursued (Fig. 4 middle), revealing MoS2 has exceptional 

birefringence, followed by hBN and BaTiS3.
8 Recently, this investigation has been expanded to 

encompass a wider variety of 2D materials, with the wavelength window range extended to the far mid-

IR.9 This research will employ hBN, MoS2, and BaTiS3 to generate optical vortices. The choice of 

material is not limited and might include different 2D materials.  

 

 3. PI’s capability 

The successful completion of this project relies on several key factors. Firstly, PI Kim authored the 

paper that observed optical vortex generation from liquid crystal.10 As a co-first author of the paper, she 

constructed the optical setup to observe spiral arms and fork patterns. Secondly, her research lab is 

equipped with essential equipment, including a supercontinuum laser, enabling optical vortex 

generation experiments at any wavelength between 410 nm to 2.4 µm, and a spatial light modulator 

(SLM) capable of creating any optical vortex charge number necessary to impose OAM to the incident 

beam. Finally, PI Kim has the time availability to commit 0.2 full-time equivalent (FTE) of her time. 

As a new PI of the lab, if successful, this will mark the first external funding for her research, with one 

PhD student dedicated to the project. Additionally, there are external collaborators involved, including 

Dr Haejun Jung (Hanyang University), A/Prof Nanfang Yu (Columbia University), and Prof Junsuk 

Rho (POSTECH). Most importantly, PI Kim’s group has recently made progress in observing 

preliminary results, increasing the likelihood of achieving the proposed ambitious-yet-feasible aims. 

 

 

Figure 4. Giant birefringence from various 2D materials. 

 



4. Preliminary results 

Material selection is one of the key aspects 

of our experiment. We opted for hBN due 

to its significant birefringence and 

transparency at the visible and near-IR 

(NIR) wavelength range. Being a wide 

bandgap material with a band edge 

absorption at the UV region of 6 eV, it 

maintains low optical loss from the visible 

spectrum and above. The finite-difference 

time-domain (FDTD) simulation is 

conducted with the incident Gaussian 

beam (from left to right) carrying no OAM 

(𝑙 = 0)  propagating through the 

anisotropic medium of hBN. In Fig. 5(a), 

only the intensity of the LCP beam is 

displayed, while Fig. 5(b) shows the 

simulation result for the RCP component. In a homogeneous medium, the initial polarisation state, i.e., 

LCP in this case, remains fixed throughout propagation, resulting in zero intensity in the RCP intensity 

map. However, in an anisotropic medium, polarisation alterations induce the opposite handedness, as 

shown in Fig. 5(b), i.e., the RCP is created in the medium.  

We experimentally verified the generation of the optical vortex from the hBN flake. The flake shown 

in Fig. 6(a) is thicker than typical mechanically exfoliated ones because the flake, as purchased, was 

placed on the glass, i.e., we skipped the sticky tape 

exfoliation to obtain sufficient propagation length for 

the initial verification. A 593 nm laser was focused onto 

hBN using an objective lens (40×) and transmitted light 

was collected through a second objective lens (50×). 

The incident beam is LCP, while the transmitted beam 

contains both RCP and LCP. Only the RCP beam is 

imaged in Fig. 6(b), showing the doughnut beam 

intensity profile, confirming phase singularity at the 

centre.  

< Outcomes > 

This project will create a groundbreaking method of creating optical vortices using 2D materials. The 

outcomes of this project include innovation in multiple aspects. Firstly, it offers a novel solution for 

generating micro optical vortices on a chip. The method leverages the significant birefringence of 2D 

materials and their interaction with the spin angular momentum of light. This method creates optical 

vortices in a simple, and nanofabrication-free manner. Secondly, the project will likely result in the 

world's simplest vortex generator, which is easily scalable in both quantity and size. The size of this 

vortex generator is determined solely by the size of the material, allowing for even wafer-scale vortex 

generators using CVD growth technique. While CVD growth of many 2D materials remains challenging, 

it is advancing rapidly across various fields. Fortunately, high-quality CVD-grown hBN samples have 

been demonstrated by our collaborator. Additionally, the project will develop ultra-thin optical vortex 

generators. The findings will be published in peer-reviewed journals, and key discoveries will be 

  Figure 5. Intensity map of (a) LCP and (B) RCP when 

the light propagates from left to right.  

  Figure 6. (a) Optical microscope image of a hBN 

flake. (b) CCD image of optical vortex. 



patented. The project will test various 2D materials and will find the best materials for optical vortex 

generation for visible and NIR applications.  

< Impact > 

As the demand for data capacity continues to rise annually to support high-speed video streaming and 

multidata, it is crucial to advance beyond 5G and 6G technologies. To meet this growing demand, 

achieving high data rates and spatial multiplexing is essential. The success of this project will 

significantly impact the miniaturization and cost reduction of OAM generators. Given that OAM has 

applications beyond data communication, such as in imaging, the project's outcomes will benefit various 

disciplines. Additionally, this work will significantly advance research on 2D materials. The extremely 

large birefringence of 2D materials has only recently been experimentally measured and reported, and 

this project will be among the first to leverage this property. 
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Unmet need: Nascent life: the moments before birth during labour to first week of life, remains 

the most precarious. Two in every thousand babies suffer aftereffects of difficulties in breathing 

during labour or pre-term hypoxia and die. While tremendous progress has been made since 1990s 

in improving neonatal care, WHO recognizes that the unaddressed challenge is due to poor 

monitoring methods of the babies in clinics currently, including urgent Every Child Alive campaign 

with target date of 2030.  

An early, and continuous, monitoring of hypoxia-related distress (e.g. using spectroscopy) 

would be a disruptive change in proactive clinical care for nascent life . 

One of the barriers for technology is the ability to measure biomarkers non-invasively in a biological 

aqueous medium in 1350-2500 nm wavelength ranges using conventional spectroscopy at relevant 

tissue depths of 1-2 mm.  

Addressing the challenge:  NoVIXS (Non-fundamental vibrational refractive index mapped 

spectroscopy) project, will demonstrate a novel spectroscopic technique, that will enable 

monitoring hypoxic distress continuously without breaching the skin. The spectroscopy technique 

developed in NoVIXS will be the first ever to measure refractive index differences in the aqueous 

biophantoms across a large wavelength range of 1450-1650 nm up to 1 mm depth. 

Non-fundamental vibrations of different molecular bonds of water and biomarkers relevant to 

hypoxia are present as broad absorption bands spanning 10s of nm wide in different parts of the 

long-wavelength near infrared (LW-NIRS) region within 1350-2500 nm. All the vibrational 

modes together present themselves as a fingerprint of the biomarker of interest. When light of 

frequency that falls within the absorption peak interacts with the molecules, it experiences 

absorption and change in refractive index compared to frequencies outside the band. Traditional 

spectroscopic techniques rely on the intensity of light detected outside the sample suffer from 

low photon numbers due to high background absorption from water in biological tissues. 

Dispersion-based spectroscopy is on the other hand designed for measuring only in gaseous 

samples within narrow wavelength bands. Thus, there is a gap in spectroscopic method that - 1) 

is suitable for biomarkers with spectral fingerprints that  span a large wavelength region and, 2) 

measures in aqueous samples with large background absorptions, addressing both will allow for 

monitoring onset of hypoxia effectively in nascent life.  

In NoVIXS project of novel spectroscopy technique to measure a refractive-index in aqueous medium 

with depths relevant to measuring in human tissue will be conceptualized and demonstrated. The 

technique exploits the change in relative phase of light caused by change in refractive index due to the 

biomarker’s spectral signatures. The proposed technique uses modulated lasers that access multiple 

spectral regions of a biomarker. The different regions modify the light according to the spectral 

signature of the biomarker. A novel detection system extracts the slight differences in the signal at the 

different wavelengths completing the biomarker fingerprint.   

Impact: Towards addressing the grand challenge of monitoring hypoxia in nascent life in clinics 

NoVIXS takes the first step of transforming of the core spectroscopy technique. NoVIXS will 

enable development of devices for effective measurement the biomarkers  related to hypoxia in 

human tissue in 1350-2500 nm wavelength region without drawing a single drop of blood.  
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Summary: NoVIXS (non-fundamental 

vibrational refractive index mapped 

spectroscopy) takes a first step towards 

building a device to monitor hypoxia in 

nascent babies.  In this NoVIXS proposal a 

novel laser-based spectroscopy technique 

to measure a relative refractive-index 

profile, is both conceptualized and 

demonstrated [IDF-1]. The proposed 

spectroscopy technique will be adopted 

into a clinically relevant device to measure 

biomarkers related to hypoxia in human 

tissue as the project matures [IDF -2]. My 

current postdoctoral work focuses on 

developing a device to assess hypoxia that 

measures lactate using light and in a non-

invasive manner. However, currently there 

are no devices that measure other clinical 

gold standards of hypoxia through human 

tissue without taking a physical sample. 

It would be a major step forward if a technique to assess hypoxia in any human tissue without pricking 

the human skin were developed with impact across a wide range of medical applications. The novel 

aspect of the proposed work is to develop a spectroscopy technique and transform non-invasive 

spectroscopy. The novel technique developed in NoVIXS would allow rapid, accurate and non-invasive 

continuous measure of biomarkers, compared to current invasive and slow techniques that require blood 

or tissue to be drawn and subsequently analysed. 

There are two key objectives required to deliver this ambitious project, 1) measure multiple hypoxia 

biomarkers simultaneously in a non-invasive manner without compromising on accuracy, and 2) to 

achieve this challenging measurement through high optical spectral resolutions over a large spectral 

region which are made possible by the novel spectroscopy technique developed in NoVIXS. 

Why, and why now: Nascent life: the moments before birth, during labour and the first week of life, 

remains the most precarious. Two in one thousand babies suffer the aftereffects of difficulties in 

breathing during labour, or pre-term hypoxia, and die. While tremendous progress has been made since 

1990s in improving neonatal care, the World Health Organization recognizes that this unaddressed 

challenge is due to poor monitoring methods of the babies in clinics as a part of urgent Every Child 

Alive campaign with target date of 2030 [3,4]. An early, and continuous, monitoring of hypoxia-related 

distress (e.g. using spectroscopy) is missing and would be a disruptive change in the current clinical 

care for nascent life. 

The current gold standard for hypoxia assessment in a foetus and a new-born are based on discretionary 

measurement of lactate and pH levels at a systemic level. This currently requires drawing capillary 

blood during the course of measurement from the fetus, or the newborn, with a small prick from the 

capillary bed 1-2 mm below the skin. The blood draw and subsequent measurement in a blood gas 

analyser is performed using fetal blood sampling or a heel prick technique [5,6].  

There are obvious shortcomings: the sampling is physically invasive, needs 20 mins between 

measurements, and cannot be done repeatedly and regularly (multiple times) without hurting the baby. 

Further, as per current practice they are performed as per clinicians’ discretion if issues are suspected. 

Figure 1: NoVIXS assesses hypoxia using optical 

spectroscopy in a non-invasive and continuous manner in 

a baby’s heel. 
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i.e., current practices are one-off passive monitoring and diagnostic tools, but are incapable of constant 

proactive measurement for early warning. Clearly, there is an unmet need for a continuous hypoxia 

monitoring method that covers the nascent stages of life from labour to the first week of life. 

It should be said that alternative, non-invasive methods have also been developed for general patients 

and can be found in the literature and in clinical practise, as possible synergistic sources of information 

as outlined in Table 1.  

For feasible hypoxia assessment, the spectroscopic method would need light to penetrate deep (> 2 

mm) into aqueous samples and be capable of measuring all spectroscopic regions of a biomarker in a 

wide spectroscopic band.  

Table 1: Potential of current technologies to assess hypoxia non-invasively in clinics. 

Method 
Invasive? 

(Yes/No) 

Hypoxia 

biomarkers 

(lactate/ pH)?  

In 

aqueous 

medium? 

Sample 

depth 

[mm] 

Continuous? 

(Yes/No) 
Summary 

Blood gas 

analyser [7] 
Yes Lactate, pH 

Yes 
≥ 2 No 

Current clinical 

standard 

Wearable 

sensor [8,9] 
No Lactate, pH 

Yes 

0 Yes 

Hydrogel based 

sweat sensing 

needs sample in 

contact. 

IR 

absorption 

[10] 

N/A Lactate, pH 

No 

0.003 No 

FTIR based in 

6000 nm band, 

dry samples 

NIR 

absorption 

[11] 

No Lactate 

Yes 

≤0.5 Yes 
LW-NIR using 

FT-NIR 

CLaDS [12] No N/A 

No 
For 

gases 
Yes 

Dispersion 

spectroscopy 

gases 

Spatially 

offset 

Raman [ 13] 

No Lactate, pH 

Yes 

< 1 Yes 

Can only detect 

strong Raman 

signals at these 

separations. 

NoVIXS 

[1,2] 
No Lactate, pH 

Yes 
≥ 2 Yes 

NoVIXS’s novel 

technique 
 

It is evident that current technological solutions are unfit for the clinical standards [14,15,16]. The 

NoVIXS project will develop a new “technological” paradigm to address the urgent matter of hypoxia 

assessment in nascent life. NoVIXS will develop first-ever non-invasive, continuous, reagent-free 

hypoxia assessment using a novel spectroscopy technique. Hence the need for NoVIXS. 

Problem statement and Objective: 

In NoVIXS, a novel spectroscopic method will be developed to capture relative refractive-index profile 

with 10 kHz spectral resolution in a 100 MHz range around a non-fundamental vibration mode of water 

between 1450-1650 nm at a depth of 1 mm in an aqueous phantom. Which will be achieved as following 

objectives are realized: 

Objective 1: Capture differential refractive index profile from aqueous samples of 1 mm - Benchtop 

system will be developed and used to capture the differential refractive index profile in aqueous samples 

of 1 mm thickness (Aim 3, M2, D2, month 24) based on the light-tissue model (Aim 4, M3, month 18).  

Objective 2: Relative refractive index profile captured with high spectral resolution of 10 kHz in a 100 

MHz band - Develop and demonstrate experimentally a fiber-based bench-top spectroscopy setup to 

provide resolution of 10 kHz (Aim 1, M1 month 12) using a combination of novel source in 1450-1650 

nm band and corresponding phase-sensitive detector with a 10 kHz resolution in 100 MHz band around 

the laser light (Aim 2, D1, month 24). 
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Figure 2: Complete impact map of NoVIXS project. 

Mission and outcome:  

Each baby deserves to go home. 

With NoVIXS, each baby has a chance to go home. 
Expected advances in biomarker measurement: 

1. Non-invasive, prick-less hypoxia biomarker assessment from human tissue at a depth of 2 mm. 

2. Development of a reagent-free, accurate hypoxia assessment with multiple biomarkers. 

Expected advances in spectroscopy: 

1. Optical spectroscopy with high spectral resolution of 10 kHz over 50 nm band. 

2. Measurement in aqueous samples of thickness 2 mm in optical regions with limited light 

propagation namely long-wavelength near infrared (LW-NIR) range of 1350-2500 nm. 

Impact: To enable mission of NoVIXS, the concepts and technology developed within this project and 

subsequent research and development will be honed into a fully matured product. This impact statement 

highlights a few aspects of this vision, and the overall impact is outlined in Figure 2. 

Societal - NoVIXS project aims to be impactful in the real-world as it is inspired by a clinically relevant 

problem of monitoring of nascent life (UN SDG 3.2, WHO - Every Child Alive). The true societal 

impact would be when each new-born baby goes home healthy with quality clinical care with NoVIXS. 

During the course of this project, I will be actively involved in education and public engagement 

activities (Education & Public Engagement in Science and Research (tyndall.ie)) and keep the public 

informed and engaged through platforms like LinkedIn ( shree-krishnamoorthy ) and YouTube.  

Economic and Commercial – Envision that every labour and neonatal wards are fitted with continuous 

hypoxia monitoring developed through NoVIXS Co., a spin-out. In this scenario the developed 

spectroscopy technique may also be licenced to other industries like pharma, food etc. To realize this 

impact - two IDFs have been filed with the UCC TTO for patent after POC has been obtained in year 2 

of NoVIXS, initiating the spin-out of NoVIXS Co. This will generate revenue, employment and 

intellectual property through the project. 

Human capacity – In the long-term Ireland would develop a workforce specialized on non-invasive 

health monitoring using LW-NIR spectroscopy. This would be initiated by my own learning in the short-

term. In the mid- and long-term, hands-on research training and development for students through talks, 

course modules in BioPhotonics within the UCC’s Biomedical course (under development) and through 

the summer schools like BIGGS (2026 onwards) (BIGSS - University of Galway) and BioPhotonics 

summer school in Hven - 2027 (Frontpage (biop.dk)). I am on my distinct, independent research path 

by establishing collaborations, access to mentors and international academic and industrial networks. I 

https://www.tyndall.ie/education-and-public-engagement-in-science-and-research
https://www.linkedin.com/in/shree-krishnamoorthy
https://www.universityofgalway.ie/tomi-physics/bigss/
https://www.biop.dk/
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am now advancing my career towards a fully funded investigator by securing own independent funding 

(ERC Starting grant (‘27), Royal Society University Fellowship(‘26), Optica Deutsch (‘29), SPIE-Franz 

Hillenkamp (‘28) and Horizon Europe fundings (Pillar 1, ERC – ’27, Pillar 2 health cluster – ’29, Pillar 

3 – Innovative Europe – ’30)) and publications as senior author in peer-reviewed journals (ACS 

Photonics, JBO, Spectrachemica Acta, Applied Spectroscopy etc.). I would be upskilling myself 

through the range of professional and leadership training opportunities (Optica Level Up, 2025, Optica 

Innovation School 2026).  I will also connect and search leadership communities by being active in 

different societies and networks (Tyndall Early Career Researchers’ Network (TEC-Net), Optica, IEEE 

sensor, SPIE memberships and technical groups).  
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Compact laser-plasma very high-energy electron (VHEE) accelerator for
cancer therapy
Executive summary - Health
According to World Health Organisation, cancer is a leading cause of death worldwide, accounting for
nearly 10 million deaths in 2020, or almost one in six deaths. Roughly 60% of cancer patients receive
radiation therapy, which is effective at causing remission in specific cancers. More than 90% of ra-
diotherapy, however, is currently performed using megaelectron volt (MeV) X-rays. These sources are
highly detrimental as their radiation severely harms healthy tissues on its way while reaching the deep
tumor. By contrast, the use of very-high-energy electrons provides a much more uniform dose depo-
sition depth, which could significantly reduce the harmful impact of the radiation on healthy tissues.
Protecting healthy tissue is critical to the patient’s recovery; thus, using energetic electrons could be a
game changer for cancer radiotherapy. The challenge lies in the machinery needed to produce electrons
in the energy range of hundreds of MeV suitable for deep tumor treatment. Machines that achieve such
energetic electrons with conventional radio-frequency technology are considerably more complex, large,
and expensive than the widely used photon guns used to produce MeV photons for standard X-ray ra-
diotherapy. Therefore, access to high-quality radiotherapy for deep tumors is very limited in many parts
of the world, especially in low- and middle-income countries.

This project aims to experimentally demonstrate a proof-of-principle of compact laser-plasma accel-
erator that delivers high-energy electrons up to 100 MeV at a kilo-Hertz (kHz) repetition rate. The accel-
erator utilizes laser pulses with energies in the few-millijoule range and durations in the few-femtosecond
range to generate and propel a plasma structure known as a wakefield. While this technology has already
shown promise in achieving compact accelerators, it still encounters certain inherent limitations. One
significant limitation is the disparity between the group velocity of the laser in the plasma and the rela-
tivistic electron bunch, which moves near the speed of light. Consequently, the faster electrons surpass
the acceleration structure created by the wake, resulting in a termination of their acceleration. This limita-
tion, known as ”dephasing,” constrains the maximum energy that can be attained by the electron bunches
generated by the accelerator.

Optically shaping the driver laser in space and time at the focus will allow control of the dynamics of
laser-plasma acceleration, mitigating the dephasing that limits the final electron energy. I aim to increase
the electron energy by one order of magnitude compared to the current state-of-the-art kHz laser-plasma
accelerators using the same driver-laser parameters. This source’s unique beam properties, high energy,
narrow energy spread, and high dose and dose rate will allow for the developing of next-generation
radiotherapy treatments with precise dose control.

With current laser technology, the final size of this accelerator could be no larger than an optical table,
making it cheap and accessible to many hospitals around the world. Moreover, a radiotherapy unit based
on such technology could fit into a truck. This mobility and cost-effectiveness can allow this technology
to permeate the economic and geographical periphery. This access will stand in contrast to techniques
like proton beam therapy, whose massive sophistication and cost limit its use to the best-funded and most
central cancer centers.

In conclusion, the development of this novel laser-plasma electron source technology, which relies
on precise optical laser sculpting in space and time, offers promising prospects. It not only enables the
creation of innovative and cost-effective radiotherapy sources but also unlocks opportunities for high-
energy, high repetition rate table-top electron sources. This advancement holds the potential to drive
significant advancements in medicine, biology, chemistry, and physics, which could lead to ground-
breaking discoveries and transformative breakthroughs.
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Proposal: Compact laser-plasma very high-energy electron (VHEE) accel-
erator for cancer therapy
Introduction
In a laser-plasma accelerator (LPA) [ESL09], an intense ultrashort laser pulse is focused on gas, causing
ionization and forming a plasma (Fig. 1: Left). The laser pulse along the focus can be visualized as
a flying sphere with a diameter of several microns. As the ”laser sphere” moves, it expels electrons
from the optical axis, creating a plasma wake or cavity-free region (Fig. 1: Right). Within this cavity,
electric fields of remarkable magnitude, three orders of magnitude greater than those in standard radio-
frequency (RF) accelerators, are generated. As a result, LPAs can accelerate electrons to energies as high
as hundreds of MeV within a few millimeters. Conventional accelerators would require tens of meters
to achieve the same electron energies.

Figure 1: Left: Concept of a laser-plasma accelerator. Right: Zoomed
region of the wake formation and electron acceleration.

The clear advantage of LPA is its substantial
reduction in the facility’s size and cost. In addi-
tion, the intrinsic properties of the LPA-generated
electron bunches, such as durations of several
femtoseconds (fs) and lateral dimensions on the
order of a micron, have advantages over bunches
obtained in conventional accelerators.

Many experiments are currently dedicated to
pursuing laser-plasma acceleration of electrons to
GeV energies. These efforts hope to use LPA to

drive advanced light sources such as free electron lasers and as a new paradigm for the next generation
of linear colliders for high-energy physics. Such experiments rely on petawatt scale laser systems that
are large-scale lab facilities that operate, at best, at repetition rates on the order of one Hertz (Hz). Many
high-impact societal applications, however, do not require such high-energy electrons. Radiotherapy of
deep tissues, for example, needs electron beams with energies of around one hundred MeV. New near-
single-optical-cycle duration, millijoule (mJ), kHz repetition rate lasers promise to deliver electrons at
such energies. These laser systems are particularly attractive due to their tabletop size and competitive
cost. The compact nature of this technology enables a radiotherapy unit to be housed within a truck,
offering enhanced mobility and cost-effectiveness. This advantageous feature allows the technology to
reach economic and geographical peripheries that previously lacked access to advanced radiotherapy
treatments. In contrast to expensive and highly sophisticated techniques such as proton beam therapy,
which are predominantly limited to well-funded and centrally located cancer centers, this technology has
the potential to provide broader accessibility to effective cancer treatment.

Electron beams from LPAs have unique properties: they provide femtosecond electron bunches and
dose rates as high as 108 Gy/s, compared to 10 Gy/min for conventional radiotherapy. Therefore, LPA
could enable the study of the effect of extreme dose rates on ionizing radiation toxicity. Practically, this
means that LPAs could be used to study the effect of the temporal fractionation of the dose on tissues
[Bay+19] – to study how tumoral tissues react to the way the dose is deposited temporally. Such studies
are motivated by the recently discovered FLASH effect [Fav+14], which shows that a very fast delivery
(<500ms) of therapeutic doses reduces the toxicity of healthy tissues while preserving the radiobiological
effects on the tumor. Therefore, this project’s ultra-compact electron source is a very promising tool for
exploring innovative protocols for treating cancer.
Literature Review
Only a few kHz repetition rate LPAs are currently operational globally and have emerged recently. The
leading kHz rate LPAs typically accelerate electrons within the energy range of 5-15 MeV [Gué+17;
Hui+22; Sal+21], with some reaching up to 50MeV [Laz+23]. The impressive stability exhibited during
hands-off operation over a long period [Rov+20] stands a testament to the maturity of kHz LPA technol-
ogy and its readiness for use in real-world applications. High repetition rate sources of electrons in the
range of 10 MeV are excellent devices for radiobiology experiments of thin samples in-vitro [Cav+21].
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However, they are unsuitable for irradiation of deep tissue, as is the case with cancer treatment in human
adults. LPA experiments operating at 1 Hz have demonstrated that acceleration to energies of around
120 MeV provides electrons that deposit radiation doses at penetration depths of interest for electron
beam radiotherapy of deep-seated tumors [Lun+12]. Thus, to bring the stability and high average dose
rate advantages of kHz LPA machines to cancer therapy, a boost of around one order of magnitude in
electron energy is required.

Figure 2: Top: Illustration of dephasing process LPA using a
standard laser. Bottom: Illustration of dephasingless LPA with
shaped laser. Arrows mark the acceleration direction of the elec-
trons.

One of the processes which limit the maximal en-
ergy in LPAs is dephasing. In this process, trapped
electrons reach the ion cavity’s decelerating region in
the cavity’s forward part (Fig. 2: Top). It occurs be-
cause the laser group velocity in the plasma, and hence
the cavity (or wakefield) velocity, are smaller than the
electron beam velocity, which approaches (but never
reaches) the speed of light.

I propose to mitigate the dephasing process by
sculpting the laser in space and time along the focal
depth. The laser front is shaped with special optics so
that a focal spot ”appears” due to constructive interfer-
ence of the fronts coming from the sides (Fig. 2: Bot-
tom). While the fronts have group velocities smaller

than that of the electrons, the ”appearance” velocity of the focal spot and hence the wake velocity could
be matched with the velocity of the electrons. In this dephasingless LPA [Cai+20; Pal+20], electrons
are accelerated during the whole process and gain much higher energy compared to standard LPA. Ac-
cording to a theoretical study [Cai+20], the expected electron energy for the project’s laser parameters
(3.4 fs, 2.5 mJ) is up to 200 MeV. This is an upper value with perfect beam shaping. Including possible
optical aberrations, which cannot be corrected, and not having all freedom for shaping the laser in space
and time, we will probably produce lower-energy electrons in the 50-100 MeV range.

Finally, this acceleration scheme can be combined with proven techniques for achieving high-quality
mono-energetic bunches. Considering the practical and technical constraints, I propose developing a
compact laser-plasma electron accelerator that delivers high-quality electrons up to 100 MeV at kHz.
This significant energy gain would pave the way for groundbreaking tabletop experiments and applica-
tions benefiting cancer radiotherapy.
Problem Statement/Objectives
Main objective: Develop and obtain experimental proof-of-principle of a unique electron source
that delivers high-quality mono-energetic electrons with energies up to 100 MeV at a kHz rate.
The accelerator development will progress employing the following objectives, each covered by a Work
Package (WP):WP1: Develop a theoretical foundation for dephasingless laser-plasma acceleration using
few cycles, fewmJ lasers at a kHz rate; WP2: Measure the intrinsic laser parameters and design an optical
system for dephasingless acceleration, taking into account simulations/theory predictions (WP1); WP3:
Design gas nozzles for the experiment considering simulations/theory predictions for the optimal density
profiles. WP4: Ultimately obtain a working accelerator prototype, which delivers high-quality mono-
energetic electrons with up to 100 MeV energy at a kHz rate.
Outline of tasks/Work Plan
To reach the desired kHz, 100 MeVmonoenergetic electron source, three main components are required:

The laser which drives the acceleration of the electrons. The current research team and infrastructure
at Laboratoire d’Optique Appliquée (France) possess expertise in developing and operating a TW-class
laser system that delivers 2.5 mJ in 3.4 fs at kHz repetition rates [Oui+20]. This unique laser system,
one of the few worldwide, is routinely used for kHz laser-plasma acceleration of stable electrons with
MeV energy and picocoulomb charges. To achieve the desired pulse front curvature for dephasingless
acceleration, I will implement a refractive beam shaper in the laser chain.
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Figure 3: Left: Parabola mirror focuses rays to a single point, coupling
spot size, and focal depth. Right: Axiparabola enables focusing rays
from different radial positions to different focal planes, resulting in a
small lateral spot and extended focal depth (quasi-Bessel beams).

The second ingredient needed to boost the en-
ergy of the electrons is a unique focusing optic
that shapes the laser pulse at the focus to get more
efficient acceleration. An ideal candidate is the
aspherical reflective element known as the axi-
parabola (of which I am a co-inventor), which
stretches the focal depth without increasing the
lateral size of the beam [Sma+19; Oub+22]. This
is done by generating quasi-Bessel beams, which
are known for their diffraction-free features. The

axiparabola effectively increases the acceleration length by focusing rays from different radial positions
to different focal planes (Fig. 3: Right), while a standard parabolic mirror focuses all the rays to one
point (Fig. 3: Left). The dynamics of the laser energy deposition on the optical axis are also critical,
as the laser and trailing wake need to propagate at pace with the electrons in order to achieve efficient
acceleration. The dynamics of the focal spot are controlled by manipulating the pulse front curvature be-
fore focusing on the axiparabola. With a curved front, the arrival time of different radial beam slices will
be earlier than with a flat front, increasing the appearance velocity of the focal spot (Fig. 4). Together,
this process is known as dephasingless acceleration. As shown in theoretical papers [Cai+20; Pal+20],
the benefit of using such a method scales inversely with the pulse duration. Thus, significant energy
gain is expected for the near-single-optical-cycle laser that will be used in this project. According to
the theoretical models, we can expect up to 200 MeV electrons from the 2.5 mJ, 3.4 fs laser, while only
10-15 MeV have been achieved with standard parabolic focusing optics using a similar laser [Sal+21;
Hui+22].

Figure 4: Spatiotemporal shaping optics initially trans-
forms a flat (grey color) laser front to a curved one (rose
color). It allows controlling the focal spot appearance ve-
locity when used with an axiparabola. Curved fronts ar-
rive faster to generate the necessary appearance velocity
of the focal spot along the optical axis.

The final component of the project is the gas target. It
is well known from LPA experiments that to achieve high-
quality, monoenergetic electron beams; it is necessary to uti-
lize controlled injection schemes. The main methods are (i)
ionization injection which produces stable electrons with a
broad spectrum (for the intermediate acceleration tests), and
(ii) density gradient injection, which produces stable quasi-
monoenergetic beams required for the ultimate goal of the
project. Ionization injection is a relatively simple technique
that requires only the installation of a particular gas mix-
ture. Density gradient injection, meanwhile, requires precise
shaping of the density of the gas target, achieved by specially
designed supersonic nozzles. The group I work with has the
expertise and academic collaborations to design and manu-
facture nozzles for the project [Rov+21].

The computational modeling for the WP1 phase will uti-
lize Particle-in-Cell (PIC) simulations. In these simulations, the Maxwell equations for the electromag-
netic field of the laser pulse are solved self-consistently with the equations of motion for macro-particles
(ions and electrons) representing a large number of physical particles. First, I will introduce a quasi-
Bessel laser beam into the code (M1.1). Then, I plan to introduce more complexity to the PIC simulation
(M1.2) as the project progresses, bringing it closer to fully modeling the experimental conditions. The
first simulation aims to obtain dephasingless acceleration in a uniform plasma. I will then model the
plasma obtained from firing onto several standard supersonic nozzles (conical and slit nozzles), which
I will use in the experiment (WP4). In parallel, I will work on a phenomenological theoretical model
(M1.3), which will provide essential scalings (electron energy, charge, etc.) as a function of relevant
input parameters of laser and plasma density.

To properly design the pulse shaping optics, I will measure the spectrally resolved wavefront of the
experimental laser system (M2.1), using the recent technique I developed during my postdoc [Sma+24].
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Figure 5: Gantt chart specifying the timing of the milestones (M) of the different work packages (WP), as well as the deliverables (D).

Figure 6: Contents of the Work Packages, Milestones, and Deliverables.

Then using the OpticStudio ray tracing software, I will design an optical system that sculpts lasers in
space and time (M2.2) as required by the simulations in WP1. The shaping optics consist of a spherical
refractive doublet (or triplet) and the axiparabola. Experimentally, I will first measure the spatial proper-
ties of the axiparabola focal line by taking focal spot diagnostics at different points along the optical axis
(M2.3). Using a spatiotemporal measurement technique [Sma+22] I developed in my doctorate, I will
measure the energy distribution in space and its velocity over the interaction region in a vacuum (M2.4).

The gas target development is contained in WP3. The nozzles for the experiment will be designed
using the computational hydrodynamic simulation software Ansys Fluent. First, I will design and man-
ufacture standard conical and slit nozzles that provide nearly uniform axial density (M3.1). Then I will
design more complicated, in terms of geometry, shocked nozzles (M3.2). For both cases, using an in-
terferometric measurement device, I will measure the gas and plasma density of the nozzles that will be
used in the experiment (M3.3).

The final experimental part of the project will be performed in ascending complexity during two
primary campaigns. First, I will perform a dephasingless acceleration experiment with an axiparabola and
a spherical refractive system using standard nozzles (M4.1). Then I will use a more advanced, aspheric
refractive beam shaping system or non-continuous surface axiparabola (M4.2). Finally, in the same
campaign, I will use a specially designed shock nozzle to accelerate and achieve a quasi-monoenergetic
electronic beam (M4.2).

I emphasize the significance of communication and sharing of project outcomes. To address this,
I have incorporated a specialized work package, WP5, which involves several activities. These in-
clude submitting papers to open-access journals, preferably Optica (M5.1), delivering lectures at Optica-
organized symposiums (M5.2), as well as participating in other workshops and seminars (M5.3).

Lastly, the final work package, WP6, focuses on project management. This includes engaging in
meetings with the Optica Challenge committee (M6.1) to provide updates on the project’s progress and
learn from the expertise of committee members. Regular progress reports (D6.2) will also be submitted
to ensure effective project management.
Outcome(s)
In this project, I propose to develop a compact laser-plasma accelerator delivering very-high-energy
electrons (up to 100 MeV electrons) at a kilo-Hertz (kHz) rate. I aim to increase the electron energy by
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one order of magnitude compared to the current state-of-the-art kHz laser-plasma accelerators using the
same driver-laser parameters.
Impact
Radiotherapy is one of the primary cancer treatments. The project will develop accelerators for more
uniform and less toxic dose deposition radiotherapy sources. With current laser technology, the final
size of this accelerator could be no larger than an optical table, making it cheap and accessible to many
hospitals around the world. The technology developed in the project can also be used in many other soci-
etal applications. It includes medical and industrial screening with X-rays that are a secondary outcome
of the acceleration and innovative sterilization in which fast electrons kill off all bacteria and parasites
in food products or medical equipment but do not cause any harm to vital properties of the irradiated
substance or package.

Particle accelerators are essential tools in modern science and technology. They are used in medical
and commercial applications but also for scientific research. In this project, I will demonstrate a proof of
concept of a compact electron accelerator. I will use intricate sculpting of laser pulses in space and time
to boost the resultant electron energy to 100MeV, one order of magnitude greater than the state-of-the-art
LPAs operating at kHz rates. Once implemented, these compact and affordable accelerators and their
associated technology will boost advances in biology, chemistry, and physics research.
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Proposal Title: Revolutionizing Cancer Detection: Compact Fiber Technology for Machine-
Learning Driven Endoscopic Hyperspectral Imaging 
 

PI: Stephanos Yerolatsitis, Cyprus University of Technology, s.yerolatsitis@cut.ac.cy 
 

Category: Health 
 
Global Challenge: Cancer remains a leading cause of mortality and morbidity worldwide, with 
respiratory and gastrointestinal (GI) cancers, which can be detected optically, accounting for over 
40% of all malignancies globally. Early detection of these cancers is critical as it significantly 
improves treatment outcomes, survival rates, and can even lead to full recovery. However, current 
early detection rates are low due to limitations in existing diagnostic tools, highlighting an urgent 
need for more accurate, accessible, and less invasive cancer-detecting methods. 
 
Project Objective and Relationship to the Global Challenge: This proposal aims to address 
the critical global challenge of early cancer detection by developing an advanced endoscopic 
hyperspectral imaging platform using novel optical fiber technology. This innovation also aligns 
with the Optica Foundation Challenge by enhancing medical diagnostics and leveraging photonics 
to advance biomedical imaging, improving healthcare outcomes. By integrating machine 
learning algorithms with hyperspectral imaging, this project endeavors to provide a minimally-
invasive, accurate diagnostic tool for early cancer detection in the respiratory and GI tracts. 
 
Project Capability and Application: The primary objective is to develop a thin, flexible, high-
resolution fiber probe for endoscopic hyperspectral imaging based on a novel photonic 
approach. This approach involves precisely engineering the geometry of the fiber probe and 
employing post-processing techniques to enhance the spectral working range. This will enable, 
for the first time, real-time, precise endoscopic tissue characterization across multiple 
wavelengths, facilitating early detection and classification of lung and GI cancers. This 
advancement will empower clinicians to detect cancer earlier and develop more effective 
treatment strategies based on cancer stage, classification, and response to treatment.  
 
Key capabilities include: 
 

• Minimally-Invasive Diagnostics: Developing a flexible, bespoke fiber probe with a 
diameter of less than 1 mm, capable of navigating complex anatomical regions with high 
resolution (less than 3 μm) and a field of view greater than 400 μm. 

• Enhanced Imaging and Classification: Enabling, for the first time, endoscopic 
hyperspectral imaging (visible-to-NIR) combined with machine learning for real-time, high-
accuracy cancer detection and classification through a novel photonic method that 
integrates multiple wavelengths simultaneously, exponentially increasing the amount of 
collected information. 

• Versatility and Integration: Ensuring compatibility with existing endoscopic systems, 
enabling widespread clinical adoption. 

• Cost-Effective: Developing reusable fiber probes that reduce costs. 
 
Impact of the Award: The award will support collaboration with experts in the USA (CREOL, 
University of Central Florida), Cyprus (Cyprus University of Technology), and Germany (University 
Medicine Greifswald), facilitating the fabrication and testing of the advanced fiber technology 
required to validate this groundbreaking approach. The successful implementation of this project 
will revolutionize cancer diagnostics by providing clinicians with a powerful endoscopic tool for 
early detection and accurate characterization of cancer lesions. By pushing the boundaries of 
medical photonics, this project will also pave the way for future innovations in diagnostics and 
treatment, solidifying the role of optical technologies in modern healthcare. 
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Revolutionizing Cancer Detection: Compact Fiber Technology for Machine-Learning Driven 
Endoscopic Hyperspectral Imaging 

 

Despite ongoing efforts to improve prevention, detection, and treatment, cancer remains a leading 
cause of mortality and morbidity worldwide. According to Globocan, there were almost 19.3 million 
new cancer cases and 10 million new deaths in 2020 alone [1]. Respiratory and gastrointestinal 
(GI) cancers, which can be detected optically, account for more than 40% of all malignancies in 
the world [1]. Early detection of these types of cancer can substantially improve treatment 
outcomes, survival rates, and even promote full recovery. For example, the five-year survival rate 
for early-stage lung cancer can be up to 62.8%, compared to less than 8.2% for advanced-stage 
lung cancer [2]. In the case of GI cancer, early diagnosis and endoscopic treatment can result in 
a 99% disease-specific five-year survival rate without the need for radiochemotherapy, while end-
stage diagnosis is associated with a poor prognosis, with less than 10% of patients surviving 
beyond five years [3]. Unfortunately, early detection rates for both lung and GI cancer are very 
low, both in developed countries and areas with limited resources [4]. Therefore, there is a 
pressing need for the development of more accurate, approachable, and minimally invasive 
cancer-detecting methods. We aim to revolutionize diagnostic healthcare by developing a novel 
endoscopic optical fiber system to accurately diagnose and characterize early-stage cancer 
lesions with a particular focus on the respiratory and GI tracts. 
 
Accurate cancer classification is crucial in understanding the behavior of cancer cells, predicting 
disease progression, guiding treatment decisions, and even enabling curation. Lung cancer 
comes with multiple subtypes, each with its unique genetic mutations and histological 
characteristics [5]. Low-dose CT scans, the current standard for lung cancer screening, are not 
foolproof and can result in significant false-negative outcomes, particularly in the early stages of 
the disease or in cases where nodules are small or located in difficult-to-image areas. 
Furthermore, similar challenges exist in the diagnosis and management of GI cancers, where 
diverse subtypes and intricate tumor biology necessitate improved diagnostic tools and treatment 
strategies to optimize patient care and outcomes. Although, fiber optic-based techniques, 
predominantly employed in GI cancers, offer endoscopists the ability to observe, biopsy, and 
perform therapeutic interventions, their large diameter and limited flexibility present challenges in 
reaching anatomically difficult-to-access areas. Additionally, as these fiber probes employ 
traditional RGB channels for imaging, they capture only a limited amount of information about the 
lesion's characteristics, frequently leading to misdiagnosis. Machine learning (ML) techniques are 
increasingly being applied to endoscopic imaging, promising to enhance diagnostic accuracy and 
refine treatment approaches in both respiratory and GI contexts. In this respect, commercial 
companies have taken initial steps to introduce ML algorithms, such as deep learning, to support 
endoscopists and improve diagnostic accuracy [6]. Despite these advancements, utilizing 
additional wavelengths of light can significantly aid in the detection and characterization of lesions. 
 
Problem Statement: Our research proposal aims to revolutionize the field of cancer diagnosis 
by developing an innovative platform for endoscopic hyperspectral imaging based on state-
of-the-art optical fiber technology. These next generation of endoscopic tools will provide a 
minimally-invasive approach to accurately diagnose and characterize early-stage cancer 
lesions with a particular focus on the respiratory and GI tracts, as shown in Figure 1. Additionally, 
our novel fiber technology enables the simultaneous collection of wavelengths outside the RGB 
channels, while the sub-millimeter fiber probe's size allows endoscopic access to remote 
locations, driving exponential change in precision with increased channels. By integrating 
advanced ML algorithms, our platform will enhance the diagnostic accuracy and 
characterization of lesions, leveraging the rich data obtained from hyperspectral imaging. 
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Figure 1: Conceptual illustration - 
sub-millimeter bespoke fiber-based 
platform designed to navigate 
endoscopically and examine 
suspected malignancy lesions. 

 

Hyperspectral imaging is an advanced imaging technique that captures and processes 
information from a broad spectrum of wavelengths and offers intricate insights into the anatomical, 
chemical, and biological composition of tissue [7], [8], [9]. This enables the detection of subtle 
differences between cancerous and normal tissue that are not visible with conventional imaging 
methods, i.e. using only RGB channels. This technique can also be used for cancer classification 
[10]. Figure 2 illustrates an example that highlights the differences between hyperspectral and 
RGB imaging. Currently, there are no commercially available hyperspectral endoscopic imaging 
systems. Conventional endoscopic imaging fibers [11], which consist of thousands of cores where 
each core corresponds to a pixel on the camera, operate only within a limited range of 
wavelengths, thereby restricting their use primarily to RGB channels. Beyond the RGB range, the 
resolution of these multicore fibers rapidly degrades due to two distinct factors: increased core-
to-core coupling at longer wavelengths, and the cores becoming large compared to the 
wavelength of the light at shorter wavelengths. Due to their limited operational wavelength range, 
conventional imaging fibers are not suitable for hyperspectral imaging. This limitation results in 
clinicians being unable to capture the full range of information for accurate tissue characterization. 
 

 
Figure 2: Comparison between hyperspectral and RGB imaging techniques. Hyperspectral 
imaging is a three-dimensional dataset of a two-dimensional image on each wavelength, spanning 
the UV to NIR spectrum. RGB image only has three image bands corresponding to red, green, 
and blue wavelengths. Adapted from B. Fei et al., [8] (CC-BY 4.0). 
 
The main aim of the proposal is to develop innovative fiber technology to enhance the resolution 
capabilities of fiber bundles. This advancement will enable endoscopic hyperspectral imaging for 
the first time while ensuring the fiber's outer diameter remains compact and suitable for 
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endoscopic procedures. This technology will allow for the simultaneous acquisition of multiple 
wavelengths of light across the entire visible and near-infrared spectrum, facilitating real-time, 
accurate tissue characterization. The realization of this technology involves precisely engineering 
the geometry of the multicore fiber. Post-processing techniques, such as local tapering [12], [13], 
induce controlled coupling between the otherwise uncoupled fiber cores within selected regions 
of interest. When this tapered region is used as the input for the light, it transforms the phase and 
amplitude information of the input light from the sample into solely amplitude information at the 
output. By analyzing the relationship between the input light and the light distribution at the 
proximal end of the fiber bundle, we can reconstruct high-resolution images across a broad range 
of wavelengths using a reduced set of output data. This innovative approach serves as a form of 
computational imaging, where hyperspectral light from the distal sample is coupled into the fiber 
and then redistributed as intensities to the individual cores of the fiber bundle. Reconstructing an 
image becomes simpler when the phase of the light is not considered. Additionally, as the 
controllable coupling only occurs in a short region of the fiber—while the rest consists of 
uncoupled cores similar to a multicore fiber—the proposed fiber remains insensitive to 
performance changes due to bending. ML algorithms will be employed to analyze and train the 
fiber platform. This analysis is only required once; the trained model can then be applied to 
subsequent imaging procedures. Figure 3 illustrates a concept design of the platform. 
 

 

Figure 3: Concept 
design. By using novel 
fiber-optic technology 
combined with ML-
driven hyperspectral 
imaging, we can 
inspect small nodules 
and those located in 
difficult-to-image 
areas. This approach 
will revolutionize early 
cancer detection 

 
Given the principal investigator’s (PI) expertise in fiber fabrication and post-processing [13] and 
biomedical device development and testing [14], this proposal has three main aims: 

1.  Fabricate and post-process the proposed fiber. 
2. Use ML algorithms and a labeled data approach, to train the fiber bundle. 
3. Validate its performance using biological samples. 

 
We will initially conduct high-fidelity simulations to determine the optimal fiber geometry for our 
application. This process will specify the number and position of the cores, influencing the final 
diameter of the multicore fiber probe (<1 mm), its field of view (>400 µm), and its achievable 
resolution (<3 µm). To fabricate the fiber, I will collaborate with experts at the University of Central 
Florida (UCF) and visit their facilities for development (Aim 1). Given its proposed outer diameter, 
this novel fiber probe will be highly flexible and significantly thinner—at least four times smaller 
than current technologies—making it ideal for examining lesions in hard-to-reach locations and 
seamlessly integrating with other fiber technologies, thereby increasing its potential uses. To 
examine the lesion of interest, the proposed fiber probe can be inserted through a scope’s working 
channel or a needle, making it versatile and suitable for use in a variety of clinical settings. For 
real-time hyperspectral imaging, we can use a diffraction grating to disperse the light from the 
individual proximal fiber cores and collect multiple wavelengths simultaneously with a high-
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resolution camera. Combining the information from all the collected wavelengths of light allows 
for the reconstruction of a real-time high-resolution 3D image. An experimental system will be 
developed at the Cyprus University of Technology (CUT). In addition, any post-processing of the 
fiber probe will also be performed at CUT. In collaboration with experts at CUT, we will deploy ML 
algorithms to train the model (Aim 2). Finally, in collaboration with experts at the University 
Medicine Greifswald, we will validate the fiber probe using biological samples (Aim 3). 
 
Impact:  We envision a fiber-based optical system that not only provides clinicians with real-time 
imaging but also leverages actionable outcomes from ML algorithms (such as deep learning or 
YOLO [10]) to identify and label abnormal areas. This technology can be combined with optical 
and/or chemical dyes, enabling the visualization of specific cellular structures or molecular 
targets, such as cancer biomarkers [15]. By overlaying the information emitted by the dyes, which 
is typically in a different set of wavelengths compared to the tissue response, onto the 
reconstructed 3D image, we can take full advantage of our system's capabilities and obtain even 
more comprehensive information about the targeted area. Depending on the application, these 
chemical dyes can be administered via the endoscope, injected into the targeted area, or inhaled 
to target non-invasively specific lung areas. This groundbreaking fiber-based platform offers a 
vast amount of information and represents a significant advancement in technology, as there are 
currently no commercially available endoscopic probes that offer similar capabilities. 
 
This cutting-edge fiber-based system can revolutionize lung and gastrointestinal (GI) cancer 
detection and treatment. Its ability to detect cancer earlier, especially in hard-to-reach areas, has 
immense potential for improving patient outcomes. By accurately diagnosing and characterizing 
early-stage cancer lesions, this platform can empower clinicians to develop more effective 
treatment strategies based on the cancer stage and classification. In addition, its real-time 
imaging and ML algorithms will offer quick and precise diagnoses, significantly reducing the time 
needed for diagnosis and treatment. The platform can provide two significant advantages over 
existing technologies: it can reduce the risk of false-negative outcomes and can decrease 
significantly the need for unnecessary biopsies by enabling targeted sampling of the region of 
interest. The probe can also be used before or during surgery or endoscopic intervention to 
identify the margins of a tumor or lesion. It is important to highlight that these novel fiber-based 
probes can be sterilized and reused, making them more cost-effective. Furthermore, this platform 
can be used in an outpatient setting, reducing the need for hospitalization and costly procedures. 
The minimally invasive nature of the fiber probe will enable clinicians to re-examine cancer lesions 
during therapy, providing real-time feedback on the efficacy of the treatment and guiding decision-
making. Integrating hyperspectral and time-of-flight imaging techniques allows the reconstruction 
of hyperspectral 3D images that contain spectral information at different depths [16]. This 
capability would be valuable for clinicians as it would facilitate the identification of cancer margins. 
 
This proposal focuses on cancer detection in the respiratory and GI tracts. The miniaturization of 
the proposed fiber probe can readily extend this technology to the examination of other types of 
cancer, including those located in challenging-to-access regions, such as the bile duct and 
pancreatic duct, one of the most malignant tumors. Its versatility and ability to integrate 
seamlessly with other fiber technologies make this platform a game-changer in cancer detection 
and treatment, with the potential to transform the way we approach cancer care. 
 
Outcomes: In this proposal, we will fabricate and post-process the proposed fiber to establish 
the optimal geometry and post-processing optimization. We then envision training the fiber bundle 
using ML algorithms using a labelled data approach, and finally validating its performance using 
a biological sample. This validation will be the basis for future ex-vivo tests followed by in-patient 
studies. The award of this prize will grant the PI the necessary time, funds, and freedom to 
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validate this concept taking hyperspectral imaging to the pinnacle of practical and usable imaging 
technology. This award will also broaden the PI’s research network through travel to key 
collaborators. This aspect is vital to the proposal, as completing certain parts of the project 
requires travel to the USA (for fiber fabrication) and Germany (for testing the fiber on a biological 
sample). The unique flexibility of this prize's funding offers an unmatched opportunity to complete 
this research, which other funding sources cannot guarantee. Furthermore, this prize will enable 
the PI to enhance his skills and expertise in emerging areas of photonics. Additionally, this award 
will support this critical initial demonstration, enabling the exploitation of this technology either by 
applying for further grants and/or creating a start-up company. The global market for endoscopic 
diagnostic tools is substantial and growing, with the endoscopic devices market projected to reach 
$37.63 billion in 2024 and $51.7 billion by 2029 [17]. With a clear plan for validation, 
commercialization, and funding, we are confident in the potential of our platform to make a 
significant impact in the field of medical diagnostics, as outlined in Table 1. 
 
Table 1: Scientific, Economic and Societal Outcomes 
Scientific Outcomes 
Sci1. Advancements in 
Medical Imaging 

• Development of new advanced photonic technologies in medical 
imaging • Enabling endoscopic hyperspectral imaging for the first 
time • Enhanced understanding of cancer biology and progression 

Sci2. Novel Fiber Optic 
Development 

• Exploring new ways to control the behavior of light • Developing 
new diagnostic and therapeutic tools 

Economic Outcomes 
Eco1. Market Potential 
and IP Generation 

• Creation of new IP and patents • Significant market potential for 
a startup company in medical diagnostics and treatment 
technologies 

Eco2. Cost Savings in 
Healthcare & Efficient 
Resource Utilization 

• Lower overall healthcare costs due to earlier diagnosis and 
treatment monitoring using this fiber probe • Improved patient 
management and treatment outcomes 

Societal outcomes 
Soc1. Enhanced Early 
Cancer Detection 

• Increased survival rates due to early diagnosis • Improved 
patient quality of life through less invasive procedures 

Soc2. Wider Access to 
Advanced Diagnostics 

• Greater access to high-quality diagnostics • Reduced healthcare 
disparities 

 
This research proposal proposes the development of a cutting-edge platform for endoscopic 
hyperspectral imaging based on state-of-the-art optical fiber technology, which will revolutionize 
the field of cancer detection. Hyperspectral imaging offers intricate insights into the tissue’s 
chemical and structural composition, enabling the detection of subtle differences between 
cancerous and normal tissue that are not visible with conventional imaging methods. Our platform 
can provide high-resolution 3D images with ML techniques for real-time cancer detection and 
classification. The reduced size and high flexibility of our fiber probe make it ideal for examining 
lesions in hard-to-reach locations and enable seamless integration with other fiber technologies, 
increasing its potential uses. In addition to its diagnostic benefits, the fiber-based platform we are 
developing has the potential to be more cost-effective than traditional diagnostic methods. This 
research proposal has the potential to revolutionize cancer diagnosis, paving the way for earlier 
and more precise detection and thereby improving treatment outcomes for cancer patients. We 
are confident that this innovative approach, coupled with the cutting-edge technologies we 
employ, will transform the field of medical diagnostics and contribute significantly to the 
fight against cancer.  
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Ultra-fast 3D-image-based cell sorting based on photonic computing 

Category: Health & Information 

Abstract: There is a growing global demand for high-throughput, high-resolution, and affordable cell 

sorting technology in biomedical research and healthcare settings. However, current technologies, which 

use digital image processing methods, are hampered by tradeoffs between speed and resolution. Optical 

processing can extract pertinent image information without capturing the full digital image, thus 

circumventing the fundamental speed limit imposed by digital processing. We aim to leverage this unique 

advantage to develop an optical-computing-based cell sorter that can analyze multimodal morphological 

information faster and more cost-effectively than traditional methods. This is especially crucial for 

applications that require real-time feedback, high-volume screening, or high sensitivity to rare cell types, 

such as tissue biopsies and early cancer detection. Our proposal aims to address the challenge of improving 

point-of-care diagnostics and surgical outcomes through developing high-speed, high-sensitivity, artificial 

intelligence (AI)-powered biosensors based on cutting-edge research of optical computing. 

Background: Recent advancements in photonic computing have sparked strong interest in exploring their 

real-world applications. Originally developed as a special-purpose analog computing platform, photonic 

processors excel at processing machine-learning data, especially for signals that already exist in the optical 

domain. When used as computational image sensors, these optical processors can nonlinearly compress 

images even before any light detection or signal digitization. This unique advantage of optical processing 

– analyzing image data without capturing the image – allows optical processors to surpass digital image 

processing in its fundamental limit in latency and throughput.  

Processing images in the optical domain offers tremendous opportunities for biomedical imaging, where 

traditional techniques often encounter significant data bottlenecks from processing vast volumes of image 

data. By bypassing these bottlenecks, optical processors have the potential to push the boundaries of the 

efficiency, speed, and sensitivity of high-throughput biomedical assays, making them especially suitable 

for applications that require real-time feedback, such as point-of-care diagnostics and surgical operations.  

Problem Statement: In this proposal, we aim to address the challenge of improving the speed and 

quality of point-of-care diagnostics and surgical operations by developing a high-sensitivity AI-

enhanced biosensor, empowered by the latest advancements in optical information processing. We 

focus on a specific type of biosensor, flow cytometry cell sorters, which are widely applied in both 

fundamental biomedical research and clinical surgical operations. Traditional fluorescence-activated cell 

sorting technologies, while reliable, capture limited information about cell morphology. State-of-the-art 

image-based cell sorting (ICS) technologies offer improved morphological insights but are hampered by a 

fundamental trade-off between speed and resolution. In other words, despite the great demand for more 

precise cell sorters, these ICS systems are not fast enough and tend to be expensive. The primary goal of 

this proposal is to develop an ICS system that leverages nonlinear optical pre-processing to enable ultra-

fast, high-resolution cell sorting without the need to capture full-resolution images.  

Outcomes and Impacts: The proposed system will utilize a nonlinear multilayer optical neural network as 

its core technology, enabling direct operation on the light field scattered or fluorescence signals emitted by 

cells. The novelty of our approach is to use optical processing as the primary means to carry out AI 

algorithms for cell morphology analysis. This approach allows for substantial improvements in speed and 

resolution over existing ICS technologies. We aim to develop a platform capable of analyzing high-

resolution, three-dimensional, and multi-modality image information, including fluorescence and label-free 

phase imaging. The system will be able to sort cells based on morphology at speeds exceeding 100 kHz, 

with a correspondingly low latency, which represents 10-100x speed improvement compared to current 

state-of-the-art ICS systems. The successful development of this novel ICS system will have a profound 

impact on both clinical diagnostics and biomedical research, and will be transformative in applications such 

as immunotherapies, tissue biopsies, and early cancer diagnosis. 
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Ultra-fast 3D-image-based cell sorting based on photonic computing  

Literature Review 

Recent advancements in photonic computing [1-7] have sparked excitement in their real-world applications. 

Originally developed as a special-purpose analog computing platform, photonic processors excel in their 

ability to process machine-learning data, especially for signals that already exist in the optical domain. 

When used as computational image sensors, these optical processors can nonlinearly compress images even 

before any light detection or signal digitization [8]. This unique advantage of optical processing advantage 

[9] – analyzing image data without capturing the image – allows optical processors to surpass digital image 

processing in latency and throughput.  

The ability to process images in the optical domain is particularly promising for biomedical imaging, where 

traditional techniques often encounter significant data processing bottlenecks due to vast volumes of image 

data. By bypassing these bottlenecks, optical processors have the potential to push the boundaries of the 

efficiency, speed, and sensitivity of high-throughput biomedical assays, making them especially suitable 

for applications that require real-time feedback, such as point-of-care diagnostics and surgical operation. 

In this proposal, we focus on developing a computational image sensor for image-based cell sorting (ICS) 

in flow cytometry, a technique with broad applications in both fundamental biomedical research [10] and 

clinical diagnostics [11]. Cell sorting is a perfect use case for optical processing: in a typical experiment, 

cells moving in a flow channel need to be classified at ~1-ms latency and a throughput rate of 100,000 cells 

per second, generating gigabytes of data per second if they are imaged. Traditional fluorescence-activated 

cell sorting technologies, while reliable, capture limited information about cell morphology. This limitation 

is a significant barrier in applications involving phenotypic heterogeneity, cell cycles, and the detection of 

rare cell types. Current ICS technologies offer improved morphological insights but are hampered by a 

fundamental trade-off between speed and resolution. This proposal builds upon the foundational work in 

nonlinear optical processing by our group and peers [8, 13-15], and aims to overcome the limitations of 

traditional ICS techniques by applying new techniques from optical computing. 

Problem Statement/Objective 

There is a growing global demand for high-

throughput, high-resolution, and affordable cell 

sorting technology in biomedical research and 

healthcare settings. However, current technologies, 

which use digital image processing methods, are 

hampered by tradeoffs between speed and 

resolution. In this proposal, we aim to address the 

challenge of improving the speed and quality of 

point-of-care diagnostics and surgical operations 

by developing a high-sensitivity artificial 

intelligence-enhanced biosensor, empowered by 

the latest advancements in optical information 

processing.  

The primary objective of this proposal is to develop 

an ICS system that leverages nonlinear optical pre-

processing to enable ultra-fast, high-resolution cell 

sorting without the need to capture full-resolution 

images. This addresses the Health and Information 
categories of the Optica Foundation Challenge to 

develop new, innovative and more efficient 

technology solutions for the medical community. 

Figure 1. A nonlinear optical image sensor as an ultra-

fast image-based cell sorter. (A) Illustration of how 

optical pre-processing helps to circumvent the 

information bottleneck commonly encountered in image 

sensing. (B) Drawing of a cell sorting device based on 

nonlinear optical processing of light field scattered off 

the cell. 
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In traditional ICS, cells are digitally imaged and then classified based on shape and structure (Figure 1A, 

top). This process presents several challenges for high-speed operations. Regardless of the image formation 

method, there is a fundamental trade-off between the signal-to-noise ratio and acquisition speed (exposure 

time) of the image. This becomes particularly problematic when trying to capture high-resolution images 

at a high speed. Moreover, these high-resolution digital images require a significant amount of digital 

electronic resources for storing, transporting, and processing of the data, which in turn puts a practical limit 

on how fast the cells can be classified. Additionally, imaging fast-moving cells in a flow channel often 

requires sophisticated imaging techniques [16-18], high-speed detectors, and complex post-processing 

methods. These requirements significantly increase both the complexity and the cost of ICS systems.  

To address the problems encountered by conventional ICS systems, we propose removing the need to 

acquire any digital image. Instead, we will use optical operations to directly process the light field emitted 

or scattered from cell bodies to extract their morphological features. These features can be read out as the 

light intensity incident on a small array of fast photodetectors (Figure 1A, bottom). Our prior works have 

shown that with a nonlinear optical neural network, it is possible to reduce the dimension of cell images by 

400 times in the optical domain, while still preserving competitive cell classification accuracy. Based on 

this principle, optical processing can bypass the bandwidth and signal-to-noise limitations inherent to 

traditional imaging schemes, thus providing a more efficient method to sort cells based on their 

morphological features. In addition, the high image compression ratio further allows us to classify cells 

based on their 3D morphology, which far exceeds the bandwidth limit of naïve imaging schemes, thus 

elimintating the ambiguity caused by 2D cell images. For example, certain types of cell organelles look 

similar when projected to a 2D image [10], and it may be helpful to image them from multiple perspectives 

to better distinguish between them. Being able to better identify and distinguish between types of cell 

organelles can have important clinical implications, such as identifying rare cells, or measuring responses 

to drug treatment. In addition, the proposed ICS system based on optical computing will also redcue the 

engineering cost compared to state-of-the-art ICS systems. While the complexity of optical setups will 

remain similar, we propose to use optical operations to offload computation from digital image processors, 

thus significantly reducing the size, and more importantly, the cost of photodetector arrays and digital 

processors for on-demand image processing. 

Outcome(s) 

The proposed system will utilize a nonlinear multilayer optical neural network [8] as its core technology, 

enabling direct operation on the light field scattered or fluorescence signals emitted by cells. This approach 

allows for substantial improvements in speed and resolution over existing ICS technologies. While the 

principle of optical processing remains the similar as our foundational work [8], we will adopt a brand-new 

design that is more compact, scalable, and better tailored to the specific needs of cell sorters (for example, 

to optimize the design of the systems to better accommodate the geometry of flow channels and the typical 

size of the cells). The outcome of this project will be a prototype ICS system capable of: 

• Sorting cells based on morphology at speeds exceeding 100 kHz, significantly faster than current 

state-of-the-art ICS systems. 

• Achieving high-resolution 3D and multi-modality imaging, including fluorescence and label-free 

phase imaging. 

• Demonstrating superior precision in cell sorting, including the ability to identify rare or previously 

unrecognized cell types. 

• Besides using more traditional technologies, such as liquid-crystal based spatial light modulators 

and free-form optics, we plan to use our platform as a testbed for emerging technologies, such as 

custom designed metasurfaces for hyperspectral image sensing, and integrated photonic chips for 

real-time near sensor processing. 
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Based on the technical specifications described above, we plan to demonstrate the utilities of this new 

technology in a broad array of biomedical applications, with suitable collaborators. For example, we will 

work with collaborators at Max Planck Institute to apply the high precision and throughput rate of our 

invention to improve tumor excision surgeries. Our improved ICS system will enable us to ensure sufficient 

margins around tumor resection sites by rapidly classifying cells dissociated from tissue biopsies and 

detecting the presence of rare, or even unrecognized cell types, which could indicate trace amounts of cancer 

cells. By achieving an event rate exceeding 100 kHz, we will be able to screen tissue 100 times faster than 

existing technologies [11]. Speed enhancement is crucial for this application since it allows real-time point-

of-care feedback to surgeons to improve surgical outcomes.  

Impacts 

The successful development of this ICS system will have a profound impact on both clinical diagnostics 

and biomedical research. Clinically, it will enable rapid, label-free, and real-time examination of tissue 

margins during tumor removal surgeries, substantially improving patient care by reducing procedure times 

and increasing the accuracy of cancer detection. In the broader context of biomedical research, the system 

will enhance capabilities in single-cell sequencing, immunotherapy, and the early detection of cancer or 

rare cells in blood samples, among other applications. By providing access to detailed 3D morphological 

data at unprecedented speeds, this technology has the potential to catalyze significant advancements across 

multiple fields of study and application.  

Timeline and Work Plan 

Year 2024: 

• Q1-Q2: Develop a software pipeline for simulating light diffraction and in silico training of the 

optical-computing-based cell sorter (Aim 1) 

• Simulation of multiple scattering of light field across a 3D cell volume of inhomogeneous 

refractive index with a differentiable physical model. 

• Simulation of the training of optical hardware with backpropagation. 

• Benchmark the performance of the trained system against linear optical classifiers to show 

the merit of nonlinear optical processing. 

• Q3-Q4: Design, construct, and test the optical setup of the cell sorter (Aim 2) 

Year 2025: 

• Q1-Q2: Investigation of different methods for in situ training of the optical setup [19-21] (Aim 3). 

• Develop training methods that will allow the cell sorter to adapt to different cell types and 

applications, and potentially investigate on unsupervised learning methods for recognizing 

rare cell types.  

• Q3-Q4: Real-cell sorting experiments in flow channels (Aim 4). 

• Demonstrate the capacity in biologically/clinically relevant studies in collaboration with 

collaborators at Max Planck Institute. 
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Executive Summary: Advancing toward precision medicine approaches in biomedical imaging 
using label-free microscopy, spatial -omics, and artificial intelligence (Health) 

The Challenge: Recent years have seen the explosion of “precision medicine” techniques in 
healthcare – approaches that tailor treatment and management of disease to individual patient’s 
genetic makeup, environmental exposures, and lifestyle. These methods are particularly valuable in 
the context of cancer, which can be a highly heterogeneous disease with different phenotypes, each of 
which may call for a completely different treatment strategy. Cancer is undisputedly a major global 
health challenge: it is one of the leading worldwide causes of death and over 40% of the human 
population is estimated to develop cancer in their lifetime. Utilizing precision medicine techniques to 
tailor cancer treatment has enabled significantly increased survival and quality of life for cancer 
patients. However, without tools to effectively identify and classify cancer phenotypes, the promise of 
precision medicine is left unrealized - both patients and clinicians are left with few treatment options, 
having to fall back to general surgery and/or chemotherapy, which can carry significant mortality and 
morbidity. Unfortunately, while precision medicine approaches for treatment and drug screening have 
advanced, methods for identifying disease phenotypes have lagged, relying on extremely costly assays 
of molecular biomarkers, various histopathological analyses, or -omic sequencing. Therefore, until the 
development of more accessible techniques for patient-specific disease classification and subtyping, 
the significant advancements in precision medicine for therapeutics will be unrealized for much of the 
global population. The challenge we propose to address is the need for rapid, inexpensive, tumor 
phenotyping and label-free staining. Successfully developing this approach could bridge the gap to 
implementing precision medicine therapeutics in global populations, impacting millions, while 
simultaneously enhancing gold standard technologies in pathology. 

Proposed Project (Health Category): The main objective of this project is to develop a novel 
approach using label-free microscopy, spatial -omics, and artificial intelligence to enable rapid, 
inexpensive, and accurate estimation of clinically relevant biomarkers. This main objective directly 
leads to two impactful downstream applications: (1) to enable point-of-care disease phenotyping for 
patient-specific diagnostics, and (2) to enhance pathology techniques by providing “label-free 
staining” and spatial mapping of biochemical markers. While biomedical image classification for 
disease detection is a common area of research, the field has yet to develop robust and generalizable 
methods for more nuanced classification challenges such as phenotyping. Our group has demonstrated 
that co-registering genetic sequencing information with label-free imaging modalities can be used to 
effectively subtype tissues at a similar level of accuracy to sequencing, but without the high cost or 
lengthy experimental time required for -omic experiments. We have also shown that utilizing this data 
alongside artificial intelligence methods can also be used for spatially mapping gene expression 
markers using label-free imaging alone, suggesting that this methodology could be an effective 
approach to “label-free staining” of tissues – utilizing optical microscopy methods as a proxy to 
histopathological staining.  While other works have also investigated artificial intelligence for label-
free staining, this has so far been limited to labeling tissues for individual proteins or general 
chromogenic stains such as Hematoxylin and Eosin, which only captures a small piece of information 
about the tissue. Utilizing recent advancements in spatial transcriptomics, our approaches integrate the 
entire human transcriptome, enabling understanding of mechanistic biological changes not limited to 
simple abundance or binary expression.  Therefore, our work could represent a major breakthrough 
toward precision medicine approaches in biomedical imaging to enable patient-specific disease 
phenotyping, and more broadly, enhanced pathology. In Aim 1, we will use spatial transcriptomics 
and label-free optical imaging to generate co-registered spatial maps of the human transcriptome. 
Aims 2-3 will focus on defining causative relationships between optical and -omic markers, and 
developing artificial intelligence models to perform tissue subtyping and label-free staining. 

Intended Outcomes: Through this project, we will deliver a completely novel approach to tissue 
phenotyping and label-free histopathological staining. Unlike current methods, our approach will be 
scalable, highly repeatable, rapid, and has the potential for in vivo application. The project will break 
new ground in precision medicine approaches in biomedical imaging. By exploring the fundamental 
mechanisms dictating light-tissue interactions at the genetic scale, the techniques we develop can be 
applied broadly in biomedical imaging, revolutionizing our ability to understand tissue and disease 
development at a microscope scale.  



 
 

Advancing toward precision medicine approaches in biomedical imaging using label-free 
microscopy, spatial -omics, and artificial intelligence 

 
1. Problem Statement / Objective 

“Precision medicine” in healthcare has become increasingly popular in the last decade – this 
refers to approaches that tailor therapeutic strategies to specific disease phenotypes and individual 
patient’s genetic makeup, environmental exposures, and lifestyle.1 These methods are particularly 
valuable in the context of cancer, which can be a highly heterogeneous disease with different 
phenotypes, each of which may call for a completely different treatment strategy. Cancer is a major 
health challenge globally, as one of the leading worldwide causes of death and with over 40% of the 
human population estimated to develop cancer in their lifetime.2 Utilizing precision medicine 
techniques to tailor cancer treatment has enabled significantly increased survival and quality of life 
for cancer patients. However, without tools to effectively identify and classify cancer phenotypes, the 
promise of precision medicine is left unrealized - both patients and clinicians are left with few 
treatment options, having to fall back to general surgery and/or chemotherapy, which can carry 
significant mortality and morbidity. Unfortunately, while precision medicine approaches for treatment 
and drug screening have advanced, parallel methods for identifying disease phenotypes have lagged, 
relying on extremely costly assays of molecular biomarkers, various histopathological stains, or -omic 
sequencing. Therefore, until the development of more accessible techniques for patient-specific 
disease classification and phenotyping, the significant advancements in precision medicine for 
therapeutics and disease management will be unrealized for much of the global population. 

Label-free biomedical imaging (LBI) represents a powerful tool that could bridge the gap to 
precision medicine techniques for disease phenotyping. LBI exploits natural sources of optical 
contrast to provide understanding of biological processes and alterations that may occur during 
disease onset.3 There are a variety of popular LBI methods that target different sources of endogenous 
contrast including those related to metabolism (autofluorescence, fluorescence lifetime), structure 
(polarization and second harmonic generation), and biochemistry (Raman), among others. By 
leveraging natural sources of contrast, LBI obviates the need for external contrast agents, making it 
particularly attractive for point of care applications such as disease screening and diagnosis where 
toxicity and patient safety is paramount. Another area where LBI shows great promise is enhancing 
histopathology through “label-free staining,”4 which is a critical tool for disease phenotyping. 
Standard histopathology employs contrast agents to bind to specific markers of interest. This requires 
extensive development of specific antibodies and protocols for each marker, which often are not 
quantitative and only assess binary expression. Identifying biomarkers for disease phenotyping in 
histopathology is another area where technology based on LBI could make significant impact.  

In this proposal, we seek to develop novel precision medicine techniques for rapid, inexpensive, 
and accurate cancer phenotyping using a combination of spatial sequencing, LBI, and artificial 
intelligence. This main objective directly leads to two impactful downstream applications (Figure 1): 
(1) rapid, point-of-care optical tumor phenotyping for patient-specific diagnostics, and (2) enhanced 
pathology techniques by providing “label-free staining” and spatial mapping of biochemical markers. 
This work could represent a breakthrough toward precision medicine approaches in biomedical 
imaging to enable patient-specific phenotyping, and more broadly, enhanced pathology. 

Figure 1: Our proposal aims to develop precision medicine techniques using label-free biomedical imaging for (A) tissue 
phenotyping into clinically relevant categories to guide precision medicine therapeutics, and (B) quantitative label-free 
staining for spatially estimating abundance of biological markers (Figure B reproduced from [3]). 



 
 

2. Impact 
 The potential impact of this work cannot be understated: The successful completion of this work 
would break new ground in biomedical imaging in the context of precision medicine, with the wider 
potential to revolutionize our clinical approaches to disease treatment and management. Our proposal 
focuses on optical phenotyping for pancreatic cancer – the seventh leading cause of cancer death 
globally, with less than 15% overall 5-year survival rate.5 Pancreatic cancer is highly heterogeneous, 
with some extremely aggressive disease subtypes, and other subtypes that are semi-benign, where 
patients can live over 15 years without major issues arising.6 Optical phenotyping could greatly 
improve our ability to treat and manage pancreatic cancer by defining and detecting these subtypes, 
leading to faster and more accurate precision medicine treatment and therapeutics. More importantly, 
while our proposal focuses on pancreatic cancer, our approach could be generalized to any disease 
that could be targeted with precision medicine approaches. Given that many cancers exhibit 
heterogeneous behavior, rapid, point-of-care phenotyping could be broadly impactful across the 
cancer continuum. Beyond this, our advancements in label-free staining for enhanced pathology are 
relevant beyond cancer and could be generalized to interrogate a variety of biomarkers, augmenting 
our technological capabilities both in basic science research, and clinical application.  

Demonstrating and leveraging the relationship between LBI and genetic pathway regulation / 
gene expression would mark a significant step toward the PI’s long-term research goal to develop 
label-free, precision, biomedical imaging technologies, and would provide the basis for pursuing 
funding through larger NIH and NSF research grants to further develop this technology toward 
clinical application. Due to the non-trivial risks in the initial development of these approaches, the 
proposed project may be difficult to fund from other sources, making this award a perfect fit. As 
described in the Personal Statement of the CV, the PI is well positioned to complete this work – he 
possesses a strong background in optical imaging, computational analysis, and genomics, as well as 
leading an interdisciplinary team at a premier institution for optical sciences. 
 
3. State of the Art and Literature Review 
3.1 Label-free biomarker identification for disease phenotyping 
 Identifying biomarkers using LBI has been the subject of research efforts for several decades. 
Perhaps the most common application is diagnosis and screening: a vast amount of research work has 
focused on identifying disease-specific imaging biomarkers to enable early detection and diagnosis. 
Examples of this include early detection of gastrointestinal cancers, diagnosis of skin cancer, and 
assessing plaques in the coronary arteries, among a myriad of other applications.7 While there is often 
a high level of accuracy in classifying tissue types using label-free imaging, these efforts rarely 
connect the source of optical contrast with a true biological mechanism. In other words, most works 
will correlate label-free contrast with a specific tissue type but fail to understand precisely what tissue 
alterations lead to the detected label-free contrast. As such, the generalizability of these studies is 
severely limited beyond the specific dataset or tissue type that was assessed.  

Other efforts focus on collecting specific types of label-free contrast that are well understood. 
Examples in the context of cancer include blood oxygenation via spectral imaging, measuring 
collagen organization and abundance through second harmonic generation, and metabolic markers 
through fluorescence lifetime imaging (FLIM). These approaches have the advantage of leveraging 
known sources of contrast connected to the “hallmarks” of cancer. However, like the case of simple 
tissue classification, the specific biological mechanisms dictating these imaging features is still not 
fully understood – many different genetic pathways may lead to alterations in the metabolic behavior, 
vasculature, and extracellular matrix variations, and current research has failed to connect the 
relationship between the genetic regulation and LBI contrast. Different types of cancer, and even 
different phenotypes of a specific cancer (such as pancreatic cancer), can exhibit completely different 
genetic regulation behavior, leading to the vast disease heterogeneity that we observe.6 This implies 
that these general sources of LBI contrast are not necessarily relevant or useful for all patients, which 
ultimately decrease the sensitivity and specificity of the technologies. With a more precise 
understanding of the connection between genetic regulation and LBI contrast, not only could the 
significant patient-to-patient variability be addressed, but it could also be possible to tease out the 
specific tissue interactions at play to enable “optical phenotyping,” for example, where tissue could be 
assessed for metastatic potential and proliferative ability rapidly and cost effectively using LBI.  



 
 

 
 
3.2 Artificial intelligence for label-free staining 
 Since the recent explosion of artificial intelligence in biomedical imaging, several groups have 
aimed to develop techniques for label-free staining.8 The advantages to such an approach are myriad: 
histopathological staining is used broadly and can be time intensive, costly, difficult to quantify, and 
can lack robust reproducibility. The ability to generate analogs to histopathological stains using LBI 
would be transformative to the field by enabling rapid, low-cost, reproducible, and quantitative 
measurements of specific biomarkers.  Generally, histopathological staining is based on binding 
specific chemicals or antibodies to biomarkers of interest. These biomarkers often are implicated in 
light-tissue interactions, and therefore LBI can be used to map out the abundance of these markers. 
For example, researchers have shown that using autofluorescence images, a neural network can be 
trained to generate histological stains such as Hematoxylin & Eosin (H&E), which bind to the cell 
nuclei and cytoplasm respectively. This approach has also been shown to be able to estimate 
expression of specific proteins such as PanCK (epithelial marker) or Ki-67 (measure of proliferation).3 
While these works are groundbreaking as a proof of concept, they only scratch the surface of what 
could be possible. These approaches so far have used individual stains as ground truth for training the 
AI algorithms. While this allows for a direct input-to-output pipeline, a major limitation of this 
approach is that it does not allow for understanding potential cross correlation between expression of 
different proteins, and only allows mapping a limited set of proteins at once, given that only a few 
different stains can be multiplex simultaneously. Furthermore, it remains to be seen which LBI 
modalities may have the highest predictive ability for different biomarkers. These outstanding 
challenges must be addressed in order to realize the true potential of label-free staining.  
 
3.3 Preliminary work completed by the PI’s team 

In contrast to the techniques above, the proposed approach directly addresses limitations in both 
biomarker identification for optical phenotyping with LBI, as well as label-free staining, by 
leveraging the recently developed technology of spatial -omics. In our previous work with pancreatic 
cancer, we demonstrated the methodology to acquire and co-register autofluorescence and FLIM 
images, as well as a full spatial transcriptomic dataset acquired using the 10X Visium system (Figure 
2A, B).9 With this co-registered dataset, we first investigated the regulation of the genetic pathways 
corresponding to the Warburg effect, the transition of cancer cells to using anaerobic glycolysis for 
energy production. This transition varies the abundance of metabolites NADH and FAD, which have 
distinct fluorescence spectra and can be measured in the “optical redox ratio.” We showed that the up-
regulation of the pathways implicated in the Warburg effect were directly correlated with the optical 

Figure 2: (A ,B) Our prior work has enabled us to develop methods for acquiring and co-registering spatial 
transcriptomics and LBI images. With this, we showed (C) correlation between metabolic pathways implicated in the 
Warburg effect, and the optical redox ratio, as well as the ability to (D) effectively phenotype tissues using LBI images. 



 
 

redox ratio measured through LBI (Figure 2C). To our knowledge, we are the first to show this direct 
connection between the optical redox ratio and an actual biological mechanism related to the Warburg 
effect – other works simply have correlated abundance of NADH and FAD to the redox ratio but have 
not explained the underlying mechanism dictating the variation in these metabolites. Next, we utilized 
the spatial transcriptomics signatures to cluster tissues into different clinically-relevant phenotypes. 
We built a random forest classifier using our LBI images and showed that we could “optically 
phenotype” our samples to high accuracy, demonstrating the feasibility of the approach (Figure 2D). 
Finally, we evaluated the ability to perform label-free, quantitative staining by building a regression 
model using LBI modalities to predict the expression of different biomarkers, in which we were able 
to achieve over 80% accuracy in predicting the expression values for specific transcripts. While these 
preliminary results are extremely promising, several challenges remain to fully realize the potential of 
our approach. Namely, it is critical to broaden our patient cohort to investigate intra and inter-patient 
heterogeneity, as well as to integrate other LBI modalities beyond autofluorescence and FLIM to 
explore relationships between different LBI contrast mechanisms and genetic regulation, and finally it 
is necessary to develop artificial intelligence methods to define these complex interactions in order to 
achieve rapid and high accuracy optical phenotyping and label-free staining.  
 
4. Proposed Solution: Leveraging artificial intelligence to define optic-omic relationships 
 Building on our promising work, this proposal is focused on addressing the outstanding 
challenges above in order to push LBI toward precision medicine approaches. We first will broaden 
our dataset to a diverse range of 16 pancreatic cancer patients, enabling us to more thoroughly analyze 
intra- and inter-patient heterogeneity. This will allow us to evaluate the sensitivity, specificity, and 
generalizability of the relationships between LBI and genetic regulation. In doing so, we will also 
generate a dataset including a broader representation of LBI modalities – autofluorescence and FLIM, 
as well as Raman spectroscopy and polarization. By including additional sources of contrast, we 
anticipate the ability to form connections between a wider range of genetic pathway alterations. Using 
this dataset, we will implement causal statistical methods to attempt to define optic-omic interactions 
indicating which genetic pathways are most influential in defining LBI contrast. Finally, we will 
develop custom deep learning models to perform the two objectives of (1) optical tumor phenotyping, 
and (2) label-free staining. Figure 3 shows a conceptual outline of the three aims required to achieve 
these goals in the proposed work, and the Timeline document provides more detail.  

 
 
 
 

Figure 3: The proposal will focus on three aims: (1) acquiring our optic-omic dataset for a diverse patient population to 
assess intra- and inter- patient variability, (2) implementing casual statistical modeling to define optic-omic interactions, 
and (3) integrating deep learning models for performing optical phenotyping and label-free staining using LBI images. 



 
 

5. Expected Outcomes 
Please refer to the Timeline document for detailed description of the work completed in each Aim, 
and the timeline through the award period. The expected outcomes are shown below. 
 
Aim 1 (Months 1-6): Generate co-registered spatial transcriptomics and label-free optical 
microscopy dataset for patient cohort to investigate intra- and inter-patient variability.  In this 
aim, we anticipate generating a co-registered optic-omic dataset for 16 patients comprised of (1) full 
spatially resolved human transcriptome; (2) multispectral autofluorescence microscopy images; (3) 
fluorescence lifetime images (FLIM), spatially resolved (4) Raman spectroscopy, and (5) Mueller 
Matrix polarization microscopy. In this dataset, there will be over 64,000 discrete data points, where 
each point contains a full transcriptomic signature and the corresponding 100-micron x 100-micron 
field of view in each imaging modality. Using linear mixed-effects models, we will establish the intra- 
and inter-patient variability of our LBI markers, and correlations with transcriptomic signatures. 
 
Aim 2 (Months 6-12): Define causal optic-omic relationships using statistical modeling. From 
this aim, we will demonstrate a novel and robust approach to biomarker identification and validation 
through causal statistical modeling.10 Our approach will enable us to elucidate underlying genetic 
mechanisms that lead to variations in LBI contrast. Using this approach, we will validate standard LBI 
sources of contrast such as the optical redox ratio and metabolites identified through FLIM and 
Raman, before broadening to define causal mechanisms behind and angiogenesis and collagen 
network disruptions measured through polarization and SHG. This approach will be novel and 
generalizable beyond the modalities we use here, having potential for broad impact on the field. 
 
Aim 3 (Months 12-18): Develop AI models for label-free subtyping and virtual staining. From 
this aim, we will develop two novel artificial intelligence models. The first will enable rapid optical 
phenotyping of tissues to identify clinically relevant disease phenotypes based on LBI modalities 
alone. Through this we will be able to identify which LBI modalities have the highest diagnostic 
relevance for potential future in vivo application. The second model will break new ground in label-
free staining by enabling us to generate transcriptomic signatures and measures of genetic pathway 
regulation using LBI modalities, significantly improving over existing work to estimate singular 
protein abundance. 
 
Taken together, these outcomes will lay the foundation for the PI to make groundbreaking 
advancements in the development of LBI technologies. Next steps will include broadening these 
techniques to other diseases and tissues, in addition to assessing the feasibility of collecting relevant 
LBI markers in vivo for point-of-care tumor phenotyping. Funding will be pursued through federal 
agencies including the NSF CAREER and the NIH through R21 or R01 mechanisms. 
 
6. Conclusion 

Cancer represents one of the largest global health challenges we are presently facing. Precision 
medicine is revolutionizing our ability to treat and manage this heterogeneous disease in a patient-
specific and more accurate manner, but parallel approaches to identify disease phenotypes to enable 
precision medicine therapeutics is lacking. Our proposal focuses on addressing this gap by developing 
precision medicine techniques for optical phenotyping using label-free biomedical microscopy, spatial 
-omics, and artificial intelligence. Through this work, we will lay the foundation for developing label-
free, rapid, and inexpensive technologies for identifying disease phenotypes, understanding the 
biological mechanisms dictating label-free biomedical imaging contrast, and creating novel 
approaches for label-free staining to enhance pathology. Ultimately, these advancements could lead to 
major improvements in our ability to treat and manage cancer by providing a robust approach to 
identifying and defining disease phenotypes, leading to precision medicine therapeutic action. 
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Inverse-designed energy-efficient nonlinear photonic multi-channel neural network 

Asst. Prof. Uğur Teğin, Koç University, utegin@ku.edu.tr, Category: Information & Environment 

As transistor counts plateau, current computing architectures with memory-access bottlenecks face 
limitations resulting in high power consumption on data-intensive tasks. An energy-efficient, high-
speed, and scalable alternative computing paradigm is necessary to advance our civilization. As an 
alternative approach, optical computing, an analog computing paradigm, has been around for 
decades and is closely following developments in data science and AI (G. Wetzstein et al. Nature 
588.7836, 2020). However, photonic neural networks suffered from fundamental challenges like 
redundant electro-optic connections and a lack of versatile nonlinearities with low power 
consumption in a scalable and small form factor. Utilizing spatiotemporal nonlinear dynamics in 
multimode fibers, scalable optical nonlinear computing has been demonstrated for machine 
learning applications (U. Teğin et al., Nature Computational Science,1.8, 2021). Although, this 
study presents a promising platform with all-optical complex nonlinearity, a pulsed laser with kW 
peak powers, and bulky optical components needed to create nonlinear dynamics. 
To revolutionize photonic neural networks and optical computing technologies, developing 
all-optical nonlinear computing that is low-energy, fast, compact, and reliably 
manufacturable is crucial. We propose an energy-efficient nonlinear photonic neural network 
designed through inverse methods to achieve this goal, enabling multi-channel computing. Our 
approach features an integrated nonlinear optical computing architecture using multimode silicon 
nitride waveguides and includes inverse-designed units to manipulate light propagation, facilitating 
the training of photonic neural networks. The spatiotemporal nonlinear Schrödinger equation 
governs the nonlinear spatiotemporal propagation in these silicon nitride waveguides, with the 
inverse-designed control units inducing mode mixing between the waveguides. 
Our innovative solution leverages spatiotemporal nonlinear dynamics, integrated optics, and 
inverse design, offering three key features: 
1. Strong Nonlinear Optical Computing with Low Power Consumption: Silicon nitride’s high 
material nonlinearity (n2) and the effective nonlinearity of waveguides (γ) result in 5000 to 7000 
times greater nonlinearity than optical fibers depending on the waveguide geometry. This makes 
multimode silicon nitride waveguides highly effective for spatiotemporal nonlinear optical 
computing with continuous wave lasers, enabling strong all-optical nonlinear computing with just a 
few watts. 
2. Small-Footprint Scalable Nonlinear Photonic Neural Network: Our technology uses 
waveguide modes to nonlinearly process optical information. These modes, acting as channels, 
couple linearly and nonlinearly. The high refractive index of silicon nitride allows for small-area 
multimode optical waveguides, facilitating high-resolution data processing and scalable optical 
computing. Our solution offers a small footprint and scalability by increasing the number of modes 
with increasing propagation area or decreasing the operation wavelength, significantly enhancing 
the effectiveness of integrated photonic computing. 
3. High-Performance Multi-Channel Optical Computing with Inverse Design: Utilizing an 
inverse design approach, our solution incorporates mode mixing units for training photonic neural 
networks. By further implementing an inverse-designed wavelength division multiplexing unit, we 
propose an advance wavelength-selective optical computing with different paths to achieve multi-
channel photonic neural network design. It creates a versatile platform that integrates various 
optical computing architectures into a single design. 
The framework introduced by our inverse-designed energy-efficient nonlinear photonic multi-
channel neural network has the potential to provide extreme utility in diverse areas of application. 
This approach provides compelling evidence that inverse-designed integrated platforms can be 
utilized for various geometries for task-oriented applications. 
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Inverse-designed energy-efficient nonlinear photonic multi-channel neural network 

Asst. Prof. Uğur Teğin, Koç University, utegin@ku.edu.tr   

1. Literature review 
Artificial neural networks are ideal applications for analog computing platforms due to being 
notoriously robust against noise and resilient to imperfections [1]. Among analog computing 
frameworks, optics perform computation intrinsically by offering fundamental operations like 
Fourier transform, matrix multiplication, and convolution with passive optical elements [2,3]. Thus, 
it has a rich history closely following the evolution of data processing and AI (see Fig. 1) [4-6].  
Starting with the optical implementation of the Hopfield network [7], photonic neural networks 
emerged. To mimic the artificial neural networks in digital form, dynamics nonlinear crystals are 
utilized to have active control for training the optical setup [8]. However, interest in custom optical 
hardware declined in the 1990s because the technology required for the optoelectronic 
implementation of nonlinear activation functions was not yet fully developed, and the challenge of 
managing analog weights made it difficult to control extensive optical networks reliably.  

Figure 1: Timeline of artificial intelligence and selected related optical and photonic 
implementations 

The introduction of neuromorphic computing methods in the 2000s, such as reservoir computing 
and extreme learning machines, show a way to overcome the training issues in optical computing 
by offering fixed yet nonlinear hidden layers [9,10]. This bioinspired solution renewed interest in 
optical neural networks and various delay-based optical systems are utilized for optical computing 
[11]. However, photonic neural networks lacked strong all-optical nonlinear connections to reach 
similar performance levels with their digital counterparts. Here, we would like to emphasize that 
the nonlinear connections are essential to high performance computing in AI. Nonlinear 
computing performs dimensionality expansion to the dataset and/or create clustering between the 
related data samples [12]. One of the many fruits of my PhD studies at EPFL is the demonstration 
of nonlinear computing with complex spatiotemporal nonlinear dynamics in multimode fibers for 
optical computing and creating a powerful, scalable, and nonlinear photonic neural network. This 
study earned recognition with a cover feature in Nature Computational Science and media 
attention, including The Economist [13]. Although this study presents excellent machine learning 
performance and all-optical nonlinear computing, a pulsed laser with kW peak powers is needed to 
create nonlinear dynamics. A low-energy, fast, small-footprint, reliably manufacturable nonlinear 
optical computing will be a helpful building block for photonic neural networks. 
In the field of integrated optics, silicon nitride has emerged as a promising platform for nonlinear 
optics due to its relatively low two-photon absorption, wide transparency window, and high optical 
damage threshold [14,15]. With remarkable improvements in fabrication methods, such as the 
introduction of the photonic Damascene process, ultra-low loss silicon nitride structures with 
micron-level thicknesses become feasible [16]. Over the last decade, these advantages have 
made silicon nitride waveguides and resonators ideal for applications in frequency comb 
generation [17], and optical signal processing [18]. Furthermore, inverse design became 
an interesting direction in micro and nanophotonics. It is a computational approach to designing 
optical devices by specifying desired performance outcomes and using algorithms to determine the 
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optimal structure or material configuration to achieve those outcomes [19,20]. Although this method 
contrasts with traditional intuition-based design processes, it provides remarkable performance for 
broad tasks, such as wavelength multiplexers, mode multiplexing, couplers, and on-chip sensors 
[21-24]. By topology optimization and machine learning to explore a vast design space, inverse 
design in nanophotonics enables the creation of highly efficient, compact, and often 
unconventional photonic devices. Recent numerical and experimental studies demonstrate that 
linear scattering-based inverse-designed integrated optical units can perform matrix multiplication 
and optical computing [25,26]. Such developments present improvements over computer-assisted 
diffractive neural networks, which have limited applications to THz optics in bulk form [27,28]. 
2. Problem statement / Objectives 
In today's data-driven world, the rising demand for computing power, fueled by machine learning 
and data-heavy applications, poses a significant challenge. Modern AI technologies use enormous 
amounts of power. Training advanced language models such as GPT-3 can consume as much 
energy as charging 13,000 electric cars from scratch [29]. Likewise, the high power consumption of 
AI technologies limits the operation of trained neural networks to cloud computing. Along with the 
slowdown in Moore's Law, seen in the stagnation of transistor counts on microchips, AI's 
computational power demands highlight the need for a more sustainable and efficient approach to 
computing. This new approach should provide a scalable computational power and minimize 
environmental impact. 

Figure 2: (a) Illustration on the impact of nonlinear optical computing, (b) the inverse-designed 
energy-efficient nonlinear photonic neural network, and (c) its multi-channel architecture. 
Optical computing has significant speed, efficiency, and high parallelism potential as a paradigm 
shift in computation. All-optical strong nonlinear connections are essential to perform nonlinear 
information processing to realize optical counterparts of the artificial neural networks. So far, state-
of-the-art performances with nonlinear optical computing have been achieved via high-power 
ultrafast lasers and bulky fiber optical systems [12].  
To revolutionize the field of photonic neural networks and optical computing technology, low-
energy, fast, small-footprint, reliably manufacturable all-optical nonlinear computing is essential. 
We propose the inverse-designed energy-efficient nonlinear photonic neural network to realize this 
goal, which can branch out as multi-channel computing. We design an integrated nonlinear optical 
computing architecture with multimode silicon nitride waveguides and incorporate inverse-designed 
units to shape light propagation to train photonic neural networks. As illustrated in Fig. 2, the 
spatiotemporal nonlinear Schrödinger equation governs nonlinear spatiotemporal propagation in 
silicon nitride wide waveguides, and the inverse-designed control units create mode mixing 
between the waveguides. This mode mixing behavior of the inverse-designed units provides us 
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control over the nonlinear propagation of the information-carrying light. During the design process, 
we favor the high optical computing performances for benchmark datasets (Fashion MNIST, 
CIFAR-10, COVID-19 X-Ray, etc.), thus optimizing the topology of these units to provide trained 
photonic neural networks. We expect to reach at least 90% test accuracy for the selected datasets 
and aim for less than 50 W power consumption. Such power consumption is more than an order of 
magnitude less than GPUs for AI applications.  
Our innovative technology combines the benefits of spatiotemporal nonlinear dynamics, integrated 
optics, and inverse design, offering three key features:  
I. Strong nonlinear optical computing with low power consumption: In addition to silicon nitride's 

high material nonlinearity (n2), the effective nonlinearity of a waveguide (γ) is significantly high 
due to its inverse proportionality to the effective propagation area. Depending on the 
waveguide geometry, it results in 5000 to 7000 times more effective nonlinearity. Thus, 
multimode silicon nitride waveguides and structures offer spatiotemporal nonlinear dynamics 
with orders of magnitude higher nonlinearities than optical fibers. Such a nonlinear optical 
platform opens a path to create spatiotemporal nonlinear dynamics with continuous wave 
lasers. Our novel design enables us to perform strong all-optical nonlinear computing with few 
watts. 

II. Small-footprint scalable nonlinear photonic neural network: This innovative technology utilizes 
the waveguide modes to decompose and process optical information. These waveguide modes 
operate as channels, and in addition to linear coupling due to imperfections, they nonlinearly 
couple with each other. The high refractive index of silicon nitride provides multimode optical 
waveguides with small areas, which helps us to process high-resolution data and scale our 
optical computing platform. Unlike other integrated optical computing schemes, our novel 
solution is scalable with the number of modes that can increase the effective area and/
or decrease the operation wavelength. Offering an intrinsic small footprint with integrated optics 
yet being scalable is one of the groundbreaking features of our inverse-designed energy-
efficient nonlinear photonic multi-channel neural network. Furthermore, due to the high effective 
nonlinearity of the proposed material, propagation length decreases in favor of small-footprint 
photonic computing. 

III. High-performance multi-channel optical computing with inverse design: Our innovative 
technology can branch out into multi-channel photonic neural network designs. Powered by the 
inverse design approach, we incorporate mode mixing units to train photonic neural network 
architectures for the aforementioned benchmark datasets. By incorporating an inverse-
designed wavelength division multiplexing, we propose to perform wavelength-selective optical 
computing with different paths to achieve multi-channel photonic neural network design. 
Depending on the wavelength of the information-carrying light, the wavelength division 
multiplexing unit steers the propagation direction to the designated trained photonic neural 
network path. It creates a versatile platform to combine different optical computing 
architectures into a single design. 

3. Outline of tasks / Work Plan 
WP 1 - Design and simulation 
Goal: WP1 aims to perform numerical studies to design the photonic neural network architecture 
and provide an in-depth understanding of spatiotemporal nonlinear information processing in 
candidate structures. 
Over the years, we have developed expertise in optical waveguide and nonlinear optics simulation 
tools using the beam propagation method (BPM) and semivectorial finite difference method. They 
perform intensive calculations with GPU parallelization and deliver the most realistic modeling of 
spatiotemporal nonlinear propagation of light and modal analysis of the waveguides. In this work 
package, we will develop a numerical tool by incorporating commonly used inverse design tools 
(SPINS, Tidy3D, etc.) and our nonlinear optics simulations to realize our innovative architecture. 
Our efforts will focus on designing edge couplers, multimode silicon nitride waveguides, and 
inverse-designed mode mixing units. An illustration of a single photonic neural network and its 
multi-channel implementation are presented in Fig. 2. 
We will perform numerical studies to explore various geometries to optimize waveguide 
parameters and laser power to achieve the best optical computing performances. Since the 
waveguide parameters affect the number of information channels (modes) and the effective 
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nonlinearity with the area where the light travels, we must fine tune these parameters for best 
performances. Here, we would like to emphasize that the waveguide will provide spatiotemporal 
nonlinear propagation governed by the spatiotemporal nonlinear Schrödinger equation and the 
inverse-designed sections along the propagation will be utilized to increase the performance of the 
photonic neural networks. Furthermore, by combining several photonic neural networks designed 
for particular wavelengths via inverse-designed wavelength division multiplexing, we will design 
and numerically study the photonic multi-channel neural network.  
WP 2 - Fabrication and characterization  
Goal: WP2 aims to fabricate and characterize candidate photonic neural network structures and 
perform their tests before machine learning studies. 
In this work package, we will fabricate and experimentally test the candidate photonic neural 
network designs determined by the numerical studies on WP1. With layout software such as L-Edit 
and K-Layout, we will develop the waveguide patterns to be used in the fabrication process. Based 
on the fabrication capabilities of N2star (Koç University Nanofabrication and Nanocharacterization 
Center), we have expertise in designing and developing low-loss silicon nitride waveguides at our 
university. We will follow the standard and matured techniques for waveguide fabrication involving 
vapor deposition, lithography, and etching. Since we want to develop multimode waveguides, our 
task is relatively easy, and our goal is to fabricate large cross-sections. Inverse-designed control 
units can be processed during these fabrication steps with adequate feature sizes [30]. However, 
we can use e-beam lithography techniques if necessary. During and after fabrication processes, 
we will perform cross-sections and related characterizations. Our optical tests will involve coupling 
and propagation loss measurements, spectral broadening, and spatial changes under linear and 
nonlinear light propagation. 

Figure 3:  Gantt chart for the project which is organized through 3 work packages (WP), each with 
2 tasks. ML stands for machine learning and NNE stands for neural network. 

WP 3 - Photonic neural network performance tests 
Goal: WP3 aims to experimentally realize the single and multi-channel photonic neural networks. 
In this work package, the inverse-designed energy-efficient nonlinear photonic neural networks  
(single and multi-channel) designed in WP1 and fabricated in WP2 will be integrated into an optical 
setup illustrated in Fig. 2. At the input of the waveguide, due to the slab geometry of the 
waveguide, we will utilize cylindrical lenses or Powell lenses to fill the edge coupler effectively. Our 
preliminary numerical studies suggest that an asymmetric waveguide improves the nonlinear 
connection between higher- and low-order modes. We anticipate that such an interaction can 
enhance performance in machine learning studies. Initially, we will employ a digital decision layer 
to link optical information to labels. We selected commonly used machine learning datasets 
(Fashion MNIST, CIFAR-10, and COVID-19 X-Ray) to benchmark the performance of our inverse-
designed energy-efficient nonlinear photonic neural network architecture. For each dataset we 

Year I Year II

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

WP 1 - Design and simulation

Task 1.1: Integrated waveguide and inverse design

Task 1.2: Beam propagation simulations

WP 2 - Fabrication and characterization

Task 2.1: Fabrication of candidate structures

Task 2.2: Physical and optical characterizations 

WP 3 - Photonic neural network performance tests

Task 3.1: ML studies and benchmarks

Task 3.2: ML studies with multi-channel photonic NNE
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expect to offer at least 90% test accuracy. We will explore the design cases to remove the digital 
decision layer to perform all-optical computing. Furthermore, we will also test the photonic multi-
channel neural network in this work package. It will perform as a wavelength-dependent trained 
photonic neural network, and for different wavelength regimes, the architecture will provide 
inference on different machine learning tasks. 
4. Outcome(s) 
This project will demonstrate that a task-oriented, inverse-designed multi-channel photonic neural 
network platform can simultaneously achieve multiple tasks with energy efficiency and high 
accuracy. Our novel design offers all-optical nonlinear connections with small footprints and 
continuous wave lasers. The project's innovative approach will profoundly impact various 
application areas in photonics by offering high-performance and scalable integrated optical 
computing.  
By employing wavelength-dependent computation paths, the project will illustrate how multiple 
tasks can be performed together in a small form factor. This approach provides compelling 
evidence that inverse-designed integrated platforms can be utilized for various geometries for task-
oriented applications. 
Additionally, this research will pave the way for future development of different object-oriented 
programming platforms through inverse design. The project will also show that commonly used 
machine learning datasets can be processed with high accuracy and low energy consumption on 
scalable integrated neural network platforms. This efficiency makes the platform an excellent 
candidate for implementing complex machine learning models and performing various learning 
tasks simultaneously. 
Moreover, the project's outcomes will highlight the potential of photonic neural networks for 
completely integrated forms since the laser source and the sensors are operating with integrated 
optical technologies. By providing robust solutions for complex, multi-task operations, our novel 
research will advance energy-efficient nonlinear optical computing technologies and their 
integration into practical applications. 
5. Impact 
The framework introduced by our inverse-designed energy-efficient nonlinear photonic multi-
channel neural network has the potential to provide extreme utility in diverse areas of application. 
Information processing with the photonic neural network can be energy-efficiently realized as long 
as data can be encoded as phase/amplitude objects (thanks to the spatial light modulator in Fig. 
2), which means data of different modalities (images, text, etc.) can be processed at the same 
time. As such, optical counterparts of multi-channel deep learning networks [31] trained on 
conventional digital hardware can be developed thanks to our platform, filling a research gap 
where optics has not been fully explored as a means for multi-channel learning. 
The proposed photonic neural network's versatility and energy efficiency imply a competitive 
advantage for deployment in industry and consumer products. On the industry side, the inherent 
parallelism offered by optics and enhanced by our design of wavelength-selective optical 
computing paths indicates an AI accelerator scheme, which will help us tackle complex problems 
ranging from optimization to workplace automation. Adopting a consumer perspective, the small 
energy footprint of our inverse-designed photonic neural network means that it can be readily 
adapted to consumer products without a significant resource overhead, either as a component or a 
separate device. 
The framework described above is also well-suited to quantum optics applications, where silicon 
nitride-based waveguides are being developed to take advantage of quantum supremacy [32,33]. 
With extensions to our design, on-chip scalable and fault-tolerant photonic quantum computers can 
be engineered. In addition, complex media, e.g., fibers where mode mixing is observed, is a strong 
candidate where both quantum optics and our inverse-designed photonic neural network can be 
harnessed [34].    
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Name: Development of low excess noise, ultra-high resolution, spectral domain OCT system through 

the development of low intensity noise, incoherent fiber Supercontinuum source. 

 

Category: Health.  

 

Problem: Excess intensity noise of broadband optical sources, such as supercontinuum (SC), used for 

spectral domain (SD) ultra-high resolution (UHR) Optical Coherence Tomography (OCT) forms the 

fundamental limitation to achieve shot-noise limited detection. The consequence of this is to lose the 

capability of early-stage detection of pathologies in ophthalmology, cardiology, cancer diagnosis etc. 

Existing solutions require either non-standard, complex, bulky sub 50 femtosecond pulse width, shot 

noise limited pump laser designs, and complex, patent protected optical fiber designs to generate low 

excess intensity noise supercontinuum. Such methods further elevate the cost and complexity of the 

already expensive (>100000$) UHR OCT systems that currently are limited to high-income 

developed countries. Further, the existing solutions fail if there is a small amount of intensity noise 

(0.5-1%) of pump (which is true with many practical pump lasers) used for SC generation. 

 

Our Solution: The goal is to develop a low excess noise (ideally shot noise limited) UHR SD OCT 

system based on low intensity noise, incoherent fiber supercontinuum (SC) source. This will be 

achieved by following the 

essential requirements of low 

intensity noise SC 

generation. They are: 1) Low 

intensity noise of the pump 

that generates SC and 2) Low 

quantum noise amplification 

in the SC generated. Besides, 

both the above requirements 

should be met in a cost-

efficient manner. This will be achieved, a) by developing, in-house, a low noise, continuous wave 

(CW) fiber-based pump laser, and b) by using standard off-the shelf telecom optical fibers for SC 

generation as shown in figure. 

 

Unique features: CW natures of the pump enable low quantum noise amplification (unlike 

femtosecond laser pumped SC generated), and the low intensity noise nature enables low intensity 

noise of the SC generated. Both CW pump and telecom fiber make the system cost-efficient by atleast 

an order of magnitude compared to the existing systems (based on complex, pulsed pump and, patent 

protected photonic crystal fibers), without compromising the excess noise performance of OCT. Same 

technique can be readily transferable to low intensity noise SC generation in other nonlinear optical 

fiber types such as photonic crystal fibers, highly nonlinear fibers etc., depending on the wavelength 

region of interest. 

 

Outcomes: Publications and patents on these new methods for low noise nonlinear frequency 

generation to generate widely tunable wavelength and broadband SC sources in various nonlinear 

optical fiber media. Tabletop prototypes of low intensity noise widely tunable wavelength, broadband 

SC sources, and low excess noise OCT system. Technology transfer to a private Indian company for 

the first realization of UHR OCT system in India. Trained graduate students in research areas of fiber 

lasers, nonlinear fiber optics and OCT.  

 

Impact: The proposed OCT system enables early-stage detection of multiple diseases in various 

categories of healthcare diagnostics such as Ophthalmology, Dermatology Cardiology etc. Due to the 

cost-efficient nature, the developed technology provides wide accessibility of UHR OCT technology 

to billions of underserved populations in low income developed countries. The SC source developed 

when used for other low-coherence interferometric applications such as contact-less, non-destructive 

testing and inspection of processes parameters in industrial manufacturing, oil, and gas sensing, can 

increase the signal to noise ratio, resolution, acquisition speed and sensitivity. 



Development of low excess noise, ultra-high resolution, spectral 

domain OCT system through the development of low intensity noise, 

incoherent fiber Supercontinuum source. 
 

1. Literature Review 

Optical Coherence Tomography (OCT) uses low-coherence interferometry (LCI) technique to obtain 

cellular level resolution, 3D images of biological tissues in a non-invasive manner [1]. It is used in 

diagnosis of many diseases like Glaucoma, Skin cancer, Diabetic retinopathy, Coronary artery stenosis 

etc. [2]. Among various OCT modalities, Spectral/Fourier domain OCT (SD OCT) is most prevalent due 

to its higher sensitivity and image acquisition speeds [3]. Figure 1 shows the typical schematic of an SD 

OCT system. The achievable axial resolution of SD-OCT is inversely related to the spectral bandwidth of 

the source. Latest developments in the broadband optical sources with more than octave spanning 

bandwidth (called Supercontinuum), enabled SD-OCT to achieve ultra-high resolution (UHR-OCT) of 

few µm corresponding to a single cell dimension [4]. 

 

 
 

Fig.  1. Schematic of ultra-high resolution, spectral domain OCT system showing different components and noise sources. 
 

A crucial figure of merit for an OCT system is the signal to noise ratio, (SNR). Signal corresponds to 

the detected spectral interference and is proportional to product of backscattered and reflected optical 

powers from SUT and the reference mirror. The noise corresponds to the background detected power. The 

noise degrades the achievable visibility of the spectral interference and hence the contrast of images. This 

significantly inhibits the early-stage detection of the diseases. As shown in figure 1, multiple noise 

sources originating from the input broadband source, and the detector, contribute to the SNR of OCT 

images. The goal of every OCT system is to achieve shot-noise limited detection [5], i.e., the noise in the 

detected image is limited by the fundamental random nature of detected photons, with negligible 

contribution from the noise of the detector and the optical source.  

Towards this goal, OCT systems with bulky, expensive, cryogenically cooled superconducting, and 

high-internal gain photo detectors were demonstrated to avoid dark noise at low reference optical power 

levels [6]. On the other hand, the use of low-bandwidth sources such as super luminescent diodes (SLDs), 

can also achieve shot-noise limited OCT due to negligible excess intensity noise of SLDs [4]. However, 

owing to UHR capability and the availability of multiple spectral bands, SC sources are highly attractive 

to OCT systems. But the excess intensity noise arising from the SC source dominates the noise of detector 

in OCT images. This is due to various nonlinear optical processes involved in SC generation mechanism 

[7]. Therefore, there is a compromise between achieving UHR and the shot-noise limited detection in 

OCT imaging systems. 



 

 
 

Fig.  2. Summary of current low excess noise SC generation methods in anomalous and normal dispersion regimes. 

 
This has triggered a lot of research activity in the development of low excess intensity noise SC 

sources for OCT [8]. The methods, summarized in figure 2, include use of very short pulse (<50fsec) 

pump sources for SC generation in anomalous dispersion standard photonic crystal fibers (PCFs) [8], and 

the use of normal dispersion (ANDi) PCFs with low and flat dispersion profiles over a broad wavelength 

range for ANDi SC generation [9]. 

 

2. Problem Statement and Objective 

The primary limitations of the existing low excess intensity noise UHR OCT systems shown in figure 2 

are: 

1. In anomalous dispersion, the pump pulse widths needed for low-noise, coherent SC generation 

are of sub 50fs [8]. Such non-standard pump lasers require complex, bulky designs and hence are 

expensive. 

2. In normal dispersion, the fibers needed must have low (<7ps2/km) [9], flat dispersion profiles. 

Such fibers require complex dispersion engineered refractive index profiles making them 

expensive and they are still in research phase with patents protection. 

3. The above methods utilize seeded incoherent nonlinear optical processes in anomalous dispersion 

and coherent nonlinear optical processes in normal dispersion to obtain coherent and low-noise 

SC [8]. However, for OCT, only low-noise and low-coherence of SC is needed. 

4. Further, it was shown that with small excess intensity noise of the pump source (~1%), the above 

SC generation methods completely fail due to pump noise induced SC de-coherence and noise 

amplification [10,11]. 

5. However, J. R. Taylor et. al, in 2004 demonstrated that the use of continuous-wave (CW) pump 

source rather than femtosecond pulsed pump for SC generation can significantly reduce intensity 

noise level of SC to the input pump noise level (unlike 50dB amplified intensity noise of 

femtosecond pulse pumped SC) due to low peak power (10s watts), Raman Soliton nature of the 

SC generated [12].  

Therefore, what is desirable for low excess noise OCT system is  

1. A CW pump source, but with ideally zero intensity noise (shot-noise limit) for low intensity noise 

SC generation. 

2. A standard, conventional off the shelf optical fibers (e.g, SMF28e) for SC generation. 

3. A low noise detection mechanism. This can be achieved with standard off-the-shelf 

spectrometers. 



Therefore, the primary objective of this proposal is to develop a low excess noise (ideally shot noise 

limited) OCT system. The has been divided into subobjectives detailed below. 

3. Work Plan/Tasks 
 

3.1. Development of low excess intensity noise pump source for SC generation 
 
In this objective, we aim to achieve wavelength tunable from 1µm to 1.5µm, low excess intensity 

noise (ideally shot noise limited) fiber laser with ~50W of optical power. This enables SC generation in 

standard telecom fibers with zero dispersion wavelength (ZDW) at 1.3µm and highly nonlinear fibers 

(HNLFs) with ZDW at 1.5µm. To achieve this, we will use the widely known tunable wavelength 

cascaded Raman fiber lasers architecture [13-15] shown in figure 3. 

 

 
 

Fig. 3. Schematic of Tunable wavelength low excess intensity noise CW fiber laser. 

A low excess intensity noise, ~100W class Ytterbium doped fiber amplifier (YDFA) based on multistage 

amplification of shot-noise limited, phase modulated single frequency distributed feedback (DFB) seed 

laser will be developed and used for pumping cascaded Raman conversion stage. This enables low excess 

intensity noise Raman fiber laser from 1µm to 1.5µm [15]. Theoretical/Numerical investigation will be 

performed to study and optimize the intensity noise performance. 

 

3.2.  Development of low excess intensity SC source 

 

 
 

Fig. 4. Schematic of low excess intensity noise SC source 

 

In this objective, the above developed tunable, low excess intensity noise Raman fiber laser will be 

utilized as pump for SC generation in telecom or HNLF optical fibers as shown in figure 4. The target 

optical bandwidth and relative intensity noise (RIN) of SC source are >300nm (1300 – 1700nm) and <-

120dBc/Hz (0 – 10MHz RF frequencies). The >300nm optical bandwidth ensures UHR of ~1µm and <-

120dBc/Hz RIN ensures low excess noise of OCT images. Theoretical/numerical investigations will be 

performed to optimize the RIN of SC generation. 

 

3.3.  Development of low excess noise UHR SD OCT system 

 

In the final objective, low excess noise, UHR OCT system will be developed by utilizing the low excess 

intensity noise SC source developed above along with standard OCT components as shown in figure 5. 



The noise performance will be evaluated by acquiring OCT images of various phantoms and will be 

compared with existing research grade and commercial OCT systems. 

 

 
 

Fig. 5. Schematic of low excess noise UHR OCT system 
 

Theoretical and Numerical analysis of SNR performance evaluation of the OCT system and the images 

will be performed. 
 
Below is the summary of all the objectives with timelines to achieve the goal of this project. 

 

Task 
1-6 

mos. 

7-12 

mos. 

13-18 

mos. 

19-24 

mos. 

1. Development of low excess intensity noise, 50W class, 1-1.5µm tunable 

wavelength Raman fiber laser 
        

1.1. Purchase of all the components necessary for low excess intensity 

noise YDFA 
    

1.2. Purchase of components necessary for Raman conversion         

1.3. Development of low excess intensity noise, 100W class phase 

modulated single frequency YDFA 
    

1.4. Development of YDFA pumped tunable Raman fiber laser     

1.5. Theoretical and Numerical analysis of RF phase modulation 

schemes for RIN optimization of Raman fiber lasers 
    

2. Development of low excess intensity noise SC source using the above 

tunable Raman fiber laser. 
        

2.1. Purchase of components necessary for SC generation     

2.2. Theoretical and Numerical analysis of RF phase modulation 

schemes for RIN optimization of SC generation. 
    

3. Development of low excess noise OCT system using the above SC 

source. 
        

3.1. Purchase of components of OCT system except the optical source     

3.2. OCT experiments on the tissue phantoms using the above system     

3.3. Theoretical and Numerical analysis of SNR performance evaluation 

of the OCT system and the images obtained 
    

 

4. Intended Outcomes 

1) Publications/Patents on low excess noise continuous wave (CW) tunable Raman fiber lasers 

based on low noise YDFAs.  



2) Publications/Patents on low excess noise CW SC generations methods in conventional optical 

fibers.  

3) Publications/Patents on the developed OCT system and its performance enhancements. 

4) Protype of low excess noise, low-cost UHR OCT system using the developed SC source.  

5) Transfer of this technology to an Indian company, Innovation Imaging Technologies Pvt Ltd 

(IITPL), for realization of the first UHR OCT system in India. 

6) Trained graduate students with skills in fiber lasers analysis, design and development, nonlinear 

fiber optics etc. to either take industry or academic jobs. 

 

5. Impact 

 

(1) Research: It disseminates new knowledge and techniques on CW, low-noise nonlinear frequency 

generation through SC and it’s RIN properties which has been least considered in the literature.  

(2) Technology: It develops fiber-based low excess noise CW tunable wavelength and SC sources, low-

complex, shot-noise limited OCT system for early-stage detection of many pathologies. Due to its low-

cost nature, it enables wide accessibility of UHR OCT to billions of underserved populations in low-

income, developing countries. 
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PROJECT NAME: Direct Subjective Refraction. CATEGORY: Health. 

We receive about 80% of information about the world through our eyes, making vision the most 

important sense for humans. And not only that, but a clear image must reach our retina. Refractive 

errors (myopia, hyperopia, astigmatism, presbyopia) affect up to 67% of the global population and 

100% over 50 years. Furthermore, preventable refractive error affects 1 billion people worldwide, 

representing the 1st cause of visual impairment and the 2nd cause of visual loss according to WHO (UN), 

with dramatic consequences at social and economic levels and, impacting life quality for people. The 

evaluation of refractive error is the basic piece of information about the state of the eye and is the main 

test performed in eyecare clinics worldwide. The gold standard method for diagnosis is called 

subjective refraction and consists of identifying different letters through different lenses until 

achieving the best combination of lenses providing the best visual acuity. This traditional approach is 

highly variable (0.27 D), time-consuming (>6 minutes), and is affected by accommodation. 

We have developed a new method called Direct Subjective Refraction (DSR), which uses a tunable 

lens to create fast and periodic defocus changes that, combined with the chromatic aberration of the eye 

and a bichromatic stimulus, creates a chromatic flicker perception which is minimum when the patient 

is perfectly compensated. The task of the patient in the DSR method is minimizing the chromatic flicker. 

We showed that the DSR task is easy, barely requires supervision (clinicians explain the task and 

patients perform it autonomously), decreases measurement time by 5x, and increases precision by 2x 

compared to the traditional method. Besides, it can help to standardize the measurement of refractive 

error by removing the need for letters (different alphabets) and extending it to the illiterate population.  

First clinical measurements have shown the potential of the new method and have allowed us to acquire 

invaluable feedback from the clinicians, the final user. The DSR method brings a revolution to the 

eyecare community as the first subjective method that provides a prescription without identifying 

letters. The high precision and low measurement time make SureVision a potential candidate for 

replacing current paradigms, as their advantages overpass current devices and improve all the agents 

involved: patients, clinicians, clinics, and manufacturers. 

The main goal of this project is to provide definitive evidence and increase the scientific knowledge 

of the Direct Subjective Refraction method and expand the applications of this novel method. In 

summary, the main activities that will be performed are: 1) build various optical setups to measure 

different features of the visual function while performing the DSR task; 2) design and perform 

psychophysical experiments to increase the scientific knowledge of the DSR method; 3) perform 

engineering efforts to add other functionalities to the current DSR optical system; and 4) perform 

measurements to increase the clinical evidence of the benefits of the DSR method. 

In IO-CSIC the project has been developed since the conception of the idea to the implementation and 

the proof of concept in patients. 

• Facilities that have evolved ad-hoc for the development of the project in software and hardware. 

• The research group has created and established robust international networks of collaborators with 

different expertise like University of Pennsylvania, University of Rochester, Complutense 

University of Madrid, and University of Granada. 

• Our institution relies on protocols and committees to ensure the regulation in terms of responsible 

and ethical research.  

In the long term, the project will be highly transformative, as it will represent a disruptive method to 

measure the refractive error. Increasing the clinical and scientific confidence in the fast and accurate 

prescription obtained with the Direct Subjective Refraction method would create a positive impact in 

the community, generating value, and a return on the investment to society. Therefore, the successful 

completion of the OPTICA Challenge project will bring a positive impact on the community at large, 

healthcare, economic growth, preventable blindness, and well-being in general, aligned with the 

Sustainable Development Goals (3, 8, and 10) of the United Nations. 



LITERATURE REVIEW 

We receive about 80% of the world’s information through our eyes, making vision the most important sense 

for humans1. Not only that, but a clear image must reach our retina. Refractive error is the visual condition 

in which light is not properly focused on the retina, resulting in blurred vision and the need for external 

compensation to be able to focus. Prescription evaluation is probably the most common eye exam procedure 

in which doctors measure the refractive error of the eye. Refractive errors are classified as myopia, 

hyperopia, astigmatism, and presbyopia. It affects 67% of the world's population and 100% of people over 

the age of 50, resulting in more than 4 billion people using some form of vision correction. This number is 

expected to increase due to the aging population and the rise in myopia, which is expected to reach 50% of 

the population by 20502. Furthermore, preventable refractive errors affect 1 billion people worldwide, 

representing the 1st cause of visual impairment and the 2nd cause of vision loss according to the World Health 

Organization, with dramatic social and economic consequences and impact on people's quality of life. 

Although it is not a fatal disease, it is highly disabling if not diagnosed and corrected, and it progressively 

reduces people's quality of life. Therefore, the determination of refractive error is a critical aspect of eye care. 

Not only does it guide the prescription of corrective lenses, but it also serves as a fundamental means of 

obtaining basic information about the condition of the patient's eyes, such as emmetropia, moderate or high 

myopia or hyperopia, and more. This preliminary assessment often precedes several other ophthalmic 

procedures. 

Refractive error can be diagnosed in several ways. It can be evaluated objectively by measuring some 

features of the optical system of the eye (surface curvature, axial length, optical aberrations, among others). 

In recent years, there have been many advances in these technologies, and the measurements generally 

require very little time. However, clinicians consider this measurement to be a starting point for the subjective 

measurement rather than a definitive measurement3. The subjective evaluation uses a process called 

subjective refraction, which requires the patient to identify different letters through different lenses while 

the clinician asks questions about the preference of one lens over another.  

Subjective refraction is a time-consuming procedure. It entails, for each patient’s eye, the full dedication of 

a well-trained eye care professional for >6 minutes4, and can be much more in some patients. For many eye 

care practitioners, subjective refraction is a significant part of their daily workload. The limited presence of 

optometrists stands as a primary factor contributing to non-corrected refractive errors in developing regions, 

creating a bottleneck within eye care services. Time limitations in optometry practice restrict the extent of 

comprehensive eye examinations and visual tests. The variability of traditional subjective refraction is high 

(around ±0.28D)3 and it is closely related to the constraints in measurement time to be reported. These errors 

are significant, as reported by several authors5,6,7. In summary, although the visual system can adapt, accurate 

prescriptions are still needed for comfortable and precise vision.  

Accommodation, the ability of the eye to change the focusing position, has a strong influence on the 

subjective refraction procedure. During the procedure, accommodation can be activated and can typically 

result in overcorrection of myopia or undercorrection of hyperopia, especially in young subjects, where the 

accommodative response is fully functional. To reduce the effects of accommodation, the most used method 

is the fogging technique, which consists of adding positive power (myopic defocus that cannot be 

compensated by the eye's accommodation) to blur the letter test and then decreasing this addition in small 

steps. Although this technique is effective in reducing the influence of accommodation, it involves a long 

detour in the evaluation, which increases the measurement time and thus the patient's fatigue. 
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PROBLEM STATEMENT/OBJECTIVE 

Over the years, efforts have been made to enhance efficiency by developing objective techniques that 

eliminate the subjective and iterative nature of traditional methods. Modern objective refraction instruments, 

many of which are open-field, wavefront-based, portable, or combined with keratometry, has become 

widespread in clinics. However, objective autorefractors are not considered to yield results that are directly 

interchangeable with subjective refraction. Instead, they serve as a valuable starting point for the subjective 

refraction procedure2,3. 

Attempts have been made to introduce new technologies aimed at simplifying the traditional method, such 

as Vision-R 800T (Essilor), i.Scription (Zeiss), Chronos (Topcon), NidekTS-610 (Nidek), Netra (EyeNetra), 

Easee eye test (Easee), VARS (VmaxVision), EyeRefract (Visionix), and VAO (Voptica)3. These instruments 

offer certain advantages such as automation, self-refraction, or a combination of subjective and objective 

techniques. However, these instruments are based on variations of the traditional subjective refraction, and, 

while they bring some improvements, they are still subject to the intrinsic limitations and constraints 

associated with the traditional method of identifying letters or minimizing blur. 

In the Institute of Optics from CSIC (Madrid, Spain), we have developed a new method to evaluate the 

refractive error called Direct Subjective Refraction (DSR), which uses a disruptive working principle 

based on the use of quick defocus changes in combination with a bichromatic stimulus (made of blue and 

red components) to create a chromatic flicker. In short, the quick change in defocus produces a flicker 

perception of the stimulus, which affects more to blue components when the subject is myopic, to red 

components where is hyperopic, and it is minimal in the best prescription. This video shows the working 

principle. Therefore, the task of the subject in this method is to minimize the flicker, being the first 

subjective method that does not use the letter identification of the traditional method to find the refractive 

error. We have shown that this method reduces measurement time by 5x (from 6 to 1.2 minutes) and 

increases repeatability (from ±0.28 to ±0.17 D) compared to the traditional method8. The improvement of 

this method is explained because the accommodation response barely influences, which stays in a fixed 

position due to the impossibility of following the fast defocus change, largely eliminating the main issue of 

the traditional method. Besides, it is an autonomous procedure as patients can perform it by themselves 

(previous explanation of the task by the clinician). Another advantage of the DSR resides in the elimination 

of letters to evaluate the refractive error. The use of a flicker-minimization task instead of the letter-

identification task is a way of standardizing the evaluation due to the use of different alphabets in different 

parts of the world and at the same time could increase access to the evaluation for the illiteracy population.  

The DSR method was developed during the PhD thesis of the Project Leader, Victor Rodriguez Lopez9. A 

pilot study was carried out to test the proof-of-concept in 25 volunteers. It was proved that the DSR method 

is much faster (<1 minute) and more repeatable (±0.17 D) than the traditional method. Besides, the method 

was extended to provide a full prescription (both the spherical equivalent and the amount of astigmatism)8 

and its robustness against different stimuli configurations has been confirmed10.  

On the other hand, the prevalence of myopia in the population is increasing and becoming a true epidemic. 

The main hypothesis that justifies this increase is defocus in the periphery of the retina. In ocular 

development, peripheral defocus plays an important role in the emmetropization of the eye, i.e. the process 

of eye growth to adjust the optical power and the retinal plane. Emmetropization is controlled by peripheral 

defocus to determine whether the eye will grow or not. However, in myopic eyes, the presence of peripheral 

defocus stimulates abnormal eye growth and results in increased myopia. Characterizing peripheral defocus 

can help develop compensations that consider the entire prescription, foveal and peripheral. Traditional 

subjective refraction in the periphery is not possible because the resolution is very low due to the low 

sampling of ganglion cells in the peripheral areas of the retina. This is a major limitation in myopia 

monitoring. However, the chromatic flicker of Direct Subjective Refraction activates different neural 

pathways focused on temporal change and motion detection, which are more accurate than the spatial 
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resolution pathways. Therefore, Direct Subjective Refraction offers new opportunities for peripheral 

refractive error measurement for better monitoring of myopia progression and the development of 

personalized optical compensations. 

To date, many scientific contributions have been produced:  

• 5 contributions to ARVO Annual Meetings (2019 -hot topic, among the 5% best contributions of the 

conference over 12.000-; 2021; 2023; and 2 to 2024), the most important conference in ophthalmology 

and vision science, and 2 more to other important international meetings in visual science (Biophotonics 

Eye Research Conference 2023; Spanish National Optics Conference 2024). 

• 3 invited talks in American-European Congress of Ophthalmic Surgery (AECOS) 2023 (in person), 

Young Researchers in Biophotonics Winter Meeting 2024 (online), and Optica Vision & Color Summer 

Data Blast Session organized by Optica (online). 

• 3 papers published in high-impact journals: 1) Beyond Traditional Subjective Refraction, Current 

Opinion in Ophthalmology, 2) Defocus flicker deactivates accommodation in Biomedical Optics 

Express and 3) The spatiotemporal defocus sensitivity function in Biomedical Optics Express. 

• 1 PhD thesis8. 

• 1 patent (P190451ES, CSIC owner) was filled on 4th March 2019 and accepted on 7th April 2021, and 

PCT extended to Europe, the US, and Japan. 

• 5 Master’s Thesis. 

The main goal of this project is to increase the scientific knowledge and evidence of the Direct Subjective 

Refraction method and to expand the applications of this novel method. In summary, the main activities that 

will be performed are: 1) building different optical setups to measure different features of visual function 

while performing the DSR task (Figure 1); 2) designing and performing psychophysical experiments to 

increase the scientific knowledge of the DSR method and the robustness of the measurement; 3) engineering 

efforts to add other functionalities to the current DSR system; 4) carrying out clinical measurements to 

increase the scientific evidence of the benefits of the DSR method. 

 
Figure 1. Setups planned to achieve the project goals. See the Work Plan Timeline for more information. 

OUTCOME(S) 

The disruptive nature of the technology makes Direct Subjective Refraction the first subjective method that 

does not use letter identification as its working principle, like the traditional method, but chromatic flicker 

minimization. The research has a high impact on fundamental aspects of the optical and perceptual 

mechanisms of vision, with direct application to the most common clinical test used to evaluate ocular health. 

Impacts are expected in the following areas: (1) understanding of the perceptual consequences of rapid 



defocus changes for different chromatic channels, luminance levels, and pupil size, among other conditions, 

(2) optimization of the Direct Subjective Refraction task, (3) build various optical setups to measure different 

features of the visual function while performing the DSR task, (4) extension of the Direct Subjective 

Refraction method to other measurements such as peripheral refraction, (5) clinical validation of Direct 

Subjective Refraction. 

 

The main expected outcomes are: 

• 2-3 scientific papers in high-impact journals (Optica, Eye, Biomedical Optics Express, Journal of 

Vision, Ophthalmology, Current Biology, Nature Communications, among others). 

• 1 patent application protecting the novel optical system, growing the family patent of the method, and 

considering PCT extension to other regions of interest. 

• Incorporation of 1 junior engineer for carrying out the engineering developments described in the work 

plan. 

• Foster collaborations with international highly reputed laboratories (Johannes Burge de Burge Lab, 

University of Pennsylvania, Philadelphia, USA, Brian Vohnsen de Vohnsen Lab, University of Dublin, 

Ireland, and Marcos Lab, University of Rochester, Rochester, USA). 

• Explore collaborations with international leader companies in Ophthalmic Optics (Essilor International, 

Johnson & Johnson, Alcon Research Labs, Advanced Medical Optics, Indizen Optical Technologies), 

most of them with previous collaborations with the research group. 

• Participation in international conferences: Annual Meeting of the Association for Research in Vision 

and Ophthalmology, European Society of Cataract & Refractive Surgeons, American Society of 

Cataract & Refractive Surgeons, OPTICA-Frontiers in Optics, SPIE-Photonics West, or Visual and 

Physiological Optic meeting; all of them previously attended by the fellow or other team members. 

 

IMPACT 

Direct Subjective Refraction is a technology that enables a fast and accurate evaluation of refractive errors, 

significantly reducing measurement time while increasing precision. It represents a turning point in the way 

vision has been evaluated in the last decades, with the potential for transforming not only the eyewear 

industry but also society as a whole. As mentioned before, novel methods are mainly modifications of the 

traditional method and therefore maintain their disadvantages. This method is the first that uses a different 

subjective approach to provide a prescription, minimization of chromatic flicker.  

All agents involved are benefited: 

• For patients. Reduces fatigue and measurement time associated with obtaining the prescription, 

providing an accurate prescription in a very short time. The suitability of the new method will increase 

access to a simple prescription for patients who currently do not have it. The patient can benefit from 

both more time to obtain a more complete visual exam as well as obtaining a premium prescription. 

• For clinicians. It reduces measurement time, allowing them to use that extra time to perform more tests 

in a complete visual exam or to measure more patients while providing a very accurate prescription.  

• For clinics. It improves overall efficiency and can pay back in a very short time the improvements that 

DSR provides, both in more accurate or premium prescriptions, as well as using the time savings on 

more patients or more vision tests. 

• For lens manufacturers. Reduce returns by having a more accurate prescription. In addition, the current 

minimum lens pitch is ±0.25 D in most cases. DSR stimulates technological progress by promoting the 

possibility of more accurate lens manufacturing. 

• Screening companies and NGOs could benefit from the advantages of DSR, as it provides an accurate 

and autonomous prescription with portable and accessible equipment. 

Furthermore, DSR has a potentially significant impact on the eyewear industry. The high precision of the 

DSR method can lead to a reduction in the number of returns and exchanges, thereby reducing waste and 

CO2 footprint and improving the sustainability of the industry. Additionally, the customization can provide 

the opportunity for more innovative and personalized eyewear designs, catering to individual needs. 



The project has a strong relationship with the Sustainable Development Goals of the United Nations, 

mainly with Goal 3 (Good health and well-being), 8 (Decent work and economic growth), and 10 (Reduced 

inequalities). From the ethical perspective, the project will be carried out in accordance with ethical standards 

for research, national and EU regulations and will be submitted to CSIC’s Ethical Committee for approval.  

As a summary, increasing the scientific evidence of the DSR method and a potential transfer of the 

technology to society will be highly transformative, revolutionizing how refractive error is measured with a 

disruptive approach. It will also serve as an incentive for the ophthalmic industry, as more precise 

prescriptions will require new expertise and resources. The scientific and clinical progress expected from 

this project will produce a positive impact on the community at large, healthcare, economic growth, 

preventable blindness, and well-being in general, aligned with the Sustainable Development Goals of the 

United Nations. 

 

 
Figure 2. Gantt Chart of activites planned during the project. 

 



TARGETING RETINA MICROVASCULATURE TO IDENTIFY THE LINK BETWEEN 
DIABETES AND NEURODEGENERATIVE DISEASES (VASCULINK) 

 
GROUND-BREAKING NATURE OF THE PROJECT 
The VASCULINK proposes a novel multimodal methodology for the use of photonic 
technologies in the diagnosis of diabetes mellitus (DM) complications and the development of 
related dementia, in particular Alzheimer's disease (AD). 
In this study, my unique experience in the field of various modern optical imaging techniques 
and my biomedical background will be used to answer the question of how DM and AD are 
related, as well as to provide evidence that the eye retina can act as a target for early diagnosis 
of both pathological conditions. A novel retinal imaging tool will be developed that combines 
structural and functional retinal imaging techniques, including laser speckle contrast, 
fluorescence lifetime, hyperspectral and polarization imaging. The Project aims to provide a 
groundbreaking characterization of retina vasculature in DM and AD, for the first time 
establishing how cerebral microvasculature and metabolic parameters are altered in these 
diseases. 
 
KEY CONCEPT AND RESEARCH OBJECTIVES 
The Project has two main scientific challenges (SC). The first scientific challenge SC1 is: 
What is the link between DM and AD? Dementia, in particular AD, and DM are two diseases 
that are growing at an alarming rate among the world's population. The link between AD and 
DM has recently been the subject of close study by specialists. Observation of DM patients 
showed that they were 2 times more likely than other subjects to develop AD for 15 years. 
These patients were 1.75 times more likely to develop other types of dementia. Among the 
scientific community, it is increasingly common to find the opinion that AD is the “third type” of 
diabetes. 
Cognitive impairment and dementia associated with DM can be mediated through vascular 
factors, including primarily the development of microangiopathy. Many studies have focused 
on altering insulin signaling in the brain as a possible mechanism for the link between AD and 
DM, but researchers have paid much less attention to the direct effect of vascular dysfunction 
on the pathogenesis of AD. Vascular problems can contribute to the development of 
inflammation and oxidative stress in the brain, which in turn can lead to damage to neurons 
and contribute to the development of AD. 
Thus, although the relationship between DM and AD is obvious, it is complex, multicomponent 
and requires detailed study. At the same time, there are a limited number of instrumental 
methods that would allow a comprehensive study of the effect of vascular complications of DM 
on the development of AD. 
In this regard, a second scientific challenge SC2 is: How to evaluate the development of 
DM and AD at an early-stage? It is known the retina and the brain have the same 
embryological origin. They both originate from the neural tube. Thus, the retina is the only part 
of the central nervous system that can be noninvasively visualized by optical methods with 
subcellular resolution and used as “a window into the brain”. Recent studies have shown that 
people with DM and AD may experience structural and functional changes in the retina. These 
changes may include thinning of the retinal nerve fiber layer and changes in the retinal blood 
vessels (changes in stiffness, vessel caliber, branching structure, and fractal dimension). Also, 
the toxic beta-amyloid peptide (Aβ) was found in the retina of people with AD. 
Thus, retinal imaging has the potential as a non-invasive and cost-effective method for 
detecting early signs of diabetes and dementia and may also make it possible to trace the link 
between these two pathological conditions. 
In this Project, I propose the development of a multimodal optical system that would allow the 
first time to study a number of parameters of retinal tissue (morphology and stiffness of the 
vessels, blood velocity and oxygenation, metabolic activity, AGE and Aβ accumulation) in vivo 
and find patterns associated with the development of DM and AD. The Project work program 
includes ambitious but achievable goals. It has been developed using the track record of my 
multidisciplinary achievements in biomedical engineering, biophotonics, cell biology, and 
clinical studies and the unique research environment and world-renowned experts at the Host. 
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TARGETING RETINA MICROVASCULATURE TO IDENTIFY THE LINK BETWEEN 
DIABETES AND NEURODEGENERATIVE DISEASES (VASCULINK) 

 
PROBLEM STATEMENT/OBJECTIVE 
Dementia and diabetes mellitus (DM) are two diseases that are growing at an alarming rate 
among the world's population. According to the GBD 2019 Dementia Forecasting 
Collaborators study, the number of people with dementia alone will increase from 57M cases 
worldwide in 2019 to 153M cases in 2050. In addition, by 2040, this category of diseases will 
become the second most common cause of death in developed countries. At the same time, 
Alzheimer's disease (AD) accounts for 60-70% of cases. According to the International 
Diabetes Federation, the problem of high-quality diagnosis and effective treatment of DM is 
also one of the most acute in modern healthcare. In 2021, there were 537M patients with DM 
in the world, and by 2045, this number is projected to increase to 783M. DM is one of the ten 
deadliest diseases with an annual mortality rate of over 1M. 
AD and DM have recently been the subject of close study by specialists. Observation of DM 
patients showed that they were 2 times more likely than other subjects to develop AD for 15 
years. These patients were 1.75 times more likely to develop other types of dementia [Ott A. 
et al., Diabetes mellitus and the risk of dementia: The Rotterdam study, Neurology 53, 1937 
(1999); Yaffe K. et al., Diabetes, impaired fasting glucose, and development of cognitive 
impairment in older women, Neurology 63, 658 (2004)]. Among the scientific community, it is 
increasingly common to find the opinion that AD is the “third type” of diabetes. 
There are many common pathogenetic mechanisms underlying both diseases: insulin 
resistance, hyperinsulinemia, chronic hyperglycemia, acute hypoglycemic episodes, 
inflammation, dyslipidemia, oxidative stress, mitochondrial dysfunction, etc. Cognitive 
impairment and dementia associated with DM can also be mediated through vascular factors, 
including primarily the development of microangiopathy. Many studies have focused on 
altering insulin signaling in the brain as a possible mechanism for the link between AD and 
DM, but researchers have paid much less attention to the direct effect of vascular dysfunction 
on the pathogenesis of AD. Vascular problems can contribute to the development of 
inflammation and oxidative stress in the brain, which in turn can lead to damage to neurons 
and contribute to the development of AD. Although the toxic beta-amyloid peptide (Aβ) was 
first isolated from the blood vessels of the brain of patients with Alzheimer's disease, the 
contribution of pathological changes in the vascular tissue of the brain to the disease has not 
been sufficiently studied. 
Thus, although the relationship between diabetes mellitus and AD is obvious, it is complex, 
multicomponent and requires detailed study. 
At the same time, there are a limited number of instrumental methods that would allow a 
comprehensive study of the effect of vascular complications of DM on the development of AD. 
Modern technologies of in vivo examination of brain vessels are limited by CT angiography, 
which, in addition to radiation exposure, is associated with the use of contrast agents. 
Technologies for detecting Aβ and tau protein pathology in AD using positron emission 
tomography (PET) of the brain or cerebrospinal fluid (CSF) studies are limited due to their high 
cost, technical complexity, invasiveness of procedures and the need to use radioactive 
indicators. Thus, the identification of alternative, more accessible technologies and biomarkers 
of preclinical manifestations of DM and AD and their relationship can accelerate understanding 
of the pathogenesis of both diseases, facilitate screening and risk stratification, and ultimately 
help in the discovery, development and testing of new treatments or preventive therapies in 
clinical trials. 
It is known the retina and the brain have the same embryological origin. They both originate 
from the neural tube. Thus, the retina is the only part of the central nervous system that can 
be noninvasively visualised by optical methods with subcellular resolution and used as “a 
window into the brain”. 
Recent studies have shown that people with diabetes and AD may experience structural and 
functional changes in the retina. These changes may include thinning of the retinal nerve fibre 
layer and changes in the retinal blood vessels (changes in stiffness, vessel calibre, branching 
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structure, and fractal dimension). Also, the pathological Aβ protein was found in the retina of 
people with AD. 
Thus, retinal imaging has the potential as a non-invasive and cost-effective method for 
detecting early signs of diabetes and dementia, and may also make it possible to trace the link 
between these two pathological conditions. 
In this Project, Dr. Dremin proposes the development of a multimodal optical system that would 
allow the first time to study a number of parameters of retinal tissue in vivo and find patterns 
associated with the development of DM and AD (see Fig. 1). 

In this study, the unique experience 
of Dr. Dremin in the field of various 
modern optical imaging techniques 
and his biomedical background will 
be used to answer the question of 
how DM and dementia (in particular 
AD) are related, as well as to 
provide evidence that the retina can 
act as a target for early diagnosis of 
both pathological conditions. A 
novel retinal imaging tool will be 
developed that combines structural 
and functional retinal imaging 
techniques, including laser speckle 
contrast, fluorescence lifetime, 
hyperspectral and polarization 
imaging. 
At the same time, these goals are 
related to the problems of 
physiology and data processing. 

One of the most important tasks will be the interpretation of data obtained from animal models 
and the development of experimental protocols that will directly compare the state of the 
vessels of the brain and retina and translate the results into the language of human physiology, 
which will ensure the transfer of technology into clinical practice. 
The project aims to provide a groundbreaking characterisation of retina vasculature in DM and 
AD, for the first time establishing how cerebral microvasculature parameters are altered in 
these diseases. Dr. Dremin envisages achieving the following research objectives (RO): 

RO1. Development of a novel multimodal retina imaging system. Achieving this RO will allow 
us to obtain a new diagnostic system for comprehensive and deep analysis of vascular and 
metabolism parameters of retinal tissue. 
RO2. Technique verification on phantoms and cell cultures. To achieve this goal, various 
retina-mimicking phantoms will be developed. Phantom calibration, as well as verification of 
sensitivity to metabolic shifts in retinal cell cultures, will make it possible to obtain a system 
ready for clinical testing. 
RO3. Study of the microvasculature (morphology, stiffness, blood velocity, oxygenation, etc.), 
the metabolic activity, as well as AGE and Aβ accumulation in the retina and brain in a mouse 
model of DM (streptozotocin-induced) and AD (5xFAD). A comparison of the recorded 
characteristics will confirm the hypothesis that the retina may indeed be “a window into the 
brain”. As a result, this will allow us to study the relationship of DM complications with the 
development of AD, as well as demonstrate a new tool for early diagnosis of these diseases. 

Partners of the Project: 
Internal collaboration at Aston University: Prof. Rhein Parri, neuroscience; Prof. James 
Wolffsohn, optometry; Dr. Srikanth Bellary, endocrinology. 
External academic collaborations: Prof. Andrey Abramov, cell physiology and neuropathology 
(UCL); Assoc. Prof. Merce Masana, neuroscience (University of Barcelona). 
Industrial collaboration: Occuity Ltd., optometry (UK). 

Fig. 1. Simplified optical scheme of the proposed diagnostic sytem 
and the main concept of the Project. D, doublet; F, emission filter; S, 
shutter; BS, beamsplitter; DM, dichroic mirror; RI, ring illuminator; HL, 
halogen lamp; AOTF, acousto-optic tunable filter; LCF, liquid crystal 
filter; HS CMOS, high-speed camera; 375/450 nm, fluorescence 
excitation lasers; 785 nm, laser for LSCI. 
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LITERATURE REVIEW 
Currently, there are a number of methods for in vivo retinal examination, namely fundus 
photography, optical coherence tomography of retinal morphology and angiography 
associated with the introduction of contrast agents. None of these methods can provide 
information about the dynamics and regulation of blood flow, vascular stiffness, oxygenation 
and metabolism of tissues and the accumulation of AGEs and Aβ. At the same time, changes 
in these parameters may be directly related to the development of both diseases. The 
development of next-generation computing technologies, such as artificial intelligence and 
deep learning algorithms, can further expand the potential of imaging the retina with a large 
amount of data as a promising tool and source of biomarkers for DM and AD, especially for 
people at the preclinical stage of both diseases. 
Modern optical imaging techniques can be successfully used for a detailed analysis of the 
state of microvasculature and the metabolism of retinal tissues. 

Fluorescence life-time measurement 
Registration and analysis of fluorescence intensity and lifetime will provide information on the 
chemical composition and metabolism of retinal tissues through the determination of 
endogenous fluorophores such as nicotinamide adenine dinucleotide (NADH), flavin adenine 
dinucleotide (FAD), collagen, lipofuscin, etc. The two essential metabolic cofactors, NADH and 
NADPH, are required for energy production and antioxidant defence, respectively, and are 
generated in distinct pathways of glucose metabolism. Even though both NADH and NADPH 
can be measured by autofluorescence, these cofactors have a similar spectrum and cannot 
be separated by simple measurement of fluorescence intensity. Measuring the fluorescence 
lifetime opens up completely new possibilities [J. Lakowicz, Principles of fluorescence 
spectroscopy, Springer, Boston, MA, 954 (2006)]. However, the use of this technology for the 
study of whole organisms is still in its infancy. Moreover, to date, there have been no studies 
of metabolic changes in glucose metabolism directly in tissue in vivo. Recently, Dr. Dremin 
demonstrated the possibility of such measurements [E. Potapova  et al., Detection of NADH 
and NADPH levels in vivo identifies shift of glucose metabolism in cancer to energy production, 
FEBS J. (2024)]. Thus, the technology proposed in this project to assess NADH and NADPH 
cofactor levels in retina tissues for the first time will help to understand the underlying glucose 
utilisation processes at DM and AD development. 
DM hyperglycemia causes not only a malfunction of the vascular endothelium but also the 
general glycation of proteins with the formation of advanced glycation end-products (AGE) [P. 
Gkogkolou, M. Bohm, Advanced glycation end products: key players in skin aging?, Derm. 
Endocrinol., 4(3), 259 (2012)], which are responsible for the development of various DM 
complications, including retinopathy, and may be a factor in the development of dementia. It 
is known that the accumulation of AGE increases the intensity of autofluorescence of various 
biological tissues [E. Gerrits et al., Skin autofluorescence: a tool to identify type 2 diabetic 
patients at risk for developing microvascular complications, Diabetes Care, 31(3), 517 (2008)], 
which has also been shown in the works of the Applicant [V. Dremin et al., Multimodal optical 
measurement for study of lower limb tissue viability in patients with diabetes mellitus, J. 
Biomed. Opt. 22(8), 085003 (2017)]. Thus, the use of FLIM will make it possible to track both 
the accumulation of AGE in retinal tissues and the change in the fluorescence lifetime of the 
associated forms of NADH and FAD during protein glycation. 
In this study, it is planned to use the latest advances in the development of frequency-domain 
FLIM cameras [E. Potapova et al., Endofluorescence imaging of murine hepatocellular 
carcinoma cell culture by fluorescence lifetime microscopy with modulated CMOS camera, J. 
of Biomedical Photonics & Eng. 8(1), 010303 (2022)]. One major advantage of frequency-
domain FLIM over popular time-domain FLIM techniques, such as time-correlated single 
photon counting, is acquisition speed, making frequency-domain an ideal technique for real-
time clinical application, as well as measuring rapid cellular processes. 

Laser speckle contrast imaging 
Laser speckle contrast imaging (LSCI), as a method of full-scale visualisation of blood flow 
dynamics with high temporal resolution, is implemented by wide-field illumination of the tissue 
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surface with a red or near-infrared (NIR) coherent light source and registration of the resulting 
speckle pattern by a camera [A. Sdobnov et al., advances in dynamic light scattering imaging 
of blood flow, Laser Photonics Rev. 18(2), 2300494 (2023)]. This method is closest to 
widespread use in clinical ophthalmology, although it still has a wide potential for development 
and improvement. The use of a high-speed (high-frame) camera will make it possible to 
implement a multi-exposure approach for quantifying the distribution of blood flow velocities 
in the retina. Unlike the tissues of the skin or brain, the retina is an excellent object for 
calculating the absolute values of blood flow velocity in individual vessels. Algorithms for time-
frequency analysis of speckle contrast images will be developed to analyse the mechanisms 
of blood flow regulation, including the determination of cardiac pulse wave to calculate 
vascular stiffness [D. Postnov et al., Cardiac pulsatility mapping and vessel type identification 
using laser speckle contrast imaging, Biomed. Opt. Express. 9(12), 6388 (2018)]. This task 
will be solved using modern time series wavelet analysis approaches a great contribution to 
the development of which was previously made by the Fellow [N. Golubova et al., Time-
frequency analysis of laser speckle contrast for transcranial assessment of cerebral blood 
flow, Biomed. Signal Process. Control. 85, 104969 (2023); I. Mizeva et al., Wavelet analysis 
of the temporal dynamics of the laser speckle contrast in human skin, IEEE Trans. Biomed. 
Eng. 67(7), 1882–1889 (2019)]. This approach will also significantly improve the contrast of 
blood vessels compared to the standard speckle contrast calculation method. Also, the use of 
time-frequency analysis will allow us to identify artefacts of eye movement and take this 
information into account when processing data. 

Hyperspectral imaging 
The analysis of the chromophore content, which allows the assessment of blood filling and 
oxygenation of the retina, can be performed using the hyperspectral imaging method providing 
a three-dimensional data array (hyperspectral cube of data), which includes spatial information 
(2D) about the object, supplemented with spectral information (1D) for each spatial coordinate. 
This technology is actively used in various fields of medical science, including endocrinology 
[E. Zharkikh et al., Biophotonics methods for functional monitoring of complications of diabetes 
mellitus, J. Biophotonics 13(10), e202000203 (2020)], and it has recently been shown that the 
spectral characteristics of diffuse reflection of the retina can vary greatly with the development 
of AD [X. Hadoux et al., Non-invasive in vivo hyperspectral imaging of the retina for potential 
biomarker use in Alzheimer’s disease, Nat. Commun. 10, 4227 (2019)]. Currently, the use of 
the Fabry-Perot microinterferometer or acousto-optic and liquid crystal filters in conjunction 
with compact CMOS/CCD cameras makes it possible to design portable hyperspectral 
systems that can be easily deployed in clinical conditions. 
However, despite the widespread use of hyperspectral technologies e.g. in the field of remote 
sensing, their clinical applicability is still in its early stages and requires in-depth scientific 
research. Since hyperspectral images contain hundreds of bands, they cannot be analysed 
by visual inspection, instead algorithms should be developed to extract meaningful information 
from images. Machine Learning and Pattern Recognition based methods can be very 
successful for this purpose, as they are able to automatically learn the relationship between 
the spectrum captured at each pixel of the image and the information that is desired to be 
extracted. Recently, Dr. Dremin has developed an approach based on neural network fitting, 
which allows to restore information about blood content and saturation in biological tissues in 
real time with high accuracy [V. Dremin et al., Skin complications of diabetes mellitus revealed 
by polarized hyperspectral imaging and machine learning, IEEE Trans. Med. Imaging 40(4), 
1207 (2021); E. Zherebtsov et al., Hyperspectral imaging of human skin aided by artificial 
neural networks, Biomed. Opt. Express 10, 3545 (2019)]. This technique can be easily 
adapted for retinal tissue measurements. 

Polarization measurements 
As various pathologies progress in the tissue, significant changes occur in the content and 
organisation of collagen and cellular morphology. These changes lead to modifications of the 
scattering and birefringent properties of tissues, which can be detected using polarimetric 
optical methods [C. He et al., Polarisation optics for biomedical and clinical applications: a 
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review, Light Sci. Appl. 10, 194 (2021)]. Tissue aging and accumulation of AGEs also affect 
their polarization properties, as illustrated by Applicant in his previous studies [V. Dremin et 
al., Incremental residual polarization caused by aging in human skin, J. Biomed. Opt. 29(5), 
052912 (2023); V. Dremin et al., Skin complications of diabetes mellitus revealed by polarized 
hyperspectral imaging and machine learning, IEEE Trans. Med. Imaging 40(4), 1207 (2021)]. 
Moreover, it has recently been shown that the Aβ accumulation in brain tissues also changes 
their polarization properties [M. Borovkova et al., Screening of Alzheimer's disease with 
multiwavelength Stokes polarimetry in a mouse model, IEEE Trans. Med. Imaging 41(4), 977 
(2022)]. Thus, monitoring the polarization of retinal tissues can undoubtedly be a valuable tool 
for establishing a link between the development of DM and AD. 
A hyperspectral imaging channel can be easily adapted to carry out these measurements. The 
tissues will be illuminated with linearly polarised light, and the corresponding optical elements 
in the detection path will allow recording co- and cross-polarized images relative to the incident 
light [V. Dremin et al., Incremental residual polarization caused by aging in human skin, J. 
Biomed. Opt. 29(5), 052912 (2023)]. Additionally, the possibility of integrating modern compact 
polarization cameras into the system, which provide the ability to analyse a wide range of 
polarimetric characteristics, can be considered. 
 
OUTCOMES 
The Project aims to develop a novel approach to the diagnosis and monitoring of DM and AD 
complications beyond the state-of-the-art. Understanding the relationship between DM and 
AD can help in developing strategies for the prevention and treatment of both diseases. 
With the help of VASCULINK, this connection will be investigated and the transition from new 
hypotheses and technologies to real mechanisms, diagnosis and treatment will be ensured. 
In particular, VASCULINK will make a breakthrough in understanding the role of vascular 
parameter changes in DM and AD, which will provide a new treatment goal and allow the 
introduction of a new diagnostic method. Thus, this project will become the basis for large-
scale inter-center clinical trials, through which it will be possible to predict and prevent the 
development of dementia in patients with DM. One of the main obstacles in the development 
of treatments for DM and dementia is their not fully understood etiopathogenesis. Given the 
insufficiency or even lack of effective ways to treat these diseases, the search for 
fundamentally new diagnostic methods and therapeutic targets will lead to the production of 
new compounds that can become the basis for the development of medicines. 
 
IMPACT 
If successful, the results of the Project will be of significant importance for healthcare (medical 
early diagnostics and monitoring), which, in turn, may have a high social impact in the next 5-
10 years. This Project will allow the Dr. Dremin to become a highly qualified link between 
science and clinical medicine. In the future, the Project results will aid clinicians in accurate 
diagnosis and disease management, increasing positive patient outcome. Devices will 
improve the quality of clinical assessments as well as potential treatments through increased 
diagnostics speed, ultimately increasing the quality of life for the patient population with DM 
and AD. Project results will provide clinicians with a compact, reliable, fast, easy to use and 
relatively inexpensive tool to monitor the status of patients constantly. Such a tool is currently 
necessary in medical sectors around the world and presents itself as an as-yet unseen non-
invasive device to help clinicians. Furthermore, the successful implementation of this Project 
could have significant and lasting effects on clinics Globally. The approach offered by a novel 
ophthalmological tool can provide unprecedented levels of care within the clinic. Diagnosis 
could be speed up and treatment periods can be accurately tailored to unique needs of the 
patient through objective assessment. This will ultimately improve patients’ health condition 
and significantly lowering healthcare costs, with obvious advantages for both patients and 
health care services. It is very likely that, being used as a platform, the proposed method would 
pave the way for further research in various relevant strategically important areas, including 
oncology, dermatology, label-free biosensing, etc. Therefore, this Project will benefit numerous 
academic groups worldwide, working in the areas of biophotonics, laser and sensing systems, 
biomedical engineering, clinical research, advanced signal processing, etc. 
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According to the current medical records, approximately 10,000 rare diseases exist globally. 

However, due to the small number of patients and limited information for each rare disease, 

medical expertise is rare; knowledge is scarce; and research is limited. Many rare diseases 

cannot be accurately diagnosed, and the development of treatment drugs is difficult and costly. 

Therefore, there is a strong demand for precise diagnosis and treatment of rare diseases. Based 

on current research, researchers speculate that the phenotypes of genetic rare diseases caused 

by specific gene mutations are strong, and if suborganelle structures, dynamics, and functions 

can be observed more carefully at the subcellular level, their pathogenic mechanisms may be 

discovered. 

By offering unprecedented levels of detail and clarity in imaging cellular structures and 

molecular interactions, super-resolution (SR) microscopy enables researchers to unravel the 

intricate mechanisms underlying these rare genetic disorders, shrinking the required medical 

sample size. Its high resolution and sensitivity empower scientists to observe subtle changes at 

the subcellular level, shedding light on disease progression, identifying potential therapeutic 

targets, and ultimately paving the way for more effective treatments.  

In this proposal, we will construct an intelligent high-throughput bioimaging platform by 

integrating of ultrafast SIM imaging system with high-throughput SR reconstruction module. 

Our ultrafast live-cell SIM for 564 Hz temporal resolution and is compatible with all 

fluorescence labels. Furthermore, our developed intelligent high-throughput super-resolution 

algorithm achieves a fourfold resolution improvement over the diffraction limit, with a 

resolution of up to 60nm, enabling the observation and analysis of fine subcellular structures. 

The intelligent biological imaging platform allows for automated, real-time imaging, meeting 

the demands of subcellular dynamics research. This provides a powerful experimental platform 

for the diagnosis, treatment research, and drug development of rare diseases. 

Beyond that, the intelligent high-throughput bioimaging platform represents a 

transformative tool for advancing our understanding of cell biology and accelerating the 

development of new treatments for a wide range of diseases. Its integration of cutting-edge 

imaging technologies and automation features promises to revolutionize the field of bioimaging 

and propel scientific discovery forward into new frontiers. 
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1. Background 
According to the current medical records, approximately 10,000 rare diseases exist 

globally. However, due to the small number of patients and limited information for each rare 
disease, medical expertise is rare; knowledge is scarce; and research is limited. For example, 
Hemophilia A (HA) is an inherited bleeding disorder, which is caused by a deficiency in 
coagulation factor VIII (FVIII)1. Prophylactic FVIII replacement therapy is recommended for 
severe and some moderate HA patients, in order to transform the bleeding phenotype from 
severe to non-severe. The major concerns of current therapy for HA are the development of 
FVIII inhibitors and the need for frequent injections due to the short half-life time of drugs2. 
Besides, patients face significant risks of developing complications3. Delving into the etiology 
of rare diseases and developing more effective disease treatment drugs remain challenging tasks 
for biomedical researchers.  

By offering unprecedented levels of detail and clarity in imaging cellular structures and 
molecular interactions4,5,6, SR microscopy enables researchers to unravel the intricate 
mechanisms underlying these rare genetic disorders. Its high resolution and sensitivity 
empower scientists to observe subtle changes at the subcellular level7,8, shedding light on 
disease progression, identifying potential therapeutic targets, and ultimately paving the way for 
more effective treatments9 (Fig. 1a). In the realm of rare diseases where understanding is often 
limited and treatment options are scarce, SR microscopy stands as a transformative tool, 
offering hope for improved diagnostics, targeted therapies, and enhanced patient outcomes10. 

  
Fig1. An overview of super-resolution pathology and the algorithm-enhanced SIM for biomedical 
research. a) fundamentals of super-resolution pathology; b) algorithm-enhanced SIM super-resolution 

imaging results. 
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Structured illumination microscopy (SIM) has been widely used in live-cell imaging 
studies due to its fast imaging speed, low phototoxicity, and minimal photobleaching effects. 
However, it suffers from the limitation of relatively low resolution. Combining super-resolution 
reconstruction algorithms can further enhance the spatiotemporal resolution of structured 
illumination microscopy, enabling long-term imaging of live cells and facilitating the 
visualization of subcellular structures and dynamics in living cells11 (Fig. 1b). Overall, the 
intelligent high-throughput super-resolution imaging platform is of paramount significance for 
enhancing both automated resolution and real-time imaging of live cells, which is the major 
motivation of this proposal. The intelligent biological imaging platform provides powerful tools 
for studying the pathogenic mechanisms and diagnosis/treatment methods of rare genetic 
diseases. It has many unexplored possibilities for revolutionizing current SR imaging for cell 
biology and biomedical research.  

2. Statement of problem, objectives, and method 
The major problems that we aim to solve are real-time observation of dynamic activities 

in living cells at the subcellular scale. Scientifically, the sparse deconvolution algorithm11 can 
enhance the resolution of SIM microscopy to 60nm, enabling detailed observation of 
subcellular structures. However, with multiple constraints involved, the use of sparse 
deconvolution requires step-by-step parameter adjustment. The parameter tuning is tricky and 
requires prior knowledge. Moreover, because of the inevitable photobleaching effect, the SNR 
will vary over time in long-term live-cell imaging, leading to different optimal parameters even 
in the same dataset. These complexities of use essentially restrict the method dissemination and 
high-throughput application. 

Our proposed solution is to utilize a deep-learning engine to extract the pattern of 
parameter selections in a high-dimensional representation, enabling parameter-free and real-
time sparse deconvolution reconstruction. Inputting raw SIM images with the optimally 
reconstructed images as ground-truth, the deep neural networks (DNNs) will automatically 
learn the complex expressions of low-to-high resolution transformations. Then, the well-trained 
DNNs can be frozen for direct SR reconstructions. This non-iterative form of reconstruction 
with the graphics processing unit (GPU) acceleration has the potential to achieve real-time SR 
imaging. 

The overall technical route is shown in Fig. 2. First, we construct an ultrafast interference-
based SIM system to acquire 9-frame structural illumination images. Utilizing parameter 
solving and linear equation separation of high and low-frequency components, followed by 
stitching to obtain extended spectral components, we then employed classical SIM 
reconstruction algorithms for inverse filtering to achieve SR-SIM images with double 
resolution. Subsequently, to further enhance the signal-to-noise ratio, contrast, and resolution, 
we applied our parameter-free sparse solution deconvolution algorithm, achieving a fourfold 
improvement in resolution beyond the diffraction limit. At this stage, leveraging the sparse 
solution deconvolution algorithm combined with deep learning networks, we pre-trained an 
intelligent SR reconstruction network and then pruned it into a lightweight model for 
acceleration. Finally, this frozen model will be integrated into the imaging system as a post-
processing step.  

By integrating of ultrafast SIM imaging system with real-time SR reconstruction module, 
we construct an intelligent bioimaging platform. There are several advantages of our platform. 
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First, our platform has contained all the advantages of ultrafast live-cell SIM for 564 Hz 
temporal resolution and is compatible with all fluorescence labels. Second, the spatial 
resolution is automatically doubled from 120 nm of SIM to 60 nm without parameter-tuning. 
Last, the SR reconstructions are in real-time, and this feature is particularly valuable for live-
cell imaging. Using this platform, biologists can dissect the sub-organelle interactions in real-
time without training or specific experience. We expect our smart platform to break the 
stereotype that SR microscopes are all difficult to use, making SR imaging easier. 

 
Fig 2. Intelligent real-time SR platform. PBS: polarization beam splitter; AOTF: acousto-

optic tunable filters; HWP: half wave-plate; DM: dichroic mirror; SLM: spatial light 
modulator; PR: polarization rotator; L1–L5: lenses; Obj: Objective. 

3. Outline of Work Plan 

3.1 Optical setup of ultrafast SIM 
The SIM system is based on a commercial inverted fluorescence microscope (IX83, 

Olympus) equipped with a TIRF (total internal reflection fluorescence) objective (100×/1.7 HI 
oil, APON, Olympus) and a multiband dichroic mirror (DM) as shown in Fig. 211. In short, the 
output light from a polarization-maintaining single-mode fiber is collimated by an objective 
lens (L1) and diffracted by the pure phase grating that consists of a polarizing beam splitter 
(PBS), a half-wave plate and the SLM (3DM-SXGA, ForthDD). The diffraction beams are then 
focused by another achromatic lens (L2) onto the intermediate pupil plane, where a carefully 
designed stop mask is placed to block the zero-order beam and other stray light and to permit 
passage of ±1 ordered beam pairs only. To maximally modulate the illumination pattern, a 
home-made polarization rotator is placed after the stop mask. Next, the light passes through 
another lens (L3) and a tube lens (L4) to focus on the back focal plane of the objective lens, 
which interferes with the image plane after passing through the objective lens. Emitted 
fluorescence is collected by the same objective passed through a DM, an emission filter, and 
another tube lens (L5). Finally, the emitted fluorescence is split by an image splitter before 
being captured by an ultrafast sCMOS camera (Flash 4.0 V3, Hamamatsu, Japan). 

With encoded high-frequency information from the nine acquired raw images, we use a 
Wiener-SIM reconstruction to achieve a twofold resolution improvement. Subsequently, the 
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Wiener-SIM image is further processed by the Sparse deconvolution to fulfill a fourfold 
resolution improvement for 60 nm resolution SR imaging. To collect feature-rich enough data 
for training, we systematically perform the experiments for various organelles, including actin, 
microtubules, caveolin, lysosome, OMM/IMM, ER (endoplasmic reticulum), lipid droplet, and 
so on, under different SNRs. Such a data pool will effectively guide the DNNs to learn the 
authentic representation of the Sparse deconvolution while preventing the over-fitting effects. 

3.2 Real-time SR reconstruction method 
We first apply sparse deconvolution to further boost SNR, contrast, and resolution, 

fulfilling the 4fold resolution improvements against diffraction-limit. At this stage, the 
parameters of sparse deconvolution are all selected by experts with the step-by-step protocol. 
By collecting SR images of different organelles under different SNRs, the generative 
adversarial network with multi-scale discriminators (PatchGAN) is employed to learn the 
transformation from the SIM image to its corresponding Sparse-SIM image (Fig. 3). Then, we 
pre-trained the SR reconstruction network and pruned it to a lightweight model for acceleration. 
Finally, this frozen model will be integrated into the imaging system as a postprocessing step. 

 
Fig 3 Real-time super-resolution imaging architecture 

3.3 Integration of Intelligent high-throughput SR-SIM platform  

The pre-trained model will be pruned to compress the models to run with significantly 
reduced energy cost and inference time. Since this compression removes redundant information, 
the prediction accuracy could even increase after pruning and it can also reduce the potential 
over-fitting effects. Then, with optimization of the linear and non-iterative Wiener-SIM 
reconstruction on a high-performance GPU, we further enable real-time SIM reconstructions. 
Integrated with the subsequent learning-based inference, we construct a fully automatic 
bioimaging platform that enables 60 nm spatial resolution with 30 Hz real-time imaging speed 
(containing acquisition, reconstruction, and saving time). 

4. Outcome(s) 
In this proposal, we will develop a fully automatic bioimaging platform that integrates 

high-throughput SR-SIM imaging, high-speed data collection, and real-time analysis. Specific 
outcomes and deliverables include: 

(1) A high-throughput SR-SIM platform with 60 nm resolution and 30 Hz frame rate. The 
SR imaging platform enables real-time dynamic observation of subcellular structures 
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and life processes. 
(2) More than 2 high-impact publications (targeted in Optica and other journals); 
(3) One optical scientist to be trained. 

5. Impact 
In summary, this proposal represents a transformative tool for integrating cutting-edge 

imaging technology and automation features. Specifically, we will construct an intelligent high-
throughput SR-SIM imaging platform for automatic bioimaging with a resolution of 60 nm and 
a real-time imaging speed of 30 Hz. The intelligent biological imaging platform allows for 
automated, real-time imaging, meeting the demands of subcellular dynamics research. This 
provides a powerful experimental platform for the diagnosis, treatment research, and drug 
development of rare diseases. 
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Executive Summary 
Title: Development of a low-cost, portable device for human brain blood flow and function 

measurements 

Cerebral blood flow (CBF) is an important biomarker for brain health. Alterations in CBF are 
closely associated with serious clinical conditions such as stroke, traumatic brain injury, and 
Alzheimer's disease. Stroke, for instance, is the second leading cause of death globally 
according to World Health Organization, and monitoring CBF in the acute phase is crucial for 
guiding treatment within the critical 6-9 hours post-stroke treatment window. Besides clinical 
applications, CBF can also be utilized to measure brain function for applications such as stress 
level monitoring, or brain-computer interfaces. Existing methods to measure CBF include 
functional magnetic resonance imaging (fMRI) and transcranial doppler ultrasound (TCD). 
However, these techniques are costly and require high technical expertise to operate. A global 
challenge is the lack of a method for everyday monitoring of CBF, particularly in areas with 
limited resources. An ideal solution will be a low-cost, non-invasive, portable system that can 
be used at home and easily carried to various communities. 

Our goal is to develop a device that can be readily used at home for everyday CBF monitoring, 
similar to oximeters which has been conveniently used to measure oxygen saturation. Optical 
methods serve as perfect candidates to accomplish such a task. Diffuse correlation 
spectroscopy (DCS) is an optical method that has been established to measure CBF in the 
past two decades. However, traditional DCS has relatively low signal-to-noise ratio (SNR), 
restricting the achievable depth sensitivity. Consequently, the scalp, rather than the brain, 
contributes primarily to the measured blood flow in DCS. DCS also uses relatively expensive 
(>$10,000) single photon avalanche diode (SPAD) as detectors, thus making it financially 
challenging for wide adoptions. Recently, we have proposed to use a fiber-based speckle 
contrast optical spectroscopy (SCOS) to measure human CBF. SCOS uses relatively low-cost 
complementary metal–oxide–semiconductor (CMOS) cameras as detectors. We have 
demonstrated that the performance of SCOS can surpass that of DCS systems in terms of 
SNR by at least one and up to two orders of magnitude at a high measurement rate of ~50 Hz 
with much lower cost detectors (~$500). Our current prototype SCOS system, however, 
utilizes lenses and bulky cameras which need to be mounted on an optical table in a laboratory 
environment. Therefore, the development of the next generation miniaturized SCOS system 
is key to extend its utility for everyday monitoring of brain health. We propose to miniaturize 
the SCOS system to construct a more portable and wearable device that measures CBF non-
invasively in real time. This will be done by pursuing three specific aims: 

Aim 1: Design the hardware for the miniaturized SCOS device. We will remove the lenses 
in both the illumination and detection side of the prototype SCOS system to improve 
wearability while maintain a similar level of performance.  

Aim 2: Develop the software for real time displaying of brain hemodynamics and 
function. We will connect the CMOS detector to a mini-computer and develop the software 
for real time data processing and display. 

Aim 3: Conduct pilot human brain CBF measurements during a cognitive task (n=10). 
This will demonstrate the application of the miniaturized SCOS for human brain function 
measurements.  

This successful completion of this project will provide a CBF monitor that can be use without 
any specialized training. The portability and affordability will make it an ideal solution for global 
health care, especially in rural areas where the access to medical resources, e.g. MRI 
scanner, is limited. It will also motivate the development of future generations of SCOS devices 
that feature wireless connections to tablets and cellphones. These will shape the future of 
everyday recording of human brain health that responds to the stated goal of the Health 
category of Optica Foundation Challenge that calls for “new, innovative and affordable 
technology solutions”. The design of the hardware and software to sense optical speckle 
changes for decoding brain dynamics also responds to the Information category of “Exploring 
new optical sensing technologies to improve various parameter monitoring capabilities”.  



Literature Review  

Cerebral blood flow (CBF) is an important biomarker of brain health, as it regulates oxygen 
delivery to the brain and removes metabolic waste such as carbon dioxide. Alterations in CBF 
correlate with serious clinical conditions such as stroke1,2, traumatic brain injury3, and 
Alzheimer’s disease4,5. Stroke, for instance, is the second leading cause of death globally, 
responsible for 11% of total deaths according to World Health Organization. Monitoring CBF 
in the acute phase of stroke is crucial for guiding treatment within the critical 6-9 hours post-
stroke treatment window. CBF also provides information about brain function6–9 that can be 
used to monitor mental health, such as assessing stress levels, and in other applications 
including brain-computer interfaces. Therefore, monitoring CBF is important for clinical 
applications as well as physiology and cognitive neuroscience studies. A major global 
challenge, however, is the lack of a convenient method for everyday monitoring of CBF, 
especially in regions with limited resources. The state-of-the-art technique is functional 
magnetic resonance imaging (fMRI), but it is a physically large and expensive machine, which 
limits its use to well-resourced medical centres. Transcranial doppler ultrasound is another 
method to measure CBF in clinics. But like fMRI, it is also relatively costly and requires 
specialized training to operate. An ideal solution will be a low-cost, non-invasive, portable 
device that can be easily used and carried outside of the clinic and into communities with 
limited resources.  

Optics offers a convenient way to non-invasively and continuously monitor CBF that 
cannot be accomplished with other techniques such as positron emission tomography and 
arterial spin labelling fMRI. When a scattering sample, for instance, red blood cells flowing in 
a blood vessel, is illuminated by coherence light, speckle patterns with grainy appearances of 

bright and dark regions will arise from the interference 
of the light waves, as illustrated in Fig. 1. A speckle 
pattern is very sensitive to changes in the scattering 
sample, and is often referred to as the fingerprint of 
the scattering medium10. Therefore, analysis of the 
changes in the speckle pattern can provide valuable 
information of the scattering particles, which can be 
used to determine, for instance, the speed of red 
blood cells. Diffuse correlation spectroscopy (DCS) is 
an optical method that exploits the dynamics of 
speckle patterns to measure blood flow and decode 
CBF11. In DCS, coherence light is launched at one 
position on the surface of the sample/brain and a 
detector is placed at another position to collect 
reemitted light with intensity 𝐼(𝑡) that changes over 
time due to speckle fluctuations. A blood flow index 
(BFi) is obtained from the decorrelation time 𝜏𝑐 of the 
intensity auto-correlation function 𝑔2(𝜏) = 〈𝐼(𝑡)𝐼(𝑡 +
𝜏)〉/〈𝐼(𝑡)〉2 . The depth of the measurement is 
determined by the source-detector separation (SDS). 
At a larger SDS distances, the penetration depth of 
the light signal is deeper, but the collected photon flux 

is smaller, resulting in poorer signal to noise ratio (SNR). Traditional DCS has relatively low 
SNR, therefore limiting the achievable SDS to only ~20 mm; at this distance, the main 

 

Figure 1. Speckle pattern. 
Speckle pattern (the squared 
pattern) arises from the 
interference of light waves (red 
arrows) scattered by the scattering 
particles (pink spheres). The 
speckle pattern acts as the 
“fingerprint” of the scattering 
system. 

Abbreviations: BFi blood flow index; CBF cerebral blood flow; CBV cerebral blood volume; CMOS 

complementary metal–oxide–semiconductor; CMRO2 cerebral metabolic rate of oxygen; CrCP 

critical closing pressure; DCS diffuse correlation spectroscopy; fMRI functional magnetic resonance 

imaging;  fNIRS functional near infrared spectroscopy; ICP intracranial pressure; OD optical density; 

ROI region of interest; SCOS speckle contrast optical spectroscopy; SDS source-detector 

separation; SNR signal to noise ratio. 

 

 



contribution to the measured blood flow arises from the scalp instead of the brain for adults, 
i.e., the brain-to-scalp sensitivity is low12. Thus, DCS is limited in clinical usage and is not 
feasible for brain function measurements in adults for applications such as mental workload 
measurements and brain-computer interfaces. It also has relatively low acquisition rate (<10 
Hz), which is not desired when high temporal resolution is preferred. Additionally, DCS 
requires costly (~$10,000) single photon avalanche diodes as detectors, financially limiting its 
wide adoption for everyday use. Further miniaturizing DCS systems is also challenging due to 
the relatively large size of the detectors available in the market. A new optical method that can 
achieve lower cost, higher SNR and acquisition rate, better portability, and wearability, while 
also maintaining the advantages of DCS including non-invasiveness, robustness, and 
convenience in use will be ideal for everyday monitoring of human CBF and mental health.  

Problem Statement/Objective  

We aim to develop a device that can be used at home for everyday monitoring of human CBF 
and mental health. Recently, we have developed a fiber-based speckle contrast optical 
spectroscopy (SCOS) system 
to non-invasively measure 
human CBF. Similar to DCS, 
SCOS also utilizes the 
speckle patterns to decode 
blood flow information. In 
SCOS, the spatial speckle 
contrast 𝐾  defined as 𝐾 =
𝑠𝑡𝑑(𝐼)/〈𝐼〉 , measured with a 
particular camera exposure 
time 𝑇𝑒𝑥𝑝 , is calculated, 

where 𝑠𝑡𝑑(𝐼) is the standard 

deviation and 〈𝐼〉  is the 
average of the spatial speckle 
pattern intensity as shown in 
Fig. 113. Unlike DCS, SCOS 
can also conveniently 
measure optical density (OD), 
defined as 𝑂𝐷 = 𝑙𝑜𝑔10(𝐼(0)/
𝐼(𝑡)), which is linearly related 

to cerebral blood volume 
(CBV). The contrast 𝐾  is 

directly related to 𝜏𝑐 
measured in DCS14. At large 
camera exposure times 
𝑇𝑒𝑥𝑝 ≫ 𝜏𝑐 ,  the blood flow 

index (BFi) can be defined as 

BFi= 1/𝜏𝑐 = 1/𝐾2  which 
quantifies the variations of 
CBF. We have already built a 
first-generation SCOS 
system (Fig. 2a, b) and 
demonstrated measurements of human CBF as well as OD at a large SDS of 33 mm15,16 for 
the first time. We simultaneously collected SCOS and DCS measurements and demonstrated 
a more than 10X improvement of SNR at a much higher measurement rate (~50 Hz) as 
compared to traditional DCS systems. As show in Fig. 2c, the cardiac pulse measured on the 
human forehead at a SDS of 25 mm is much cleaner and more consistent for SCOS than 
DCS. Unlike DCS which requires costly single photon counting devices, SCOS utilizes 
relatively low-cost (~$100-$500) complementary metal-oxide semiconductor (CMOS) 
cameras as detectors. All these features make SCOS a perfect candidate for the task of 

 

Figure 2. Demonstration of SCOS measurements. (a) 
Schematic of our existing first-generation SCOS system. 
(b) Demonstration of the fiber placement on the subject’s 
head for brain CBF measurements. (c) Comparison of 
SCOS and DCS for measurements of the cardiac 
waveforms of the blood flow index (BFi). OC: optical 
chopper; MMF: multi-mode fiber; NA: numerical aperture.  
 



everyday monitoring of CBF. However, our first-generation SCOS system utilizes lenses and 
bulky cameras such that it needs to be mounted on an optical table in a laboratory 
environment. Therefore, the development of the next generation miniaturized SCOS system 
is key to extend its utility for everyday monitoring of brain health.   

We propose to miniaturize the SCOS system and construct a second-generation, more 
portable and wearable device that non-invasively measures CBF and CBV in real time. This 
will be achieved by advancing three aims: (1) Design the hardware for the miniaturized SCOS 
device by removing the lenses in the optical path. Instead of using a bulky camera, we will use 
a low-cost, light weight, board level housing CMOS detector (Basler daA1920-160um, 2.3 MP, 
160 fps, $289) to be placed directly on the subject’s head. (2) Develop software for real time 
display of brain hemodynamics. CBF and CBV time traces will be calculated and displayed on 
the monitor in real time. (3) Conduct pilot human brain function measurements during a 
cognitive task (n=10) to show CBF changes due to brain activation.  

Outcome 

Upon completion of the above-mentioned aims, we will have developed the next-generation 
SCOS device capable of measuring and displaying human brain CBF and CBV in real time. 

The schematic of the system is shown in Fig. 
3. We will use a CMOS sensor to collect light 
directly on the subject’s head. We will still 
use a fiber for the light source, but we will 
also explore using low-cost laser diodes that 
are safe to be directly attached on the head. 
The CMOS sensor and light source fiber will 
both be secured to a wearable headband. 
The data will be transmitted to a mini 
computer and CBF, CBV time traces will be 
calculated and displayed on the monitor in 
real time. To operate, the headband with the 

CMOS sensor and light source attached will be secured to the subject’s forehead. The 
operator, or subject, can then use the recording software to select their desired recording 
parameters (e.g., duration of the recording, frame rate, etc.) and start recording CBF and CBV 
signals. If time permits, we also aim to provide additional physiological measures, including 
heart rate, intracranial pressure (ICP), and critical closing pressure (CrCP, or zero flow 
pressure) as other options to be calculated in the software17. Some of these additional 
parameters would require connecting to another device, such as a Finapres Nova device 
(Finapres Medical Systems, Netherland), to measure arterial blood pressure17. We will provide 
the software interface to integrate these devices but will ensure that the SCOS device can 
also be used alone. The laser source, the mini-computer, and the monitor will be contained in 

a box (~20×15×10 𝑐𝑚3) with a fan to dissipate heat, which makes it convenient to carry the 
system outside of the laboratory environment. In the future, after completing the hardware and 
software development described in the three aims above, we will also develop a stress 
assessment procedure to measure the brain function in the prefrontal cortex18, to aid in 
monitoring mental health. In short, the successful completion of this project will establish a 
second-generation, low-cost, easy-to-use device for human CBF measurements, making 
monitoring CBF as easy as measuring blood oxygen levels with fingertip oximeters. 

Impact 

This miniaturized SCOS device will provide an easy, non-invasive method for continuous 
monitoring of human CBF and CBV, serving as biomarkers for brain health. The use of low-
cost CMOS sensors makes it a more affordable solution compared to fMRI, which is the state-
of-the-art method to measure brain hemodynamics, as well as DCS, which is the existing 
optical technique to measure human CBF clinically. Preliminary results (Fig. 2) have already 
demonstrated the great potential of SCOS to achieve a much higher SNR (more than 10 times) 
and deeper tissue penetration compared to DCS16. Potential and important clinical 

 

Figure 3. The schematic of the miniaturized 

SCOS system. 



applications include monitoring the ICP and CBF for patients suffering from medical conditions 
as shock, stroke, cerebral edema, or traumatic brain injury, where the cerebral autoregulation 
can be impaired leading to cerebral hyperperfusion, hypoperfusion, and ischemia. The 
portability of the miniaturized SCOS device also makes it an ideal solution for global health 
care, especially in rural areas. It can also serve as a tool to longitudinally monitor brain health, 
as changes in CBF and CBV have been suggested to be early indications of mild cognitive 
impairment or Alzheimer’s disease19, and mental health, such as giving warnings of fatigue, 
sleepiness, and high stress levels when driving20.  

The success of this project will also motivate the development of future generations of the 
SCOS devices. Our current plan is as follows: For the third generation SCOS device, we will 
integrate 
SCOS with 
functional 
near infrared 
spectroscopy 
(fNIRS)21 to 
also measure 
oxy- and 
deoxy-
hemoglobin, 
and calculate 
the cerebral 
metabolic rate 
of oxygen 
(CMRO2). 
This can be 
done by 
including a second wavelength (650 nm) channel in the SCOS device to measure ODs at both 
wavelengths. The advantage of developing a SCOS-fNIRS system is that ODs can be 
measured by SCOS without requiring additional detectors, while DCS-fNIRS systems, for 
instance, require separate detectors for CBF and OD measurements. The fourth generation 
SCOS device will feature measurements for a larger area, or even the full head, by 
implementing a multi-channel system to improve spatial resolution. Brain activation maps can 
then be reconstructed22,23 from the multi-channel measurements for applications such as 
brain-computer interfaces. This will look similar to an newly developed, whole head fNIRS 
system as shown in Fig. 4 to provide all the hemodynamic parameters over a large area for 
monitoring of the whole brain. The fifth generation SCOS device will be a helmet or cap with 
built-in light sources and detectors. Wireless communications will be utilized using tablets or 
cell phones for easier recording and display. Besides these technological developments, we 
aim to further reduce the price of the device by exploring even lower cost laser diodes (~$20 
e.g. Thorlabs L780P010) and cell phone cameras in the future, which will enable mass 
production of the product and improve its affordability for widespread use. 

In addition to the focus on brain health monitoring in this project, the SCOS device can also 
be modified and used to monitor the health of other organs such as kidney or skin. Vasculature 
and blood flow are deeply affected in many of the major health-related questions of the 
century, including cancers, cardiovascular diseases, neuro-vascular diseases and diabetes. 
Therefore, a convenient and affordable way to measure blood flow will benefit human health 
tremendously.  

In summary, the development of the SCOS device will open up new opportunities to monitor 
brain health, detect disease that affects brain hemodynamics, and assess the effectiveness of 
treatments. It does not require special training to use, allowing easy implementation in clinics 
or in patients’ homes. It can also be easily carried to communities that have limited access to 
medical resources such fMRI scanners. Therefore, this proposal responds to the stated goal 
of the Health category of the Optica Foundation Challenge that calls for “innovative and 

 

Figure 4. Existing wearable whole head fNIRS system at Boston University. This 
system has been used for cognitive neuroscience studies. (a) Existing NinjaNIRS21 
system with 8 sources and 12 detectors and control unit backpack. (b) Whole head 
NinjaCap with NIRx NSP2 system. (c) High-density optode montage (sources in red, and 
detectors in blue).  



affordable technology solutions” for the medical community, especially those with limited 
resources. The design of the hardware and software to sense optical speckle changes to 
decode brain dynamics also responds to the Information category of “Exploring new optical 
sensing technologies to improve various parameter monitoring capabilities”.  
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Expanding light storage capacity via chiral photon-phonon 
Brillouin interaction 

(OPTICA Foundation Challenge 2024, category: Information) 
Xinglin Zeng, Max Planck institute for the science of light, xinglin.zeng@mpl.mpg.de 

Challenges: In the information network, despite the rapid transmission speeds of data, 
there exists a critical necessity to buffer or store optical signals, which enables 
computers to decompose tasks into subtasks within the nodes of optical networks and 
address them individually. Employing all-
optical storage shows advantageous, as 
alternatives like electro-optic control 
impose bandwidth and speed limitations. 
The stimulated Brillouin scattering (SBS) 
effect presents a promising avenue for all-
optical controlled information storage and 
through this effect, an optical information 
can be resonantly stored to acoustic 
phonons and subsequently retrieved out. 
This concept has been demonstrated to 
store the amplitude, phase and frequency, 
showing rapid information retrieval and frequency-selective operation.  

In the last decade, there has been widespread utilization of spatial channels to 
increase optical communication capacity. However, the spatial channels have not 
yet been exploited so far in the light storage because of three bottleneck problems: 
1. Mode crosstalk exists in most optical fibers; 2. Multimode Brillouin scattering 
efficiency is quite low in most optical fiber; 3. The scattered modes are difficult to 
be detected due to various noises. These three challenges severely constrain the 
development of optoacoustic light storage technology to the next generation. 

Capabilities and outcomes: To address these challenges, we propose a new light 
storage technique for spatial information based on the chiral photon-phonon 
Brillouin interaction in twisted photonic crystal fibers (PCF). By engineering the 
fiber structure, it is possible to form strongly guiding cores in the PCF, permitting tight 
confinement of sound and light with close to 100% overlap while robustly preserving 
vortex states. Recently, we have achieved significant milestones on the observation 
of efficient intervortex chiral SBS in the twisted PCF. Motivated by the results, in this 
project, we will: 1. optimize the fiber parameters and fabricate a new twisted PCF that 
is suitable for vortex light storage; 2. demonstrate the storage of single or multiple 
circular polarization and vortex states in the twisted PCF. We aim to develop the next 
generation light storage that can store all physical dimensions of optical wave. 

Impact: This project could not only enable new light storage technique for spatial 
information, but also lead to new breakthroughs in many other fields: 1. the vortex light 
storage could facilitate the development of all-optical network and control the flow of 
data in the optical buffers or routers; 2. the efficient multi-dimensional chiral SBS that 
produces spiral flexural waves might be useful to realize the full-vectorial optical 
fiber sensing; 3. the light storage on multiple vortex modes might enable manipulation 
of quantum states separately and boost all-optical processing in quantum domain. 

 
Fig. 1. Brillouin light storage of vortex states 
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Expanding light storage capacity via chiral photon-phonon 
Brillouin interaction 

(Category: Information) 

Applicant: Xinglin Zeng 
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xinglin.zeng@mpl.mpg.de 

1. Background and Literature Review 

An information network consists of nodes where information is generated, processed 
and routed. Despite the high-speed data transmission, there is a critical need to buffer 
or store optical signals, which allows computers to break a task down into sub-tasks 
in the nodes of optical networks and solve them individually. It is beneficial to do light 
storage with all-optical techniques because other approaches such as electro-optic 
control limit the bandwidth and are constraint in terms of speed. The stimulated 
Brillouin-Mandelstam scattering (SBS) effect, a third-order nonlinear effect linking 
optical and acoustic waves, offers promising approach for all-optical controlled 
information storage [1]. The optical information is resonantly transferred to a coherent 
acoustic phonon via SBS effect and then transferred back to the optical domain by a 
delayed optical retrieval pulse. The concept was demonstrated to preserve amplitude 
and phase [2], frequency [3] and a temporal series of pulses [4], showing a number of 
merits such as high-speed coherent information access, frequency selective operation, 
and in-memory computing capabilities [5]. 

Over the past decade, there has been extensive utilization of spatial channels 
(polarization states and optical modes) to enhance optical communication capacity [6] 
and this technology is becoming a promising transmission method in data centers [7] 
and quantum communication systems [8]. However, the storage and retrieval of 
polarization states and spatial information have not yet been carried out so far 
because of three bottleneck problems: 

a. In most optical fibers, the crosstalk between eigenmodes can easily occur; 
b. The Brillouin scattering of higher-order modes has lower efficiencies than that 

of the fundamental modes in most optical fiber; 
c. The scattered modes and polarization states are difficult to be detected due 

to the noises coming from Rayleigh scattering, Fresnel reflections and so on. 

The recent advent of twisted photonic crystal fiber (PCF), which can robustly 
preserve circular polarization and vortex states, has made the SBS of structured 
optical waves possible. During my postdoctoral research at Max Planck institute for 
the science of light (MPL), I collaborated with Prof. Philip Russell and Prof. Birgit Stiller, 
conducted a series of researches on the multi-dimensional SBS in twisted PCF. By 
engineering the fiber structure, it is possible to form strongly guiding wavelength-scale 
glass cores in the PCF, permitting tight confinement of sound and light in a small area, 
with close to 100% overlap. This makes PCF more preferable than normal step-index 
circular fibers for Brillouin optoacoustic study. We have developed an air-filled chiral 
PCF capable of providing large optoacoustic coefficient between chiral photons 
and acoustic phonons, which enables efficient amplification, isolation, inter-
modal conversion and frequency conversion of vortex states [9-12] (part of the 
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results are shown in Fig. 1). Those solid results confirm that multi-dimensional chiral 
SBS of low crosstalk and high efficiency is possible in optical fiber, and motivate us to 
address the bottleneck problems of light storage. Therefore, in this proposal, I plan to 
study the light storage of circular polarization states and vortex modes with chiral 
photon-phonon forward Brillouin interaction in twisted PCF.  

 

Fig. 1. (a) Conceptual view of chiral forward Brillouin scattering. The power of vortex-carrying pump 
wave can be efficiently transferred to Stokes wave during scattering, while the chiral acoustic phonons 
is generated. The circular arrows indicate the direction of azimuthal phase progression and the straight 
arrows indicate propagation direction. (b) Numerically calculated chiral acoustic wave at one instant in 
time. (c) Experimental measurement of Stokes power as a function of pump-Stokes frequency. 

2. Objective 

The goal of this project is to experimentally demonstrate the storage (writing and 
reading) of circular polarization and vortex states into traveling chiral acoustic waves. 
The concept will be demonstrated in chiral PCF with a large air-filling fraction, which 
allows for stable guidance of circular-polarized vortex modes and strong optoacoustic 
interaction simultaneously.  

Within this project, we plan to address the following three sub-objectives: 
a. Fabricating a suitable chiral PCF for efficient chiral photon-phonon interaction 

We will fabricate a chiral PCF that can support chiral forward Brillouin interaction 
of sufficiently high efficiency to enable vortex states light storage. 

b. The storage of single circular polarization and vortex states in the chiral PCF 
We will demonstrate the storage of single circular polarization and vortex states, 
based on the inter-polarization and intervortex chiral forward Brillouin scattering 
in the twisted PCF.  

c. The storage of multiple vortex states in chiral PCF 
The last sub-objective is also most challenging part: Storing and retrieving 
multiple signals in the same time. Each signal is encoded with different circular 
polarization state or vortex modes. 
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The concept is illustrated in Fig. 2. In the storage process, the incoming vortex-
carrying optical data pulse is transferred to a chiral flexural acoustic wave by using a 
co-propagating vortex-carrying write pulse. Both data and write pulses have different 
vortex modes. Following this interaction, the information originates from the data pulse 
resides solely within the acoustic domain. After an interval of tens of nanoseconds, in 
the read-out process, a read pulse interacts with the chiral flexural acoustic wave, 
transferring the information back to the optical domain. Under the mediation of chiral 
acoustic wave, not only amplitude, phase and frequency information are preserved, 
but also the polarization and spatial information (in this case, vortex states). 

 
Fig. 2. The principal of optoacoustic storage of vortex states with chiral forward Brillouin scattering. 

Fig.3 shows schematic diagram of spatial information light storage experiment, 
which includes information writing/reading and detection. In the following section, I will 
list the challenges that this project may have, with some possible solutions.  

Problem 1: In contrast to the general light storage of amplitude or phase that is based 
on the longitudinal plane wave in backward SBS, the light storage of spatial 
information has to use the structured acoustic waves, which in most cases come from 
forward SBS. However, the efficiency of forward SBS is much weaker than that of 
backward SBS, which then makes the spatial light storage challenging.  

Possible solutions:  

a. Optimizing the structure of chiral PCF. Specifically, optimizing the air-filling 
fraction of PCF structure and the core size, to tightly confine the acoustic and 
optical modes in the fiber with close to 100% optoacoustic overlap. Thanks to 
the world-class PCF drawing facilities in MPL, we have obtained several chiral 
PCFs with significant optoacoustic efficiency [12]. However, the light storage 
experiment requires even larger efficiency and therefore more optimization.  

b. Using chalcogenide soft-glass as fiber material. The Brillouin gain would be 
some 100 times higher if chalcogenides (As2Se3 or As2S3) [13] were used 
instead of silica. However, there might also be another challenging when 
drawing chiral PCF with such material: the soft glass is more brittle than the 
silica glass. One solution is to first draw the non-chiral chalcogenides PCF and 
then twist it by post-processing. 
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Problem 2: It is challenging to detect the spatial mode profiles of retrieved data 
because: 1. the parasitic noises such as Rayleigh scattering, Fresnel reflections and 
spontaneous backward Brillouin scattering affect the signal-to-noise ratio (SNR); 2. 
the retrieved data pulses are very close in time (typically ~100 ns that corresponds to 
the acoustic lifetime in the forward Brillouin scattering) to the original data pulses.  

Possible solutions:  

a. Utilizing the lock-in detection scheme to measure only the desired signal pulses 
while get rid of the noises. 

b. Using a near-field raster scanning system to spatially resolve the retrieved data. 
The system will contain a PC-controlled fiber raster scanning stage, 
narrowband filter and signal detection equipment (in our case, the oscilloscope). 
The near field distributions of retrieved data pulses, which contains 
aforementioned noises and temporally close to the original data pulses, can be 
collected pixel by pixel by the raster scanning stage. The pulse area at each 
pixel will be recorded by the oscilloscope and the whole mode profile will be 
reconstructed by offline-processing based on the area values of all pixels.  

 

Fig.3. Experimental setup for the Brillouin light storage with spatial information (vortex states) 

At last, this project will benefit from strong support provided by the MPL. This 
support includes access to the fiber-drawing facilities, extensive expertise and state-
of-the-art equipment that includes a wide range of characterization tools, from pulse 
generation to spatial mode analysis.  

3. Outcomes 

New chiral PCF of high intervortex optoacoustic efficiency: Working with fiber 
fabrication team in MPL, I aim to obtain a new chiral PCF with large air-filling fraction 
(>0.8), short twist period (<5 mm) and small core size (<2 μm). 
Storage of spatial information in chiral PCF: Demonstrating the storage of circular 
polarization and vortex states (single state and multiple states) in chiral PCF. Besides 
spatial information, the amplitude, frequency and phase will also be stored.  
Publications: During the period of project, I target to achieve 1-2 journal publications 
and submit at least 2 conference papers.  
Training students: One or two master students will be actively involved in the project, 
receiving comprehensive training in the field of intermodal SBS and light storage.  
Collaborations: This project will continue to bridge collaboration between myself, Prof. 
Birgit Stiller, Prof. Philip Russell. Birgit Stiller is an expert in the field of Brillouin 
scattering and light storage research. Philip Russell is the inventor of the photonic 
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crystal fibers and an expert on twisted PCFs and chiral photonics. Therefore, I will 
benefit from an excellent research environment at my institute. The progress and 
innovation in the field will be accelerated through joint projects and knowledge 
exchange. 

4. Impact 

This project will not only provide insight into the physics of intervortex chiral SBS and 
enable next generation light storage for spatial information, but also have impact on a 
number of topics:  

a. All-optical network 
The vortex-Brillouin light storage technique could facilitate the development of 
optical switches and routers, which can efficiently control the flow of data in the 
all-optical network without the need for electronic conversions.  

b. Vectorial optical sensing  
The chiral Brillouin scattering produces spiral flexural acoustic wave, which 
might be capable of interacting with external 3D variation in the environment 
and facilitate the realization of full-vectorial optical fiber sensing.  

c. Quantum communications  
The light storage on multiple vortex modes might boost all-optical processing in 
the quantum domain. It might enable manipulation of certain states separately 
and make parallel processing of a multi-dimensional state possible. 

d. Chiral physics  
More fundamentally, this chiral phonons-mediated light storage can open up 
new perspectives on many fundamental researches such as topological 
photonics, non-Hermitian physics and other chirality-related phenomena. 
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Color Centers in Silicon Photonics for Quantum Networking and Computation
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Global Challenges in Information
The burgeoning global demand for secure and efficient information transfer presents significant
challenges, as traditional networks face increasing threats from eavesdropping and disruptions.
Quantum networks herald a new era of communication security, protected by fundamental
laws of quantum mechanics. Additionally, these networks are vital for connecting modular
quantum computers, addressing problems beyond the reach of classical computing through large-
scale distributed quantum computing. The cornerstone of these networks is the quantum
repeater, which facilitates the long-distance propagation of quantum information at high rates.
Color centers emerge as a leading solution for these repeaters due to their ability to interface with
flying photons and maintain long-lived spin states as quantum memory.

Although color centers are the backbone of metropolitan-scale quantum network demonstra-
tions, current prototypes are limited to a few nodes with a low entanglement generation rate.
Challenges with the most developed diamond color centers include significant loss from necessary
frequency conversions for long-range transmission and the difficulties of large-scale diamond
device manufacturing.

Furthermore, photonic quantum computing using silicon photonics, despite significant
investments approaching a billion dollars, is hindered by the lack of efficient spin-photon in-
terfaces, which are crucial for generating high-fidelity photonic resource states in a deterministic
manner.

Solution and Capability
We aim to address these challenges using color centers in silicon, leveraging the mature in-
frastructure of silicon photonics and electronics. We focus on T centers—a carbon-hydrogen de-
fect—that operate within the telecom-O-band at 1326 nm and feature electron and nuclear spins
with coherence times of up to 2 seconds. The major limitation of T centers is the large optical
linewidth compared to the lifetime-limited linewidth, which prohibits efficient interaction with pho-
tonic structures. The homogeneous linewidth, dominated by thermal phonon-induced relaxation,
is especially harmful since feedback or postselection-based protocols cannot mitigate this effect.
The direct solution of lowering the temperature is not cost-effective and adds complexity: it is
impractical for deploying high-end cryostats every 10 km to house a quantum repeater.

We propose to leverage the unique capabilities of silicon photonic devices to engineer the local
environment for T centers. Our modeling suggests that a thermal linewidth reduction of more
than two orders of magnitude is attainable without lowering the operating temperature. Our
team has deep expertise in T center creation, photonic crystal cavity integration, and measurement.
In the 24-month project, we will (1) develop measurement protocols to accurately probe the thermal
linewidth in regular devices, (2) design devices with optimal parameters for reducing the thermal
linewidth, and (3) fabricate the integrated device on commercial silicon-on-insulator (SOI) wafers.

Impact
This solution will significantly enhance the feasibility and scalability of quantum networks
and photonic quantum computing. By approaching a lifetime-limited homogeneous linewidth
for T centers, we expect to reach new levels of cooperativity in silicon photonics. This
advancement not only opens the door to next levels of light-matter interaction for high-fidelity
single-photon gates and entanglement generation but also accelerates the deployment of quantum
networks worldwide, promising a new era of ultra-secure and precise global communication.
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Literature Review and Introduction

Classical networks are the vital force that connects the world together and drives the information
revolution. Recently, the concept and prototypes of quantum networks (Fig. 1a) have emerged as
our control over quantum systems has reached unprecedented levels [1]. Unlike classical networks,
quantum networks use principles like the non-cloning theorem to ensure absolute security against
eavesdropping [2]. Additionally, distributing remote entanglement among quantum nodes offers
valuable tools for precision measurements and quantum sensor networks [3–5].

Similar to optical interconnects tackling bottlenecks in modern data centers, local quantum
networks or quantum links show great potential for scaling quantum processors. Scaling mono-
lithic quantum processors for practical computing tasks is extremely challenging. Thus, creating
smaller, reliable quantum processing modules and linking them in a quantum network may provide
the ultimate solution [6, 7].
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Figure 1: (a) Quantum network schematics. (b) Schemat-
ics of silicon photonics based manufacturable optical quan-
tum computing. Figure adapted from Dr. Galan Moody.
(c) T center atomic structure. (d) T center level structure
showing the optical ground and excited states (TX0 and
TX1) on the left and the electron and nuclear spin under
magnetic field on the right.

Telecom-band photons in optical
fibers are optimal to minimize propaga-
tion loss, as demonstrated by decades of
advancements in optical communication.
Additionally, quantum repeaters [8] are
essential between distant nodes to expo-
nentially enhance the success probabil-
ity of establishing remote entanglement.
As natural candidates for quantum re-
peaters, color centers provide optical tran-
sitions to interface with flying photons
and long-lived quantum spins for entan-
glement swapping protocols. Notably, ma-
ture platforms using diamond color centers
have been demonstrated in multi-node [9]
or metropolitan-scale quantum networks
[10]. However, these color centers do not
operate in the telecom band, and dia-
mond presents challenges for nanofabrica-
tion and device integration. Moreover, the high cost of quality diamond impedes the large-scale
deployment of diamond-based quantum repeaters.

Besides quantum networks, quantum computing [11] presents another information revolution
with even broader impact on cyber-security, materials/chemistry modeling, and pharma-
ceutical discoveries. Optical quantum computing [12], particularly through silicon photonics
(Fig. 1b), stands out as a manufacturable platform that leverages existing semiconductor foundries
[13]. This approach has recently attracted nearly a billion dollars in global investment. However,
a critical challenge remains: generating high-fidelity photonic resource states [14–16]. Current
methods based on nonlinear optics, are probabilistic and difficult to scale, creating a significant
bottleneck. In addition, the lack of an efficient spin-photon interface in silicon photonics hinders
the deterministic generation of resource states from quantum emitters.

To address the challenges in quantum networking and computation, we focus on color centers

1
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in silicon, utilizing the mature silicon photonics platform for easier integration with
photonic and electronic components. Among the silicon color centers, T centers (Fig. 1c)–a
carbon-hydrogen defect–show promise for quantum network applications. The T centers’ transition
lies in the telecom-O-band at 1326 nm (Fig. 1d), and their electron and nuclear spins serve as
quantum memories. Initially studied in the 1980s [17–19], T centers have only recently been
explored for quantum information, exhibiting desirable properties such as a 1 µs optical lifetime, 2
ms electron spin coherence, and over 2 s nuclear spin coherence [20, 21]. These attributes position
T centers as effective quantum repeater nodes. With research still in its early stages [22–26], there
are significant opportunities to further explore T centers’ properties and their integration with
sophisticated silicon-based technologies.

Problem Statement and Objectives

The primary limitation of T centers is their large optical linewidth, around 1-2 GHz at 4 K [20,
21], which is significantly broader than the desired lifetime-limited linewidth of approximately
160 kHz for T centers in bulk silicon. This four orders of magnitude mismatch poses significant
challenges for efficient photon coupling, crucial for achieving high-fidelity spin readout, spin-photon
entanglement, and photon gates controlled by the emitter. Addressing this requires both an increase
in the lifetime-limited linewidth and a reduction in the total linewidth. Incorporating T centers
into photonic crystal cavities has recently achieved an order of magnitude increase [22, 23, 25, 26]
in the lifetime-limited linewidth thanks to the Purcell enhancement.

Reducing the total linewidth, however, is more complex. Part of the total linewidth arises
from spectral diffusion due to charge environment fluctuations near the T center [21]. Incorporat-
ing emitters into PN junctions–a technique proven in silicon carbide [27]–has shown potential to
nearly eliminate this issue. Alternatively, since spectral diffusion is typically slow, post-selection or
feedback-based control could also mitigate its effects [28].
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Figure 2: (a) Thermal linewidth vs. local temperature. (b)
Measured TX1 and TX0 optical transitions with increasing op-
tical power in a below-bandgap photoluminescence experiment.
Lighter color represents higher power.

The linewidth hard to mitigate
comes from rapid transitions between
the TX0 excited state and the TX1
second excited state, mediated by
thermal phonons [20] (Fig.1c). The
transition frequency between TX1
and TX0 is 427 GHz (or 1.76 meV),
while the thermal energy at 4 K cor-
responds to 83 GHz. At this tempera-
ture, the number of thermal phonons
capable of driving the TX1-TX0 tran-
sition is significant, and the thermally
induced linewidth increases exponentially with temperature, as confirmed by recent measurements
[20]. This thermal-limited linewidth is calculated to be below 1 MHz at 1 K but rises exponentially
to around 200 MHz at 4 K (Fig.2a). Our photoluminescence experiment using an below-bandgap
laser (Fig. 2b) demonstrated higher TX1 population with increasing laser power causing a higher
local temperature.

A brute-force approach to reduce this thermal linewidth is cooling the T center samples in a 1-K
cryostat. However, 1-K cryostats require more advanced cryogenic technology, making them less
cost-effective and space-efficient. Considering the goal to commercialize these quantum repeater
nodes and deploy them every 10 km, it’s essential to find solutions that effectively reduce the
linewidth at 4 K or higher temperatures.

Instead of focusing solely on temperature, our proposal aims to engineer the TX1-TX0 splitting
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frequency, which significantly influences the thermal linewidth [29, 30]. Early spectroscopy studies
of T centers in bulk silicon indicate that the TX1-TX0 splitting is a function of local strain [19,
31]. The impact of strain on this splitting depends on the strain’s orientation relative to the silicon
crystal directions. For example, strain along the (100) direction can substantially increase the
TX1-TX0 splitting by about 943 THz per unit strain for a subensemble of T centers, offering a
practical method to adjust the splitting frequency.

Our ultimate goal is to overcome the linewidth limitations of operating T centers at easily
achievable cryogenic temperature leveraging (1) this unique tuning knob provided by solid state
systems to control TX1-TX0 splitting and (2) the mature microelectromechanical (MEMS) tech-
nology in silicon. To realize this goal, we outline our objectives as concrete steps:

• Develop the measurement setup and protocols to probe the thermal limited linewidth as a
function of temperature.

• Design the optics and MEMS structures to optimize large controllable strain at the T center
location.

• Fabricate the integrated device and measure the TX1-TX0 transition frequency and the ther-
mal limited linewidth at various strain levels.

Plans and Outcomes

Measuring Thermal Limited Linewidth
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Figure 3: (a) Measurement setup schematics for hole
burning and two-tone expereiments. SOA: semicon-
ductor optical amplifier. SNSPD: superconducting
nanowire single-photon detector. The numbers rep-
resents the beam splitter ratio. (b) Preliminary hole
burning result for a single cavity enhanced T center.

To eliminate the influence of spectral diffusion,
we need to measure the homogenous linewidth
of a T center, which is dominated by the ther-
mal linewidth. Previous spectroscopy work
studying the temperature-dependent linewidth
uses either bulk 28Si to minimize spectral dif-
fusion [20] or spectral hole burning to probe
the homogeneous linewidth for ensembles of T
centers [32]. However, the bulk measurements
are not compatible with device characteriza-
tion, and the ensemble measurement also in-
troduces difficulties in analyzing individual T
centers in their unique local strain and optical
environment.

Dr. Zhang has built a measurement setup
for cavity-enhanced T center at UC Berkeley.
She is also developing the measurement proto-
cols to probe the homogenous linewidth for a
single T center integrated in photonic crystal
cavity using hole burning techniques and two-
tone correlation measurement. The preliminary
hole burning results (Fig. 3b) have shown the
homogeneous linewidth of a single T center around 100 MHz at 3.8 K and increases considerably
at 4.3 K.

To achieve the objectives in this proposal, we will build an upgraded setup (Fig. 3a) at Columbia
University to expand the capability of these measurements. The setup will center around a cryostat
that provides access to a wide range of temperatures to study the thermal linewidth and its strain
dependency. For high coupling efficiency, we will use a lensed fiber to excite and collect signals

3
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from the T centers.
We will use both the hole burning protocol and the two-tone correlation protocol developed by

Dr. Zhang to probe the thermal limited linewidth. These complimentary measurements will be
first developed and benchmarked on a device without external strain.

MEMS and Integrated Photonics Device Design
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Figure 4: (a) Thermal linwidth
vs. TX0-TX1 transition frequency.
The dashed line marks the zero-strain
value. (b) TX0-TX1 transition fre-
quency vs. strain. (c) Thermal
linewidth vs. strain at 4 K and 3 K.

The key design target for the device is achieving the large
strain needed to reduce the thermal-limited linewidth at 4
K. According to Fermi’s golden rule, increasing the TX1-TX0
splitting Ea influences the thermal linewidth in two aspects
[29]. One is the increase of the density of state that grows poly-
nomially. The other is the thermal occupancy of the phonon
modes that is exponentially suppressed by the Bose-Einstein
distribution. At 4 K, our calculation shows that the exponen-
tial suppression dominates for Ea around the zero-strain value
(Fig. 4a), meaning strain engineering is a feasible path to re-
duce thermal linewidth. Using the large strain dependency of
943 THz per strain in (100), a strain larger than 5.8 × 10−4

is capable of increasing Ea to 978 GHz (Fig. 4b) and reducing
the thermal linewidth to 1 MHz (Fig. 4c), which is below the
lifetime-limited linewidth of 1.7 MHz given 100 ns of cavity-
enhanced optical lifetime.

In order to achieve tunable strain in the system, we will
design a suspended comb drive structure, which is commonly
used in the MEMS community, using commercially available
silicon on insulator (SOI) substrate (Fig. 5a). The two combs
are attached to separate electrodes to control the electrostatic
force between them. One of the comb is rigidly defined on
the silicon membrane and the other comb drive is connected
to the silicon photonic waveguide where T centers reside. The
second comb is attached to the main silicon membrane with
a spring to provide a restoration force. The silicon beam is
also connected to the main membrane with a tether to provide
structural support and an anchor for the MEMS structure.
We will use COMSOL to simulate the strain available in such
a structure and determine the key parameters for the MEMS
structure, including the comb pitch and period, maximum ac-
tuation length, and the position of the tether.

The integrated photonics design mainly involve a photonic crystal cavity and the taper coupler
(Fig. 5a). The photonic crystal cavity has an extended number of Bragg mirrors at the side of comb
drive to prevent loss from proximity of metalic electrodes on the comb drive. The inverse taper
will gradually adapt the silicon waveguide mode to the air mode matching the Gaussian profile of
the lensed fiber. We will perform FDTD or FEM simulation to determine the key dimensions of
the design.

Device Fabrication and Testing

We will start from the commercially available SOI wafer and send out for ion implantation with
commercial implanters such as Innovion. After the carbon implantation, we will perform a thermal
annealing at 900oC to repair the silicon lattice damage and send out for hydrogen implantation.
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The following fabrication steps will be performed locally in the Columbia Nano Institution (CNI)
and is shown in Fig. 5b. All the silicon structures inluding the MEMS and the photonic components
will be defined by reactive ion etch (RIE). Then we will perform a rapid thermal annealing at 300oC
to facilitate the creation of T centers. The electrodes for the MEMS combs are defined after the
annealing to avoid diffusion of metal into silicon. Following the metal patterning, we release the
sacrificial oxide layer and the device is ready.

RIE etch Anneal
    Metal 
deposition Release

(a)

(b)
C, H implantation

Figure 5: (a) Schematics of the proposed device (not to scale) coupled with a lensed fiber. The inset
shows an SEM image of a photonic crystal cavity and its FEM simulation. (b) Fabrication flow after ion
implantation. The spin sign represents T centers.

Finally, we will cool down the device in the cryostat and measure the TX1 and TX0 levels as a
function of applied voltage using photoluminescence, as shown in Fig. 2b. Employing the COMSOL
strain simulation, we can extract the strain sensitivity of these levels. We will measure the thermal
linewidth with increasing applied voltage and compare it with theoretical predictions in Fig. 4c.

Impact

Achieving a lifetime-limited homogeneous linewidth for T centers represents a significant mile-
stone for silicon color centers. By using post-selection or feed-forward protocols to mitigate
spectral diffusion [28], we could achieve a cooperativity of 1 or higher in silicon photonics
for the first time. This breakthrough positions T centers as strong competitors for quantum re-
peater nodes, alongside other leading platforms such as diamond and silicon carbide color centers,
as well as rare earth ions. The advantage of silicon photonics lies in its compatibility with foundry
manufacturing, quality control, and integration with other components—key factors in large-scale
quantum node deployment and accelerating quantum network coverage.

The availability of sophisticated silicon photonic structures makes the realm of high cooper-
ativity particularly appealing. Efficient light-matter interaction will facilitate photon-mediated
interactions between emitters in advanced platforms like topological photonic systems [33] and
metamaterials [34]. Most significantly, utilizing mature, low-loss components in silicon photonics
will enable high-fidelity single photon gates [35] and the generation of resource states [36], paving
the way towards the holy grail of optical quantum computing [12].

Furthermore, this proposal marks the first step towards incorporating mechanical degrees of
freedom and MEMS structures into silicon quantum emitters, opening extensive possibilities for
hybrid quantum systems.
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Global warming caused by greenhouse gases is a major concern of the people of the world. 

High-precious monitoring of greenhouse gases is thus indispensable. Benefiting from the high-

density integration, optical gas sensors have been widely used for gas detection. Most optical gas 

detection mainly replies on the linear absorption of the gas into the light source, which suffer 

from drawbacks of limited sensitivities. On the contrary, gas sensors based on optical 

nonlinearities can break this limitation. Silicon photonics is known to be compatible with 

complementary metal oxide semiconductor (CMOS) fabrication process, yielding the low-cost 

manufacturability using high-yield 300-mm wafers and large-scale integration of silicon chips. 

Our previous work on widely tunable Raman lasers has advantages of narrow linewidth and 

cover wide wavelengths from 1240 to 1680 nm (Nature Communications 13, 1-8 (2022)). In 

addition, microresonator-based frequency combs also offer similar advantages of narrow 

linewidth and wide comb wavelength range. With the rapid development of machine learning, 

silicon based artificial neural network technology is beginning to be applied to gas sensing in 

various complex environments. The applicant will develop on-chip gas sensors, integrating them 

with on-chip neural networks to monitor various greenhouse gases, thus developing High-

performance on-chip gas sensing with optical neural networks. 

The proposed project aims to leverage the capabilities of advanced silicon photonics to develop 

high-performance on-chip gas sensors. Our approach integrates widely tunable Raman lasers, 

microresonator-based frequency combs, and silicon-based artificial neural networks (ANNs) to 

achieve unprecedented sensitivity and specificity in gas detection. This capability is crucial for 

monitoring greenhouse gases in diverse environmental conditions. The developed on-chip gas 

sensors can be deployed for continuous monitoring of greenhouse gases in the atmosphere. They 

can be used in fixed stations or mobile units to track environmental pollution levels and 

contribute to climate change studies. Industries can utilize these sensors to monitor and control 

emissions of greenhouse gases, ensuring compliance with environmental regulations. The high 

sensitivity and selectivity of the sensors make them ideal for detecting low concentrations of 

harmful gases in industrial processes. In addition, integrating these sensors into smart building 

systems can enhance air quality monitoring and management. They can detect and alert about 

harmful gas concentrations, contributing to healthier living and working environments. By 

combining cutting-edge silicon photonics with AI-driven neural networks, this project aims to 

deliver a transformative solution for high-precision, scalable, and cost-effective gas sensing, 

addressing critical needs in environmental monitoring and various industrial applications. 



Proposal: High-Performance On-Chip Gas Sensing with Optical Neural Networks 

1. Literature Review 

Internet of Things (IoT) is experiencing unprecedented rapid development. The use of wearables and 

smart homes in people's lives is gradually increasing. Smart sensors are also an important part of it, 

including the sensor arrays and machine learning techniques for signal processing [1]. As we know, global 

warming is a phenomenon of rising temperatures due to an increase in greenhouse gases. This rise in 

temperature leads to an increase in extreme weather, such as droughts, floods and hurricanes. Here, we 

will focus on the development of smart gas sensors and further implement them for detecting greenhouse 

gases. Linear absorption sensors are the commonly used and follow the Beer-Lambert Law. Cavity 

structures can further employ to enhance their sensitivities [2-4]. However, linear absorption sensors 

usually sacrifice sensitivity at smaller sample concentrations to obtain high sensitivity at larger 

concentrations [5]. Intracavity sensors are alternative approaches. One method is to utilize an intracavity 

gain medium that is brought close to the laser threshold to achieve high sensitivity [6]. However, the 

spontaneous radiation from the laser can limit the sensitivity of such sensing systems and is not that stable 

[6]. Optical parametric oscillators have none of these limitations. They have low spontaneous emissivity 

and broadband gain. Thus, the ideal candidates for gas sensors [7].  

Nowadays, silicon and silicon nitride (Si3N4) are major platforms for photonic integrated circuits. For 

silicon, it has the reasons behind its dominance of microelectronics: scalability, the pathway to low-cost 

manufacturing enabled by using high yield 300 mm wafers, and availability of open foundries leveraging 

on complementary metal-oxide-semiconductor (CMOS) processing. Important progress has recently been 

made in silicon-based Raman lasers, where we have realized resonant modes with at least one high 

quality factor in each free spectral range by proposing a new resonator design mechanism. Based on this 

mechanism, we have designed a resonator that maintains more than one million high quality factors in the 

440 nm wavelength range and further realized a Raman laser with a wavelength range tunable down to 

516 nm, which is the largest tuning range of Raman lasers to date [8]. In addition to this, Raman lasers 

have the important advantage of a narrow linewidth [9-12]. Si3N4 has an additional advantage of no 

nonlinear absorption and been widely used for frequency combs [13]. And the frequency combs also 

feature with narrow linewidth. Therefore, both Raman laser and frequency combs have potential use for 

gas sensors. In recent years, machine learning has been developing rapidly, and artificial neural network 

technology is beginning to be applied to gas sensing in a variety of complex environments [14]. However, 

until now, on-chip optical neural network (ONN) integrated with on-chip devices have not been well 

investigated. 

 

2. Problem Statement and Objective 

2.1 Problem Statement 

Currently, the field of smart gas sensors needs to further improve detection accuracy, reduce device 

size and energy consumption. For optical gas detectors, traditional optical gas detectors rely mainly on 

linear absorption of a light source and their detection sensitivity is inversely proportional to the 

concentration of the gas sample. Therefore, they are often suitable for detecting gas samples with low 

sensitivities. Integrated nonlinear photonics relies on nonlinear effects, like in platforms of silicon and 

Si3N4, which can enable the generation of photons for lasing and frequency combs for and high-resolution 

spectroscopy. For the optically pumped laser, stimulated Raman scattering is a useful approach, allowing 

wavelength conversion and extending the optical output wavelength range beyond the pump laser and 

Raman lasing linewidth is very narrow. Frequency combs as a revolutionary technology are well known 

for enabling the generation of equally spaced comb lines for optical metrology, biological imaging, and 



high-coherent communications. Thus, optical nonlinearity is expected to break through the limitation of 

linear absorption of traditional optical gas detectors, and utilize its advantages of narrow linewidth, high 

accuracy, high coherence, and broadband tunability to enhance light-substance interactions, which can be 

used to improve the sensitivity of gas detection. Further integrated with on-chip ONN can increase the 

integration degree and reduce the power consumption. 

2.2 Overview of objectives 

 

Fig. 1 Schematic of proposed on-chip smart gas sensor system, including three key objectives. 

The applicant's proposed work on integrated smart gas sensors consists of three main components: a 

semiconductor laser to generate pump light, an on-chip optical gas sensor to detect the gas sample, and an 

on-chip neural network to perform pattern recognition of the detected signals, as shown in Fig. 1. In this 

case, the semiconductor laser generates pump light, which then enters the on-chip gas sensor through butt 

coupling. Finally, a neural network is used for training and learning to build a decision rule model, and 

the accuracy and performance of the test model is evaluated through testing. The on-chip neural network 

will consist of cascaded Mach–Zehnder interferometer (MZI) interferometer units for arbitrary matrix 

transformation. For on-chip gas sensors, the applicant intends to develop two devices as shown in Fig. 2: 

a silicon-based Raman-enhanced gas sensor and a soliton-enhanced gas sensor, to study the mechanism of 

the two optical nonlinear effects, Raman scattering and soliton frequency comb, on the enhancement of 

gas molecule detection. The applicant will investigate the influence of device structure on the detection of 

gas molecules based on the two integrated platforms of silicon-based and silicon-nitride, respectively, and 

obtain the design scheme of device structure. It is proposed to first start from Lambert's Beer law and 

combine the nonlinear Schrödinger equation to generate Raman laser and optical frequency combs to 

reveal the mechanism of optical nonlinearity for enhanced gas detection. Then, the time-domain finite-

difference method is used to simulate and calculate the intrinsic modes and mode-field distributions in the 

structure of the optical resonator, to study the influence of the device structure on the Raman laser and 

optical frequency comb, and then to reveal the influence of the device structure on the gas detection law. 

Finally, combined with the on-chip neural network, the mode recognition of multiple gases detected is 

carried out to realize the development of high-precision intelligent on-chip optical gas sensors. 



 

Fig. 2 Schematic of two proposed on-chip gas sensors. 

2.3 Innovation objectives 

Depending on the targeted on-chip smart gas sensors, this project will have three objectives. This proposal 

will mainly work on silicon and Si3N4 platform since they are compatible with the CMOS fabrication 

process. The applicant has rich experience in photonic experiments, which will benefit the realization of 

each objective, including device design, experimental setups, and optical measurements. The proposed 

devices will provide new scientific insights into using integrated photonics for developing Raman-

enhanced gas sensors, soliton-enhanced gas sensors, and on-chip ONN. The success of each objective has 

the potential to generate high scientific and technological impact. That is, Raman-enhanced gas sensors 

can lead to novel silicon devices and high-precise gas sensing. The soliton-enhanced gas sensors have 

potentials to arise new approach for gas sensing, novel Si3N4 devices, and the high-sensitivity gas sensing. 

The on-chip ONN can yield compact footprint and novel model to further improve the performance of the 

devices and signal analysis. The realization of each objective has the potential for the development of 

future commercial products. 

Objective 1: Raman-enhanced gas sensors 

Silicon-based Raman lasers based on the Raman effect have the advantages of wavelength extension, 

broadband tunability, narrow linewidth, high compatibility and high integration. A large wavelength range 

of continuous wavelength tuning can be realized by adjusting the wavelength of the laser's pump source, 

and the linewidth is usually <100 Hz. For Raman lasers, Raman lasers can be generated with a frequency 

shift of 15.6 THz from the pump light by designing a silicon-based resonator structure and then inputting 

pump light into the resonator when the Raman gain is larger than the microcavity loss. At the same time, 

the silicon-based Raman laser can be seamlessly integrated with conventional silicon-based 

optoelectronic integrated circuits and fabricated using existing silicon-based microelectronic processing 

technology and equipment, which can reduce fabrication costs and improve integration, and this 

compatibility contributes to the development of compact and efficient integrated photonic systems. The 

applicant's proposed silicon-based Raman-enhanced gas sensors are based on its work of realizing 

broadband tunable Raman lasers based on silicon-based resonators, and taking advantage of the narrow 

linewidth and broadband tunability of Raman lasers, the applicant is to further study the mechanism of 

Raman laser-enhanced gas sensing and the physical mechanism of the corresponding device structure to 

realize high-precision gas detection for the purpose of applying them to the detection of greenhouse gases. 



Objective 2: Soliton-enhanced gas sensors 

Optical frequency combs based on four-wave mixing can generate equally spaced optical pulse comb 

lines by pumping light through the input, which have high coherence and narrow linewidths and have 

important applications in communications. The generation and application of integrated optical frequency 

combs has been a hot spot of integrated optics. The applicant's proposed microcavity soliton enhanced gas 

sensor is based on its work of realizing a dark pulse frequency comb based on a Si3N4 resonator, 

designing the dispersion of the Si3N4 resonator, which in turn generates high-coherence solitons, and 

researching the mechanism of soliton enhanced gas sensing and the corresponding physical mechanism of 

the device structure to realize high-precision gas detection. 

Objective 3: On-chip ONN 

A neural network consists of neurons, each of which receives and summarizes signals from the previous 

layer, compares the weighted sum to a threshold, and generates an output using an activation function. 

This output is passed on to the next layer of neurons as an input to the next layer of neurons. The 

connections between neurons are made by synapses, each of which has an associated weight that is used 

to regulate the degree of influence of the input signal. During the training phase the system adjusts the 

weights of the synapses by using algorithms such as backpropagation to enable the neural network to 

learn the features and patterns of the input data and produce the desired output. Once training is complete 

the neural network system can be used to perform complex tasks such as pattern recognition. On-chip 

artificial neural networks are a hot research topic because of their high degree of integration, real-time 

processing capability and low power consumption. It can realize a large number of neurons and 

connections on a single chip, thus achieving a high degree of hardware integration, which in turn 

improves the performance and efficiency of the system. At the same time, the on-chip neural network has 

a strong real-time processing capability, which can quickly process and respond to the input data, and is 

suitable for application scenarios with high real-time requirements. In real life, there are multiple complex 

gases in the atmosphere, and accurately detecting each gas component is a challenge. For achieving this 

goal of multiple gas detection, the applicant proposes to carry out an on-chip neural network system 

consisting of cascaded Mach-Zönder interferometer units to perform pattern recognition, i.e., model 

training and model validation, of gas molecules detected in on-chip gas sensors, so as to achieve high-

precision detection of different gas molecules. 

 

3. Outcomes 

• The outcome of our proposal is expected to be a prototype of a compact and the first full-

integrated smart gas sensor. The on-chip gas sensor will be several orders of magnitude 

reduction in size and weight.  

• Full-integrated system with laser sources, modulators, MZI network, grating array, and photodetector.  

• The state-of-art on-chip ONN for sample pattern recognition with model training and model validation. 

• The produced intellectual property (IP) from the project will be managed to follow the IP rules and the 

policies. The university will support and evaluate any IP output for possible patent applications and 

seek for possible licensing strategies with industrial partners for commercial products. 

• Commercializing our proposed optical applications will take a step towards on-chip smart gas sensors 

processing. The relevant IP outcomes will also be considered for patents or other ways of licensing to 

industrial companies for commercial products. 



4. Impact 

4.1 Credibility of the measures to enhance the career perspectives and skills development 

The project will enable the applicant well equipped with comprehensive scientific skills and new abilities 

in conducting research and leading a research group in my career. This project highly extends my 

previous research background and enables me to open new research directions in using integrated 

photonics for practical applications. Particularly, this project will allow me to gain skills in designing 

different types of resonators, generating Raman lasing and optical frequency combs, and research 

experience with on-chip gas sensors. The proposed on-chip optical applications can also highly contribute 

to driving progress in integrated systems on photonic chips for commercial products. My leadership 

through supervising PhD students will be continued to improve. The research experience will enrich my 

research diversity. This research project will be a great chance for me to enhance my career as an assistant 

professor in a university.  

4.2 Suitability and quality of the measures to maximize expected outcomes and impacts 

The scientific outputs from the project mainly have three ways to expand the influence of the project: (i) 

attend international conferences for oral presentations or poster exhibitions, like Conference on Lasers 

and Electro-Optics (CLEO), CLEO Pacific Rim, CLEO Europe, European Conference on Integrated 

Optics (ECIO), and Frontiers in Optics; (ii) upload open-access pre-prints for timely access by the 

scientific community of arXiv.org, and Zenodo.org; (iii) publish results on high-impact, open-access, and 

peer-reviewed journals in Optica Publishing. The latest research outcomes will be posted on my group 

website at Chinese University of Hong Kong, Shenzhen, and through social media like Facebook, 

LinkedIn, and Twitter for a wider audience. 

4.3. The magnitude and importance of the project’s contribution to the expected scientific, societal 

and economic impacts 

4.3.1 Scientific and technological impacts 

This proposal includes three independent objectives, each of which is expected to have significant 

scientific and technological impacts. Since the three objectives employ integrated resonators and on-chip 

MZI, the common technological impacts will be in terms of small footprint, and low power consumption. 

For scientific impacts, the first objective of realizing the frequency comb spectroscopy is promising for 

the next generation of bio-sensing benefitting from the precious comb source. The technological impact 

will reflect in the design of the resonator and the new approach for dark comb generation in the NIR 

regime. The second objective of the optical gyroscopes will bring the scientific impact to achieve 

integrated gyroscopes with high sensitivities and low power consumption. The proposed device design 

will present a well-designed structure for inducing mode differences for symmetry breaking. The last 

objective on the application of the optical isolator can have a scientific impact by proposing a new 

approach to gain large isolation between counterpropagating light waves. The technological impact would 

also be from the carefully engineered device structure for more possible applications.  

4.3.2 Economic and societal impacts 

Each objective has the potential for new products that can benefit society. In particular, the first objective 

of the Raman-enhanced gas sensors with enhanced responsivity will have a societal impact in tracking 

environmental pollution levels and facilitating climate change research. the second objective of soliton-

enhanced gas sensors with high sensitivities has significance for detecting low concentrations of harmful 

gases in industrial processes. The third objective on on-chip ONNs can be useful for optical 

communications and can enable novel types of PICs. The three objectives together are crucial for 

monitoring greenhouse gases in diverse environmental conditions. The developed on-chip gas sensors can 

be deployed for continuous monitoring of greenhouse gases in the atmosphere.  
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Executive Summary

Skin color-bias-free oximeter

Oximeters, one of the most used optical medical devices for measuring blood oxygen saturation levels,
show inaccurate results based on the color of the skin. This inaccuracy disproportionately affects people of
color and deprives them of supplemental oxygen in times of dire need. In this work, we plan to develop a
skin color-bias-free oximeter that provides accurate measurements irrespective of skin color.

An adequate level of oxygen in the body is essential for our survival. Typically, an optical pulse oximeter
is used to measure the oxygen content in the blood. If pulse oxygenation drops below 92%, supplemental
oxygen is administered. Hence, it is critical to ensure the oximeter reading is accurate. Occult hypoxemia is
an urgent situation where even if the arterial oxygen saturation (measured with blood gas analysis) drops
below 88%, pulse oximeters, nonetheless, show an oxygen saturation of 92 to 96%. In this scenario, the
patient does not receive supplemental oxygen. Depending on the severity and duration, hypoxemia can
lead to mild symptoms or lead to death. In a study on COVID-19 patients, researchers at the University of
Michigan observed 11.7% occurrences of occult hypoxemia in black patients compared to 3.6% of white pa-
tients. This inaccuracy has devastating consequences – being unaware of the oxygen deficiency, caregivers
do not administer oxygen therapies to patients needing supplemental oxygen, putting specific populations
from minority backgrounds (Black, Latinx, and Native American) at disproportionately higher risk.

In the fundamental design, oximeters rely on light absorption in skin, blood, and tissue. A calibration
curve is used, which correlates light absorption to oxygen saturation. The calibration depends on skin
color. For example, if the calibration was taken from volunteers with lighter skin colors, the results would be
erroneous for patients with darker skin colors. In this work, we plan to design and demonstrate a skin-color-
sensitive oximeter, which will provide insights into the user’s skin color and blood oxygen levels. In Aim
1, we will create new analytical and empirical calibration curves used in oximeters. These new calibration
curves will be developed using well-established skin color characterization scales, namely, the Fitzpatrick
classification system, von Luschan chromatic scale, and the Monk scale. We hope to reduce measurement
inaccuracies with the proposed design by intelligently selecting an appropriate calibration curve, using a
combination of artificial intelligence algorithms and optical sensors. In Aim 2, we will develop an intelligent
oximeter using two oximeter sensors on a stretchable substrate capable of simultaneous transmission- and
reflection-mode oximetry. Hence, we will use that to select the correct calibration curve of the oximeter
based on skin color. In Aim 3, for validation, we will run a validation study with 50 subjects at the USC
Center for Advanced Lung Disease, representing the whole skin color spectrum. In Aim 4, we will work with
USC Keck Medicine Department of Family Medicine and the Race Equity, Diversity, and Inclusion Council
at USC. Our efforts will raise awareness among medical professionals and affected communities about the
limitations of current devices.

The project to develop a skin color-bias-free oximeter aligns perfectly with the Optical Foundation Chal-
lenge in Health by innovatively using optical technology to address a critical and pervasive health disparity.
This initiative proposes advanced optical sensors for a dual-mode oximeter that adapts to skin color, improv-
ing accuracy and equity in medical diagnostics. By addressing the documented inaccuracies in oximetry
across different skin colors, the project not only advances technology but also champions the cause of
equitable health solutions.
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Oximeters are the most used optical medical device and they must remain accurate for everyone. Clini-
cal administration of oxygen is usually adjusted by observing the blood oxygen content of patients using a
pulse oximeter. If oxygen falls below a certain threshold, supplemental oxygen is provided to the patients
[1]. Therefore, oximeters must provide accurate results. If higher oxygen saturation is reported than what
is actual, patients will not receive supplemental oxygen due to the measurement error, which will result in
hypoxemia [2]. Depending on the severity and duration, hypoxemia can lead to mild symptoms or
lead to death. Mild symptoms include headaches and shortness of breath. In severe cases, hypoxemia
can interfere with heart and brain function. It can lead to a lack of oxygen in the body’s organs and tissues,
which is called hypoxia.
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Figure 1: Current and proposed oximeter designs. (a) Transmission-mode oximeter that is cali-
brated for a single skin color. No skin pigment information can be captured using the existing sensor.
(b) Since sensor calibration is performed based on a single skin type, the oximeter’s error gets amplified
when used on other skin types. 5% SpO2 error in dark skin is shown based on data by Sjoding et al.
[3]. (c) Proposed oximeter design for both transmission and reflection modes. Both oxygenation and skin
color information can be captured with this design. An additional sensor (blue light) is added for accurate
skin color sensing. (d) Since the sensor captures skin color information, calibration can be adjusted for
multiple skin colors with a skin color correction factor (κ). (e) The aims of the study include analytical
modeling (Aim 1), design and development of the oximeter (Aim 2), validation in a clinical setting on 50
participants (Aim 3), and raising awareness regarding the bias in oximetry (Aim 4).

In the simplest
form, oximeters use
two wavelengths of
light, typically red
and near-infrared (NIR),
to measure a per-
son’s oxygenation. The
pulse oxygenation value
is computed by mea-
suring the absorp-
tion ratio at these
two wavelengths (Fig.
1a). Here, the
light is transmitted
through the skin, and
transmission-mode ab-
sorption is taken into
account. Since pulse
oximetry is a ra-
tiometric measure-
ment, a simple cali-
bration curve relates
light attenuation to
the oxygen content
[4]. If this calibra-
tion is taken from
people with lighter
skin colors, the re-
sults will be erro-
neous for people
with darker skin
colors, and vice versa. This racial bias is a documented problem in oximeters [5, 6], putting specific
populations from minority backgrounds at disproportionately higher risk. During the COVID-19 pan-
demic, researchers at the University of Michigan have observed that black patients with low arterial oxygen
saturation were demonstrating higher SpO2 in pulse oximeters [3]. Some of these patients did not receive
supplemental oxygen just because their SpO2 was recorded higher (92-96%) as opposed to their actual low
arterial oxygen saturation (<88%) [3]. This is a fundamental problem with the current pulse oximeters,
where racial bias is built into the hardware (Fig. 1b).

A consensus of "observed racial bias in oximetry" is seen in the literature bolstering the study performed
by the Michigan group during COVID-19. Bickler et al. found at 60-70% SaO2, SpO2 overestimated SaO2

(bias +/- SD) by 3.56 +/- 2.45% (n = 29) in darkly pigmented subjects, compared with 0.37 +/- 3.20% (n
= 58) in lightly pigmented subjects (P < 0.0001) [5]. Feiner et al. also came to the same conclusion of
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biased measurements when monitoring patients with saturations below 80%, especially those with darkly
pigmented skin [7]. In a recent larger study, Valbuena et al. found in 30,039 pairs of SpO2-SaO2 readings,
the occurrences of occult hypoximia were 2.7% in white patients compared to 12.9% in black patients [8].
Reasons for this racial bias are not well comprehended and potentially enabled by limitations in
existing regulatory oversight [9]. Unfortunately, attempts to understand and solve this problem
remained very small.

In this work, we propose a simultaneous transmission- and reflection-mode oximeter, which will carry
both oxygenation and skin color information (Fig. 1c). In this sensor design, light emitters and detectors
are placed on both sides of the tissue – with this topology, transmitted and reflected lights can be captured.
Oxygenation information will be encoded in both measurements, while the reflection-mode mea-
surement will provide skin color information. Another accurate measurement of the skin color can
be performed using a dedicated optoelectronic sensor [10]. Consequently, it is possible to adjust the
calibration curve based on the skin color information measured in the reflection mode (Fig. 1d). Further-
more, We will provide the origins of bias in oximetry with analytical and empirical insights by undertaking
the design and development of the new oximeter. In addition, we will conduct validation in a clinical setting
with 50 participants and work on raising awareness regarding the bias in oximetry (Fig. 1e).
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Figure 2: Analytical models of oximetry. (a-b) In the transmission mode, LEDs are
placed on one side, and the PD is placed on the other side of the tissue. Light passes
through bone, tissue, non-pulsating arterial and venous blood, and arterial blood. Once
this signal is obtained from two different wavelengths of light, the ratio of the ratios (Ros)
is calculated and correlated to SpO2. In the transmission mode, no skin color information
is captured by the device. (c) In the reflection mode, LEDs and PD are placed on the
same side. (d) Here, the ratio of the ratios captures skin color information in the form of
R′

os = Ros
κ

. (e) We will correlate κ to the existing skin color scales.

To understand the limitations
of current oximeters, it is essen-
tial to explore the inner workings
of the existing pulse oximeters.
We will compare analytical mod-
els in transmission and reflection
modes, and outline the required
study to include analytical and
empirical models that can han-
dle multiple skin colors. A pulse
oximeter uses light attenuation in
the transmission mode to quan-
tify SpO2. In transmission mode
pulse oximetry, light from LEDs
is directed into the top of the fin-
ger, and the transmitted light is
sensed at the bottom of the finger
with a photodetector (Fig. 2a-b).
Here, Ros =

ACλ1
/DCλ1

ACλ2
/DCλ2

, is the
ratio of pulsatile (AC) to station-
ary (DC) signals at the two wave-
lengths in the transmission-mode

and κ provides insight into the skin type (Fig. 2c). When both the transmission and reflection-mode oper-
ations are performed simultaneously, oxygenation and skin color information is gathered in a single shot,
which is impossible while operating only in the transmission mode (Fig. 2d). In addition, the calibration
curve can be changed based on the skin color correction factor κ (Fig. 2e).

Previous experience with oximetry: Dr. Khan extensively worked on oximetry during his PhD and
developed five different types of oximeters, namely, organic transmission-mode oximeter [11], or-
ganic refection-mode oximeter [12], organic reflectance oximeter array [13], multichannel PPG sen-
sors [14], and an ambient-light oximeter [15]. Our fundamental and applied research on developing
flexible biophotonic sensors led to the first demonstration of a pulse oximeter based on organic semicon-
ductors [11], and the first flexible reflectance oximeter array (ROA) composed of printed OLEDs and OPDs
[13]. All these experiences will play a vital role in developing the proposed iOximeter.
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Tasks:

Aim 1: Analytical and empirical models of light propagation through different skin colors in pulse
oximeters.

In order to comprehend the constraints of current oximeters, it is crucial to delve into the internal mech-
anisms of these existing pulse oximeters. We will conduct a comparative analysis of analytical models
employed in both transmission and reflection modes. Furthermore, we will outline the necessary investi-
gation, encompassing both analytical and empirical models capable of accommodating various skin tones.
In pulse oximetry’s transmission mode, SpO2 is quantified by assessing light attenuation. In this mode,
LEDs emit light into the upper part of the finger, and a photodetector at the bottom of the finger captures
the transmitted light (Fig. 2a-b). Oxygen saturation (SpO2) is calculated using Eq. 1. Here, ελ1,Hb and
ελ2,Hb are the molar absorptivity of deoxy-hemoglobin at red and NIR wavelengths. Similarly, ελ1,HbO2

and
ελ2,HbO2

are the molar absorptivity of oxy-hemoglobin at red and NIR wavelengths.

SpO2(Ros) =
ελ1,Hb − ελ2,HbRos

(ελ1,Hb − ελ1,HbO2) + (ελ2,HbO2 − ελ2,Hb)Ros
(1)

An empirical correction is required to overcome the limitations of Beer-Lambert’s Law in scattering tis-
sue. Interesting to note that in the transmission mode, none of the factors in the equation relates to skin
color. On the contrary, in the reflection mode, a similar model can be established with one difference where
the ratio term contains a contribution from differential path length factor (DPF) and skin color (S). Both of
these can be coupled in a single term that we define as skin color correction factor, κ =

DPFλ1

DPFλ2
· S that is

measurable if we perform transmission and reflection-mode oximetry simultaneously. Therefore, the ratio of
the ratios in the reflection mode can be expressed as, R′

os =
Ros

κ .
Here, Ros =

ACλ1
/DCλ1

ACλ2
/DCλ2

, is the ratio of pulsatile (AC) to stationary (DC) signals at the two wavelengths
in the transmission-mode and κ provides insight into the skin type (Fig. 2c). When both the transmission
and reflection-mode operations are performed simultaneously, oxygenation and skin color informa-
tion is gathered in a single shot, which is impossible while operating only in the transmission mode
(Fig. 2d).
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Figure 3: Design and fabrication of the iOximeter. (a) The sensor
will be fabricated on a stretchable substrate using printing techniques.
(b-c) The iOximeter is placed on top of a finger. Two oximeter pixels are
used, which are connected to a Bluetooth system-on-chip using an I2C
multiplexer. Data is wirelessly transmitted to a phone. (d) Data collection
strategies: transmission-mode data collection using the top red and NIR
LEDs and the bottom PD, and reflection-mode data collection using the
top LEDs and PD. (e) After capturing the skin color factor, the oximeter
intelligently chooses the correct calibration curve for the user.

For including the skin color in the
model, we will use the Fitzpatrick, VL,
and Monk scales to obtain skin color
information from each participant. We
will follow the study protocol by open
oximetry (https://openoximetry.org/study-
protocols/) and use Delfin Technologies,
Ltd. SkinColorCatch to capture skin color
information to demonstrate how the cali-
bration curve changes based on the skin
color correction factor κ (Fig. 2e).
Aim 2: Fabrication of iOximeter

We plan to build a custom wearable oxime-
ter, which captures transmission and reflection
mode data, and transmits that wirelessly to a
phone. We will be printing conductive stretch-
able traces on an elastomeric substrate to con-
nect various electronic components (Fig. 3a).
Flexible and stretchable hybrid electronics is
one of our primary expertise [16, 17, 18] –
we will design a soft, comfortable, wireless,
band-aid-like iOximeter (Fig. 3b).

To perform the simultaneous oximetry, we
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will use two commercial oximeter sensor pixels (Maxim Integrated MAX86916). These are very small,
3.5mm x 7.0mm x 1.5mm. For streaming data from two sensor pixels, an Inter-Integrated Circuit (I2C)
multiplexer will be used with a Nordic nRF52832 Bluetooth transceiver (Fig. 3b-c). We will use the red
and NIR LEDs from the top pixel and the PD from the bottom for a transmission mode measurement. With
the red and NIR LEDs from the top pixel and the PD from the top pixel, we will take the reflection mode
measurement (Fig. 3d). A similar approach can be utilized to take transmission- and reflection-mode
measurements from the bottom side. Using the I2C mux, it is possible to stream data at 1kHz from
the four channels, which is 250 Hz from each channel. This sampling frequency is sufficient to resolve
the PPG waveform and calculate SpO2 and the skin color factor (κ). Once we capture κ, the obtained
calibration curve from Aim 1 can be used to calculate the SpO2 with a correction for skin color.

a b

c d

Prototype iOximeter (top)

Prototype iOximeter (bottom)

iOximeter

Commercial 

oximeter

Figure 4: Current prototype of the iOximeter. (a) Design of the device show-
ing DC-DC boost converter, two low dropout regulators, nRF52832 BLE SOC, and
an optical sensor module with integrated LEDs and photodiode. (b) System block
diagram of the iOximeter demonstrating how the sensor is operated and collects
data. (c-d) Photographs of the device from top and bottom, and on a volunteer’s
finger. A commercial oximeter is shown for comparison (unpublished).

In our current prototype, the key
three components of the iOximeter are
seamlessly integrated into a single flex-
ible PCB (Fig. 4). This design fea-
tures a DC-DC boost converter, two
low dropout regulators, nRF52832 BLE
SOC, an optical sensor module with
integrated LEDs and photodiode, and
a dual channel analog front end with
external LEDs and photodiodes. The
optical sensor module is equipped
with four distinct LEDs (blue, green,
red, IR), a photodiode with a broad
spectral responsivity range (400nm
- 1050nm), and a 19-bit ADC. Com-
munication with the MCU is established
through the I2C protocol. This optical
sensor primarily serves the purpose of
skin color measurement. The analog
front end accommodates two photodi-
odes for independent readings and pro-
visions for three LEDs. This flexibility
enables custom physical arrangements
of LEDs and Photodiodes to implement
the proposed topology. The proposed setup utilizes two high-speed, highly sensitive PIN photodiodes with
enhanced sensitivity for visible light (350 to 1100nm). One functions as a transmittance mode PPG sensor,
and the other as a reflectance mode PPG sensor, accompanied by a single dual-color emitting LED with
peak wavelengths of 660nm and 940nm. The AFE communicates with the MCU over SPI.
Aim 3: Validation of the iOximeter under controlled hypoxia.

In our preliminary testing, we collected data from 18 participants. We carefully reduced participants’
oxygen concentration while simultaneously monitoring SpO2 and PPG data from both commercial and our
sensors. The altitude generator was used for the controlled oxygen concentration changes. Drawing in
ambient air, the generator filtered a portion of oxygen, directing it through tubing into a mask worn by
participants. The chamber knob adjustments allowed control of oxygen concentration within the safe range
of 100% to 92%, monitored by a commercial pulse oximeter. Concurrently, our sensor collected transmitted
mode IR and red PPG data during this controlled change in oxygen saturation.

Fig. 5a-b illustrates the variation of IRdc/Reddc and Redac/IRac derived from PPG data for different
oxygen saturations for 18 participants (6 from each skin color group). Notably, for darker skin tones, the
ratio of DC components is large while for AC components it’s the opposite. This can be conferred from Eq.
10. For darker skin color, the ratio of the probability of successful photon (k) will be large as more photons
from red LED will be absorbed in darker skin color. Moreover, increased concentrations of melanin have
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an exponential impact(w). Together, these factors contribute to distinct ratio changes across different skin
tones. As commercial pulse oximeters are reported to overestimate oxygen saturation in diverse skin tones,
particularly for lower oxygen saturation levels, we employed the experimental data from Fig. 5a-b (100% to
96%). The extracted parameters are presented in Fig. 5d. Fig. 5a reveals that a decrease in SpO2 results
in an increase in the ratio of DC components. The analytical model elucidates this negative slope observed
in our study. Interestingly, there is a decrease in slope from lighter to darker skin tone. This infers
that, due to the increase of melanin in darker skin tone absorption coefficient becomes dominant,
and reduced scattering decreases. This leads to the decrease of optical path length traveled by the
photon resulting in the decrease of slope (u) . Fig. 5c predicts the ratio of dc and ac components of the
PPG data for oxygen saturation ranging from 100% to 88% across three skin tones. Utilizing these predicted
data, it shows the SpO2 vs ROS for various skin tones. It is evident that as the saturation level decreases,
variations in SpO2 vs ROS become more pronounced among diverse skin tones. Notably, for lighter
skin tones at 88% saturation, skin tone-02 and skin tone-03 are predicted to be 86.7% and 82.3%,
resulting in errors of 1.3% and 5.7%, respectively. This dataset needs to be increased to n=50 human
participants to confirm our results. The Optica support will allow us to establish our findings.

a b c

d

IRdc/ Reddc

Data from 18 

participants

Predicted by 

model

Predicted by 

model

Proposed 

calibration curves 

for oximeters

Redac/IRac 

Lighter 

skin

Darker 

skin

Data from 18 

participants

Curve fitting 

parameters

Figure 5: Preliminary results show a clear bias in oximetry results based on skin color.
(a) IRdc/Reddc derived from PPG data for different oxygen saturation (top), and predicted by our
model (bottom). (b) Redac/IRac derived from PPG data for different oxygen saturation (top), and
predicted by our model (bottom). (c) New calibration curves show SpO2 has a dependency on
skin color. (d) Variables calculated from the experimental data for use in the analytical model
(unpublished).

Aim 4: Creating awareness
Pulse oximetry data from

30 years ago suggest dark
pigments in the skin cause
overestimation of SpO2 [19].
Unfortunately, that problem
still exists, and only be-
cause of COVID-19 this
quarter-century-old prob-
lem is getting the atten-
tion it deserves. Hence,
creating awareness about
the limitations of current
oximeters and the poten-
tial of skin-color-sensitive
oximeters is vital to ad-
dress healthcare dispar-
ities ensuring that it reaches
healthcare providers and
communities, particularly
those serving underrep-
resented minority popu-
lations, and ultimately achieves
widespread accessibility and
impact. We will partner

with USC Keck Medicine’s Family Medicine Department and the Race Equity, Diversity, and Inclusion
Council (REDI Council) in Population and Public Health Sciences to raise awareness among health-
care professionals and communities about current device limitations and the potential of skin-color-sensitive
oximeters to address these disparities.

A positive outcome from this work will have a broad impact on health equity. Currently, oximeters are the
only available tool for measuring oxygenation in many parts of the world. The described bias in the oximeter
is disproportionately hurting people of color. Hence, it is critical to solve this problem. Moreover, this work
sheds light on the gap that currently exists in the medical device field in terms of racial bias [20, 21, 22]. We
hope this work will encourage similar exploratory studies in medical devices and patient care where
bias is evident or hidden. Also, we want to train the next-generation problem solvers to question existing
standards, dig deep to discover the problem, and improve the methods or pave the pathway for innovation.
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Integrated Quantum Dot Lasers for High-Performance Optical Neural Networks on 

a Silicon Photonics Platform 

The rapid growth of artificial intelligence (AI)-driven services has created an unprecedented demand 

for compute capacity and speed. However, this surge is accompanied by a parallel increase in power 

consumption [>60 kWh per rack in extremely-dense AI workloads], as well as capital (CapEx) and 

operational (OpEx) expenditures [$154 billion globally on AI services in 2023].  The rate of progress 

in electronic hardware, doubling every 18 months, lags behind the doubling of machine learning 

computational demands every 3.5 months, resulting in a widening gap between compute requirements 

and hardware capacities.  

This proposal seeks to bridge this gap by leveraging advanced optical technologies for AI systems. 

Specifically, it introduces a co-designed hardware and software solution for a fully integrated optical 

neural network (ONN) using a silicon photonic integrated circuit (PIC). By employing 

heterogeneous integration technology and utilizing Intel’s silicon photonics platform, the project aims 

to integrate multi-channel quantum dot (QD) lasers into an optimized crossbar-based ONN hardware 

architecture. This approach is poised to surpass the capabilities of traditional electronic architectures in 

terms of speed, power efficiency, and parallel processing capabilities. 

Key Development Tracks: 

1. Quantum Dot Lasers for Heterogeneous Integration: This track focuses on developing robust, 

energy-efficient on-chip QD mode-locked lasers (MLLs) capable of generating optical frequency combs 

for wavelength division multiplexing (WDM) ONNs. Objectives include reducing cavity losses, 

lowering laser thresholds, achieving multi-wavelength emission, maximizing operating temperatures, 

increasing optical power, and leveraging the lower linewidth enhancement factor of QDs to enable an 

isolator-free system. 

2. Co-optimization of Architecture and Algorithms for Integrated ONN: The ONN is designed for 

high efficiency and parallelism, utilizing a compliant architecture of microring resonator (MRR) 

crossbars and multi-wavelength optical channels generated by on-chip QD lasers. Efforts here aim to 

minimize the design's footprint, reduce crosstalk, and develop an ONN algorithm that accomplishes 

complex tasks with minimal parameters. This includes incorporating hardware-aware training and 

model lightweighting techniques to optimize algorithms for hardware adaptability. 

3. Fully Integrated PIC and Optoelectronic Co-packaging System: This track involves developing 

a fully integrated PIC and optoelectronic co-packaging system with QD lasers on a single silicon wafer, 

eliminating the need for additional optical interfaces. Electrical components will be flip-chip packaged 

with the PIC to shorten transmission lengths, aiming to achieve high compute density, ultra-low energy 

efficiency, and low computational latency, and extend scalability using optical network-on-chip (ONoC) 

strategies. 

Initial validation has demonstrated a recognition accuracy of 91.313% on the MNIST dataset with only 

536 model parameters at high-speed (37 GHz) using Intel’s standard 65 nm CMOS process line. By 

incorporating on-chip non-volatile memory and multi-cores scale-out framework, we project our 

hardware to theoretically increase in computing density by 70 times compared to Google’s TPU 

electronic accelerator while reducing power consumption by 1000 times.  Ultimately, the fabricated QD 

MLL device and ONN system will be optimized and fine-tuned for co-integration using state-of-the-

art heterogeneous integration technology into a holistic and isolator-free PIC as a compact and 

efficient System on Chip (SoC). This transformative development is expected to unlock significant 

advancements in energy efficiency, sustainability, and scalability and create new commercialization 

opportunities. Moreover, it promises substantial global socioeconomic impacts, especially in the 

Middle East. This region stands to benefit immensely from the deployment of advanced photonics and 

AI technologies, aligning with economic diversification strategies and fostering a technologically 

proficient workforce, propelling the region toward a sustainable and innovative future.  
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Integrated Quantum Dot Lasers for High-Performance Optical Neural Networks on a 
Silicon Photonics Platform 

I. Background and Literature Review 
The advent of artificial intelligence (AI)-driven services has triggered an unprecedented increase in 

demand for processing capability and energy efficiency1. A prime example is the phenomenal growth 
of ChatGPT, which now boasts a staggering 175 billion parameters. Consequently, the cost of inference 
using ChatGPT-3 is tenfold higher than that of a standard search on conventional search engines like 
Google2. Industry estimates reveal that daily operating costs can reach up to $700,0003. These 
astonishing figures merely scratch the surface as the complexity and size of AI models continue to 
expand. While the computational demand of machine learning (ML) doubles every 3.5 months, 
advancements in electronic hardware, such as transistor density, clock speed, and power efficiency, lag 
behind with a doubling rate of approximately 18 months. This widening gap between the escalating 
compute demands, and the limited capacities of electronic hardware has emerged as a critical bottleneck 
in AI progress. 

In this context, there is a rekindled interest in custom hardware designed to accelerate matrix-vector 
multiplication (MVM), a key operation that dominates modern AI models by constituting over 80% of 
their workloads. Optical neural networks (ONNs) provide a promising alternative by leveraging the 
inherent properties of photons, including ultra-high bandwidth and processing frequency (>100GHz), 
ultra-low power consumption (sub-pJ/bit), and high parallelism through additional dimensions of 
division multiplexing4. Among the various platforms, silicon (Si) photonics stands out due to its 
compatibility with complementary metal–oxide–semiconductor (CMOS) manufacturing and high-
density integration capacity, making it an ideal candidate for hardware implementation of ONNs. 
Currently, mainstream ONN Si-based hardware solutions include cascaded Mach-Zehnder 
interferometers (MZIs) and wavelength division multiplexing (WDM)-based microring resonator 
(MRR) arrays. While the former remains a more established architecture, it suffers from higher 
computational complexity of 𝑂𝑂(𝑛𝑛2) and requires a drastically larger area5. In contrast, the directly 
mapped MRR architecture offers a more efficient solution with high parallelism and a smaller footprint, 
and has gained traction since the “broadcast-and-weight (B&W)” scheme was pioneered by Tait et al. 
in 20146. However, the scalability of the B&W solution is limited due to the inevitable internal loop 
waveguide design. Consequently, attention has shifted to the crossbar configuration, which ensures high 
parallelism within a compact area, enhances scalability, and represents the most desirable large-scale 
ONN architecture. In 2021, Feldmann et al. achieved state-of-the-art ONN hardware that integrated 
non-volatile memory with an MRR crossbar, enabling trillions of multiply-accumulate operations per 
second7. However, their solution still relied on an off-chip laser co-packaged with a discrete optical 
comb, leading to substantial coupling losses. To further enhance system performance and fulfill the 
computational acceleration demands of edge devices, the development of a fully integrated ONN 
hardware with an on-chip laser remains an essential objective. 

To overcome the inherent limitation of the indirect bandgap of Si for efficient on-chip light sources, 
our former team spearheaded a pioneering heterogeneous integration process. This groundbreaking 
technique enabled the seamless integration of InP-based quantum well (QW) material for light 
generation with Si waveguides for light guiding. By constructing III-V devices on Si with 
lithographically precise alignment to Si waveguides via wafer-scale processing, mass production of Si 
photonics-based optical modules was achieved within a decade through collaboration with Intel, 
generating revenue exceeding $1 billion. Ongoing efforts, spearheaded by the applicant, Dr. Yating 
Wan, focus on device design and process optimization to replace InP-based QW epitaxial material with 
GaAs-based quantum dot (QD) epitaxial material through the cooperation with the Intel® Research 
Center. This strategic endeavor holds immense promise for improving performance and reducing costs 
by incorporating QD active regions, which offer benefits such as lower threshold currents, higher 
temperature stabilities, and, most importantly, much-reduced sensitivity to reflections that obviates the 
need for bulky and costly isolators8.  
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II. Problem Statement and Objectives 
In addressing the critical challenges associated with on-chip light sources and the AI computational 

bottleneck, our proposal aims to co-design hardware and software for a fully integrated ONN Si 
photonic integrated circuit (PIC). Leveraging heterogeneous integration technology and Intel’s Si 
photonics platform, this project will integrate multi-channel QD lasers with an optimized crossbar-
based ONN hardware architecture that exceeds the capabilities of traditional electronic architectures 
in terms of speed, power efficiency, and parallel processing capabilities. This stands in stark contrast to 
the bulky off-chip solution that requires substantial power consumption (approximately 2dB+6dB) for 
coupling and modulation alone.  

To achieve this, we will develop robust, energy-efficient on-chip QD mode-locked lasers (MLLs) 
capable of generating optical frequency combs for WDM ONNs. These lasers will be optimized to meet 
several key metrics. Firstly, we will focus on reducing losses in the cavity and lowering laser thresholds 
below 200 A/cm2 to maximize energy efficiency. Secondly, we will achieve multi-wavelength emission 
by integrating multi-wavelength QD lasers on Si and progressing towards fixed 50 or 100 GHz channel 
spacing, with a channel count > 8 and power-per-line > 0 dBm. Thirdly, we will strive to maximize 
operation temperature by leveraging the 3D confinement and the large conduction band offset of 
InAs/GaAs QDs. Building upon our previous achievement of 120°C operation9, we aim to further 
increase this parameter to >150°C through epi and device design optimization. Fourthly, drawing upon 
our previous achievement of reaching 185 mW continuous-wave optical power, we aim to achieve even 
higher optical power values by enhancing the gain region bonded on Si and minimizing the optical loss 
and series resistance via the optimization of structural and epitaxial designs, fabrication processes, and 
contact metallization. Finally, we will address the issue of laser sensitivity to reflections by leveraging 
the lower linewidth enhancement factor of QDs (0.4) compared to quantum QWs (approximately 4). 
Our group has previously demonstrated no sensitivity to reflection even with 100% off-chip feedback 
in Fabry-Perot lasers, and we aim to replicate this result in the QD MLLs. 

In parallel, the ONN will be designed and optimized for high efficiency and high parallelism to 
fully leverage the advantages of the on-chip MLL solution. We have chosen a compliant architecture 
of MRR crossbar as an MVM accelerator, incorporating a hardware-software co-design approach to 
improve computational density and energy consumption. Firstly, we aim to minimize the design’s 
footprint and reduce crosstalk (both thermal and inter-channel) through simulation-based verification 
of individual device structure and system-level functionality. Our objective is to achieve a compact, 
high-precision hardware design with predicted performance parameters and packaging requirements. 
Secondly, we will develop an ONN algorithm that accomplishes tasks as complex as feasible with the 
minimum number of parameters to ensure effective acceleration on edge devices. We will utilize 
training tools such as light weighting, noise perception, and quantization to further improve the 
generality and accuracy of the model on large datasets. Thirdly, we will fabricate and characterize the 
designed ONN chip, followed by comprehensive evaluation of the fully integrated optoelectronic 
hardware. Thereafter, the fabricated QD MLLs and ONN chip will be heterogeneously integrated 
into a single package confining all optical signals. This integration will enhance efficiency, stability, 
and scalability while eliminating unnecessary coupling and modulation losses (>8 dB) associated with 
external sources, endowing our circuits with unprecedented advantages in terms of cost, size, weight, 
and power (cSWaP). 
III. Research Plan and Outcomes 

The research plan for this project consists of three core tracks encompassing design, simulation, 
fabrication, co-integration, and characterization.  

Track 1: Design and fabrication of QD lasers for heterogeneous integration. Our previous works 
provided initial demonstrations of integrated QD lasers on the Si-on-insulator (SOI) platform with 
exceptional performance. QD gain medium embraces multiple favorable material properties over QW 
counterpart, such as low transparency current density, excellent optical gain thermal stability, 
inhomogeneous dot size-resulted wide spectral gain bandwidth, low relative intensity noise, and large 
tolerance to material/process defects and optical feedback. Through the low-loss evanescent coupling 
of the laser light to a Si waveguide, we successfully developed heterogeneous-integrated on-chip QD 
lasers with a threshold current of 4 mA, an SMSR of 60 dB, a fundamental linewidth of 26 kHz, and a 
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3-dB bandwidth of 13 GHz8. Building upon this foundation, we will now focus on on-chip integration 
of high-quality frequency combs using QD MLLs. The unique broadband gain profiles and 
inhomogeneous broadening effects of QDs enable the engineering of MLLs to generate comb emissions 
with varying mode spacings. This characteristic is crucial to realizing compact and efficient sources of 
WDM signals in the ONN MVM implementation. Fig. 1a shows a schematic of the laser evanescently 
coupled to low-loss Si waveguides. The critical goals in the laser design include optimizing the 
saturable absorber length, the electrical isolation distance, and the Sagnac loop mirror design. Testing 
will focus on extracting relevant characteristics for computing applications, including bandwidth, 
relative intensity noise (RIN), timing jitter, and total transmission capacity. Fig. 1b outlines the 
proposed process flow for the heterogeneous integration platform. Critical steps include post-wafer-
bonding process to accommodate the prefabricated Si structures and protective measures to mitigate 
potential damage to the Si waveguides. To achieve this, we will implement a more restrictive mesa dry 

Fig. 1 (a) Schematic of a heterogeneously integrated QD laser. (b) Process design to heterogeneously integrate 
the QD gain elements with the ONN PIC. 

 

Fig. 2 (a) Typical workflow and expected precision of PCU. Photo of fabricated (b) On-chip mode-locked 
laser, (c) cascaded thermal tuning MRRs, (d) cascaded electrical tuning MRRs. 
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etch area and introduce a wet mesa filled etch step to selectively remove excess III–V materials near 
the protective oxides safeguarding the Si devices. Substrate removal conditions will be thoroughly 
investigated to ensure proper preservation of Si devices while maintaining high bonding strength and 
yield.  
 

Track 2: Co-optimization of architecture and algorithms for heterogeneously integrated ONN. 
To compliment the compact physical footprint of heterogeneously integrated MLLs, we developed a 
photonic computing unit (PCU) functioning as a tensor core. This core utilizes a compact and scalable 
MRR crossbar to facilitate MVM operations. Fig. 2a illustrates the typical workflow of our PCU for an 
image convolution task. In this process, the input image is segmented into multiple vectors by channels 
and converted into time-domain voltage sequences. These sequences are broadcasted by Mach-Zehnder 
modulators (MZMs) into multi-wavelength optical channels generated by our on-chip MLL and then 
processed by the MRR array for multiplications. The resulting signals are aggregated by photodetectors, 
converted back to the electrical domain for post-processing, and output. After device-level optimization 
tailored for a heterogeneous integration platform, we developed a complete opto-electronic link model. 
We verified the MVM functionality of the PCU and achieved a system precision above 6-bit. Following 
our device-to-architecture designs, the first run of individual photonic components has all been 
fabricated using Intel’s standard 65 nm CMOS process line (Fig. 2b-d). We are poised to commence 
the experimental measurements on these devices and will fine-adjust process parameters based on the 
feedback to achieve an optimal performance.  

 To better meet the demands of edge devices, we have optimized traditional algorithms for hardware 
adaptability. Here, we proposed a standardized algorithm optimization strategy for PCU. This strategy 
incorporates a hardware-aware training framework and a model lightweighting scheme. In our 
framework, we constructed a real hardware noisy and low bit-precision training environment. Further 
integrating various model compression techniques, including pruning and weight-sharing, a lightweight 
and deploy-robust model can be obtained. Finally, we introduced the knowledge distillation approach 
to enhance the accuracy of model tasks. A large pre-trained network serves as the teacher model, with 
our hardware-adapted model acting as the student. Both models receive the same input, and after 
recognition, the teacher model produces a soft label. This label, representing distilled knowledge, is 
transferred to the student model, enabling it to emulate the teacher’s behavior and enhance accuracy. 
The effectiveness of our strategy has been preliminarily confirmed, achieving 95.03% accuracy on the 
MNIST dataset with only 943 parameters. Upon determining the optimal array size for a single PCU, 
we can apply this established strategy to train a tailored, hardware-friendly ONN model. 

Fig. 3 (a) Conceptual drawing of the complete opto-electronic co-packaged system. (b) Expected system 
computational performances. (c) Total computing latency (array size: 16×16). 
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Track 3: Development of fully integrated PIC and optoelectronic co-packaging system. After 
completing the co-optimization between devices, architecture, and algorithms, we will develop the 
entire optoelectronic hybrid system, as depicted in Fig. 3a. Supported by our on-chip lasers, the PIC 
chip can be fully co-integrated on a single silicon wafer. Thanks to this co-integration, there is no need 
for any additional optical interface, which significantly simplifies the co-packaging with advanced 
electronic integrated circuits (EICs). The necessary electrical components including signal generators 
(SGs), trans-impedance amplifier (TIAs), analog/digital convertors (ADCs/DACs), random access 
memory (RAM) and microcontroller unit (MCU), which are planned to be flip-chip packaged with the 
PIC to shorten the transmission lengths. Moreover, due to the elimination of optical packaging gap (127 
μm) restrictions, the MRR grid size can also be greatly reduced. Under a typical operating speed of 28 
GHz, we estimated the system's potential performance across different array sizes, as shown in Fig. 3b. 
By improving the MRR’s Q-factor and voltage operation precision, supported by a single laser, a system 
compute density as high as 0.558 TOPS/mm2 with an ultra-low energy efficiency of 20.722 fJ/Operation 
can be achieved. Considering a realistic scale scenario, the computational latency for a 16×16 array is 
less than 100 ps, which is 126.5 times lower than that of a comparable advanced electrical computing 
system. Further leveraging the optical network-on-chip (ONoC) scaling-out strategy, feasible due to 
on-chip laser integration, a multi-core parallel computing system can be realized, offering ultra-high 
computing throughput comparable to the most advanced commercial products currently available. 
IV. Significance and Potential Impact 

Successful development of this proposal can solve the efficiency and bandwidth capacity bottlenecks 
of electronic-based AI systems as well addressing the impending need for continued feasible scaling.  
     Revolutionizing AI's Energy Footprint: AI's meteoric rise in technology is both a boon and a 
challenge. The computational demand, especially in data centers, is growing exponentially. Extreme-
density AI workloads now push power consumption up to 60 kW per rack12. To contextualize, 
traditional web hosting servers hover around 100 W per rack. Data centers consumed a staggering 400 
billion kWh globally in 202136, with an added 86% average due to active cooling and power 
distribution losses13. By harnessing optical components, there's potential to slash power consumption 
by up to 75%. Based on preliminary results and by further leveraging on-chip non-volatile memory 
and our large-scale ONoC2 framework, we project our hardware to theoretically increase in computing 
density by 70 times compared to Google's TPU electronic accelerator, while reducing power 
consumption by 1000 times. This breakthrough has the potential to revolutionize AI acceleration and 
enable more efficient and scalable data center architectures.  

Commercialization Potential: Heterogeneously integrated on-chip lasers, initially developed in a 
university lab (where the applicant conducted 5-year Postdoc research), have been successfully 
commercialized within a decade and have since generated over $1 billion in revenue by Intel14. 
However, the current packaging limitations pose challenges in accommodating bulky, lossy, expensive, 
and complex optical isolators. Our approach utilizes QD lasers, which, due to their small loss 
enhancement factor, eliminate the need for bulky optical isolators, presenting a more compact and 
efficient solution. The realization of fully integrated ONN modules with on-chip QD lasers could spur 
patent innovations and the creation of startups, enhancing scalability and manufacturability prospects 
for larger wafer sizes up to 300 mm. 

Global Socioeconomic Impacts in the Middle East: AI is set to dominate the tech sector with 
global expenditures projected to reach $154 billion by 202315, a rate more than four times that of overall 
IT spending during the same period16. The proposed AI system implementation could drastically cut 
costs and transform a wide array of industries, including autonomous driving, healthcare, 
telecommunications, and entertainment. Currently, the Middle East is at a crucial turning point. 
Traditionally seen as behind in innovation and technological advancement, the region now stands to 
gain substantially from the digital revolution. With strategic economic diversification efforts aimed at 
reducing reliance on oil and gas, its high concentration of young, tech-savvy individuals, and significant 
internet and mobile device usage, there is a fertile ground for advancing this research and fostering 
cross-sector collaboration in this region. Supporting integrated photonics and AI technologies, the 
Middle East can catalyze significant economic and ecological benefits, steering towards a future that is 
sustainable, innovative, and at the forefront of technological progress. 
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Tbps Multi-Dimensional Optical Fiber Interconnects by Integrated Photonic Processors 

The explosive growth of global data traffic, particularly due to artificial intelligence applications in 
recent years, has driven researchers and engineers to develop optical interconnects capable of carrying 
more digital data while more efficiently than ever before. By leveraging technologies such as 
wavelength-division multiplexing, polarization-division multiplexing, and high-speed multi-level 
modulation formats, the data capacity of optical fibers has already been substantially improved. The 
industry has already invested considerable efforts towards achieving 1.6 Tbps and 3.2 Tbps short-reach 
optical transceivers. However, the spatial dimension of optical fiber, especially the orthogonal fiber 
modes, remains untapped in the industry, despite mode-division multiplexing (MDM) being long 
envisioned as potential technology for overcoming the capacity limit of optical fibers. Although various 
multi-dimensional and world-record transmission demonstrations utilizing few-mode fibers (FMF) 
have been reported in recent years, challenges such as cost, complexity, power consumption, and latency 
have hindered its integration into applications. Therefore, the key challenge identified in this project 
is how to implement multi-dimensional fiber communication technology on a broader scale to permit 
continued data traffic growth. 

Two major challenges are associated with incorporating mode dimension into multi-dimensional optical 
fiber communications, including (1) the need for a low-loss, low-cost and scalable mode 
(de)multiplexers for optical fibers; (2) concern on the high-power, high-speed, and high-latency 
electronic digital signal processing to descramble mixed signals due to inter-modal crosstalk. To tackle 
this issue, we propose a scalable approach utilizing photonic integration and photonic computing 
acceleration is this proposal. 

Previously, we have developed an efficient multichannel optical I/O device which can bridge the 
photonic chip with few-mode fibers directly, while supporting launching of eight data lanes in different 
orthogonal polarizations and modes. We have also reported mode unscrambling for few-mode fibers 
using integrated optical mesh on the silicon photonics platform. In this proposal, we plan to keep 
investigating and improving the coupling efficiency between the fiber and photonic chip using multi-
dimensional optical I/O, to further increase system power budget margin. Furthermore, we propose to 
use the high-speed integrated optical transceivers with reconfigurable optical mesh, consisting of Mach-
Zender interferometers to perform the optical multiple-in multiple-out (MIMO) processing. The 
integrated optical mesh for optical signal processing can be placed between the multi-dimensional 
optical I/O and high-speed silicon photonic transceivers. The integrated optical mesh will be 
appropriately configured to perform singular value decomposition. The high-speed optical transceivers 
can therefore be activated to achieve a one-by-one mode mapping between the transmitter side and the 
receiver side for mode-division multiplexing fiber communications. To achieve a total data rate of more 
than Tbps, all dimensions including mode, polarization, and wavelength can be utilized. For example, 
assume a single lane rate of 100Gbps is employed, three fiber modes and four wavelength channels can 
be used to easily reach a total data rate of about 1.2Tbps. The proposed project will combine our 
expertise in designing low-loss passive silicon photonic devices, high-speed silicon photonics 
transceivers, and high-capacity fiber optic communications. 

The research outcomes of this project are prototypes of photonic integrated devices and circuits built 
for Tbps multi-dimensional optical fiber communications. We are seeking to break the communication 
bandwidth limit through the incorporation of additional physical dimensions inside optical fibers, while 
reducing associated power consumption and cost needed. Leveraging the well-established Si CMOS 
infrastructure and process, the proposed research project has the potential to solve the challenges of 
exponential growth in global data traffic and associated power consumption. 
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I. Literature Review 

The rapid expansion of global data traffic, recently particularly driven by artificial intelligence 
applications, has pushed researchers and engineers to design optical interconnects which can carry more 
digital data, while more efficiently than before. Through the utilization of wavelength-division 
multiplexing, polarization-division multiplexing, and high-speed multi-level modulation formats, the 
data-carrying capacity of optical fibers has been enhanced significantly. The industry is already making 
strides towards achieving 1.6 Tbps and 3.2 Tbps optical transceivers. Nevertheless, the spatial 
dimension of optical fiber, such as orthogonal fiber modes, remains unutilized in the industry, despite 
mode-division multiplexing (MDM) being long considered as a potential technology for breaking the 
capacity limit of optical fibers [1–4]. While various multi-dimensional and world-record transmission 
demonstrations using few-mode fibers (FMF) have been reported in labs in recent years [5,6], it is 
undeniable that factors such as cost, complexity, power consumption, and latency have impeded its 
integration into volume applications. Previous experiments have highlighted the significant potential of 
adding the spatial dimension into optical fiber communications [5–8], thus the key question now is 
when and how this multi-dimensional fiber communications will be implemented on a broader scale. 

The main challenges associated with MDM in optical fibers include (1) Lack of low-cost, low-loss, and 
scalable mode (de)multiplexers. Previous reported mode multiplexers include bulk optics such as phase 
plates or multi-plane light conversion (MPLC), and 3D waveguides using fiber photonic lanterns or 
laser inscription [9]. Low insertion loss and have been realized while supporting different higher-order 
fiber modes. In addition to the serial manufacturing process for making the mode multiplexers, 
researchers also came up with ideas of using CMOS-compatible silicon photonics integration platform 
to realize mode multiplexing for fiber while supporting mass production [10–18]. However, the number 
of mode channels and the insertion loss are still limited, due to the different mode field profiles in 
circular-core optical fibers and planar waveguides. In the past few years, we and a few other groups 
around the world have reported efficient and multi-dimensional I/O devices between the few-mode 
fibers and silicon photonic integrated circuits. Although good insertion loss around –6dB can be 
obtained for eight linearly polarized (LP) fiber modes [18], a lower insertion loss is still necessary 
considering the link power budget.  (2) Concern on fiber modal crosstalk and signal mixing. Unlike the 
frequency domain, where selective bandpass filters can be employed to eliminate inter-channel crosstalk, 
the spatial dimension is more susceptible to inter-modal crosstalk during transmission, such as fiber 
bending, stress, or even mechanical misalignment of fiber splices. While such signal mixing can be 
mitigated through the use of coherent communication and electronic digital signal processing (DSP), 
concerns arise due to the need for high-speed, high-power, and high-latency digital matrix operations. 
Additionally, the dimensionality of the DSP equalizer would rapidly expand with the inclusion of more 
spatial channels. To solve this issue, photonic computing acceleration gets attention, where matrix 
transformation can be performed optically by propagating through a reconfigurable optical mesh with 
extremely low time latency [19–21]. We and a few other groups reported mode unscrambling for few-
mode fibers using integrated optical mesh [20,22,23]. By placing the mode unscrambling processor unit 
between the high-speed silicon photonic transceivers [24] at the transmitter side and receiver side, the 
mode dimension of optical fibers can be incorporated for future high-capacity optical communications.  
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II. Problem Statement/Objective 

The objective of this project is to investigate and explore Tbps optical fiber communications 
utilizing multiple dimensions including wavelength, polarization, and mode, leveraging silicon 
photonic integration platform and optical signal processing. To integrate the mode dimension into the 
high-capacity optical fiber communications, two key problems should be solved to unlock the potential 
of mode-division multiplexing technology. 

(1) Efficient multi-dimensional chip-to-fiber I/O device 

Although bulk optics technology and laser inscribed waveguides can be used to realize efficient mode 
multiplexers for few-mode fibers, due to benefits of low-cost and high-volume production using 
photonic integration, direct bridging of the few-mode fibers with the photonic integrated circuits has 
been explored in recent years via diffraction gratings and edge nanotapers, as depicted in Figure 1a. 
However, it is challenging to maintain high coupling efficiency while supporting high-dimensional 
optical I/O. Figure 1b summarizes the number of spatial channels and the experimental chip-to fiber 
coupling efficiencies reported in recent works [10–18]. By using 2D grating coupler, eight fiber LP 
modes can be selectively excited with peak efficiencies around –6dB [18]. It is worthwhile to mention 
that the single-mode optical I/O via edge coupling in the current silicon photonic transceivers, a chip-
to-fiber coupling efficiency of about –1dB is feasible. Therefore, it is necessary to improve the coupling 
efficiency for the multi-dimensional optical I/O, to satisfy the link power budge requirements. 

 

Figure 1. a Schematic diagram of the multi-dimensional chip-to-fiber I/O by diffraction gratings and edge nanotapers 
supporting more than one spatial channel. b Comparison of figure-of-merits, including the number of spatial channels 
(including polarization) and experimental chip-to-fiber loss, for multi-dimensional optical I/O in recent years for few-mode 
fibers [10–18]. The work done by the applicant is highlighted with red dots [14,18]. 

(2) Integrating optical singular value decomposition into optical transceivers 

To utilize the mode dimension in optical fiber communication system, mode scrambling induced signal 
mixing must be tackled to achieve one-by-one mode mapping between the transmitter side and receiver 
side. However, when light travels through a circular-core FMF, mode mixing is inevitable due to 
rotational symmetry and mode degeneracy. In addition, inter-modal coupling can also easily be 
triggered by fiber non-uniformity, sharp bending, or misalignment of fiber splices. Therefore, mode 
descrambling must be included in the communication system. In this proposed project, a Mach-Zehnder 
interferometer (MZI) based reconfigurable optical processor is utilized to perform the optical signal 
processing, as depicted by Figure 2a. The dimensionality of optical mesh can be improved by cascading 
the tunable MZIs according to the matrix decomposition scheme shown in Figure 2b. Relying on two 
unitary matrices and a diagonal matrix, according to singular value decomposition (SVD), optical 
multiple-input multiple-output (MIMO) processing can be utilized to retrieve the mixed modes after 
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fiber transmission and the high-dimensional optical I/O. Integrated optical mesh can thus be used with 
optical transceivers to incorporate the mode dimension into optical fiber communication. 

 

Figure 2. a Unitary matrix transformation by integrated coherent Mach-Zehnder interferometer (MZI), using heater based 
optical phase shifters. b Matrix decomposition by Reck and Clements scheme, where each square represents a tunable 2×2 
MZI.  c Singular value decomposition of an m×n complex matrix A, where U is an m×m complex unitary matrix, Ʃ is an m×n 
diagonal matrix, V is an n×n complex unitary matrix. 

III. Outline of tasks/Work Plan 

Based on our exploration of the multi-dimensional optical I/O for few-mode fibers and optical 
signal processing for mode descrambling, we propose to develop Tbps optical fiber communication 
system utilizing multiple dimensions including wavelength, polarization, and mode, by silicon photonic 
integrated circuits as depicted in Figure 3a. The FMF is available in our lab purchased from OFS. The 
photonic chip can be manufactured by commercial silicon photonics foundries according to our design. 
The proposed project includes three tasks: (1) Improve coupling efficiency of the multi-dimensional 
optical I/O on silicon for FMFs, including wavelength, polarization, and mode. A new design based on 
diffraction gratings or nanotapers is needed. For the first method based on diffraction gratings, the chip-
to-fiber directionality must be enhanced. If edge coupling is adopted, mode field patten and size 
matching are important. (2) Design MZI-based reconfigurable optical mesh for mode descrambling 
according to the number of spatial channels incorporated. Bandwidth span of optical mesh and optical 
I/O should also be evaluated to decide the number of wavelength channels and channel spacing to be 
used. (3) Design the optical transceiver unit consisting of electro-optical modulators and photodiodes. 
Figure 3b shows an example using a ring modulator and a germanium-on-silicon photodiode available 
in most silicon photonics foundry process design kits. Ring modulator is proposed as it can work for 
selective wavelength channel without wavelength multiplexers. The wavelength demultiplexers can 
also adopt ring-cavity based filters in the optical transceiver unit. To achieve a total data-carrying 
capacity of more than Tbps, the number of data lanes and the number of multiplexed channels can be 
optimized when designing the high-speed silicon photonic transceivers.  
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Figure 3. a Schematic diagram of mode-multiplexed optical fiber communications with integrated photonic processors and 
transceivers. b Insets of silicon photonic ring-modulators and germanium-on-silicon photodiode used in the transceiver unit, 
and Mach-Zehnder interferometer (MZI) based optical mesh employed in the processor unit.   

IV. Outcome(s) 

The research outcomes of this project are prototypes of photonic integrated devices and circuits 
built for Tbps multi-dimensional optical fiber communications. The few-mode fiber will be used and 
directly bridged with the photonic chip via a low-loss and multi-dimensional optical I/O, which can 
incorporate the dimensions including wavelength, polarization, and mode. We will experimentally 
demonstrate (1) efficient multi-dimensional optical I/O between the photonic chip and few-mode fibers. 
(2) integrated reconfigurable optical mesh to undo the mode mixing. (3) Tbps per fiber optical 
communications utilizing integrated high-speed transceivers and multiple dimensions of the few-mode 
fiber. This program will allow us to combine our expertise in designing novel passive chip-to-fiber I/O 
devices, as well as high-speed transceivers on silicon, and optical fiber communication demonstrations. 
We will address and evaluate the specific issues of using photonic integrated circuits for high-
dimensional fiber optic communications, including lower-loss optical I/O devices for optical fibers, 
optical MIMO based mode descrambling, and Tbps optical communications employing the various 
multiplexing dimensions and integrated high-speed optical transceivers. Through this proposed research 
project, we should be able to identify the full potentials and possible limitations of utilizing the photonic 
integration and photonic computing acceleration approach, for unlocking the multi-dimensional optical 
fiber communication systems.  

V. Impact 

The results of this project will advance high-capacity optical fiber communications. We are seeking 
to improve the communication bandwidth through the incorporation of additional physical dimensions, 
while reducing associated power consumption and cost. Our goal is to establish the feasibility of a Tbps 
multi-dimensional fiber communication system by photonic integration and optical signal processing, 
which can potentially be a low-cost, low-power, and low-latency solution. First of all, the proposed 
multi-dimensional optical I/O device will combine the photonic functions including coupling and 
multiplexing, enabling an efficient, multi-channel bridge between the optical fiber and the photonic 
chip. Furthermore, integrating the on-chip processor unit into the communication system will facilitate 
low-power and low-latency optical signal processing for mode unscrambling before photodetection, 
eliminating the need for power-intensive and high-speed digital equalizers. Therefore, the photonic 
integrated circuits in this research project will not only enable efficient conversion between the fiber 
modes and in-plane waveguide modes, but also providing optical signal processing and optical 
transceivers on the same silicon photonic chip. Leveraging the well-established Si CMOS infrastructure 
and process, our proposed approach will drive optical technologies to address the challenges of 
exponential growth in global data traffic and associated power consumption. 



Executive Summary  

Conformal Chiral Metasurfaces with Tailored Near-fields for Pharmaceutical Analysis 

Introduction: Chirality is a fundamental property of molecules, and their enantiomers can 
exhibit critical differences in their chemical and physical properties. Many pollutants, such as 
pesticides and pharmaceuticals, contain chiral compounds with enantioselective degradation 
and toxicities. Pharmaceutical residues, though largely unregulated in environmental 
monitoring, are now identified as "compounds of emerging concern.” Therefore, detecting and 
distinguishing between different enantiomers while retaining local environmental contexts is 
crucial for assessing their potential impact. Light serves as a label-free tool capable of probing 
the transfer of charge and energy at molecular scales. However, their signals are often weak 
due to the large mismatch between the detection wavelength and the dimensions of molecular 
bonds. As a result, achieving maximized chiral responses with customized spatial and 
temporal properties remains a long-standing challenge.  

Objective: Our research objectives are to 
develop chiral nanophotonic sensors with 
customized near-field properties for high-
resolution, label-free pharmaceutical 
analysis. Nanophotonic structures have 
been shown to effectively confine 
electromagnetic energy at nanoscale, 
offering a surface-functionalized interface 
for enhanced energy coupling. The key to 
the enhanced near-field interaction lies in the excitation of optical resonances, which lays the 
foundation for most nanophotonic studies. Despite its profound role, the pathway to designing 
nanostructures that specifically support the desired near-field resonances remain largely 
unexplored. To address the challenge, we propose a new design framework to explicitly create 
near-field optical resonances with customized chiral properties (Figure, left). This approach 
enables surface-functionalized interfaces to effectively mediate the responses of chiral 
analytes. To increase the interacting surface area, we will suspend the nanostructures within 
a flexible substrate using a universal polymer-assisted transfer technique. This technique 
allows for conformal integration with analytes of unconventional form factors (Figure, right).  

Capability and impact: The technology could be adapted for label-free, high-throughput 
chiral imaging and spectroscopy for in-situ pharmaceutical analysis. The chiral-optical near-
field properties can be tailored to align with a broad range of molecular fingerprints, enabling 
the assessment of environmental pollutants across diverse ecosystems. Furthermore, the 
customized chiral near-field enhancement will streamline processes for high-throughput 
enantiomer separation and enable the analysis of enantiospecific toxicity and degradation. 
This will also aid in the development of chiral photocatalysis for driving enantioselective 
photoreactions and synthesizing optically pure compounds. Lastly, the CMOS compatibility 
and compact footprint of the nanophotonic sensors provide a route to transform the technology 
from a laboratory tool to large-scale, heterogeneous integrated systems on an industrial scale. 

Figure. A schematic of a nanophotonic chiral sensor 
with customized near-fields. 



Proposal 
 

1. Literature Review   

 Chirality, exemplified by nonsuperimposable mirror images like left and right hands, is 
a fundamental property observed in molecules ranging from atomic to macroscopic scales. 
This spatial asymmetry at the molecular level results in enantiomers—molecules that typically 
exhibit distinct chemical and biological properties. This phenomenon is critical in a variety of 
pharmaceutical compounds, such as metoprolol and propranolol, which exhibit 
enantioselective degradation and toxicity1. In environmental monitoring, pharmaceuticals 
remain unregulated, but their residues in the environment are now recognized as "compounds 
of emerging concern". This is due to their potential to cause significant impacts on human 
health and ecosystems, even at very low concentrations2. Therefore, monitoring and 
distinguishing these enantiomers is essential for accurately assessing their environmental 
impact and ensuring the safety of ecosystems. 
 

 Despite the importance of enantioselective analysis, it remains challenging to detect 
and separate chiral molecules from the mixed compound. Due to their enantioselective 
interactions with light, chiral-optical effects have been observed and can be utilized for the 
quantitative, label-free, and nondestructive assessment of enantiomers. However, chiral light–
matter interactions are typically weak due to the scale mismatch between the detection 
wavelength and the dimensions of molecular bonds, especially when tiny concentrations of 
substances are present. This results in reduced efficacy in the detection and quantification of 
pharmaceutical pollutants, thus limiting the ability to trace key enantiomeric molecules that 
contribute to environmental contamination. 
 

 Metasurfaces composed of nanoscale elements have enabled new regimes of light-
matter interaction, offering unprecedented flexibility to manipulate the near-field and free-
space properties of light. The key to this versatility stems from the excitation of resonances, 
which provide two important advantages: (1) enhanced light-matter interaction and (2) 
geometrical tunability. Through proper engineering of nanostructures, near-field light-matter 
interactions can be significantly enhanced, employing tailored spatial and temporal properties, 
making them highly suitable for sensing applications. Previous studies have explored various 
configurations of meta-atoms for detecting non-chiral materials. Representative 
demonstrations include employing high-quality-factor (Q) resonators supporting bound states 
in the continuum (BIC) for ultrasensitive detection of molecular fingerprints3. These structures 
have a clear first-principles basis that allows for rational customization of high-Q resonances. 
However, extending the design flexibility to planar induced chirality remains a challenging and 
actively explored field. From first-principles analysis, the conditions for inducing planar chirality 
require4: (1) symmetry breaking involving mirror and N-fold (N>2) rotational symmetry, and (2) 
supporting coplanar electric and magnetic moments within the device plane. These physical 
requirements are challenging to meet due to nontrivial physical requirements that lack a direct 
geometric solution. To fully leverage the resonance-enhanced chiral responses for 
pharmaceutical analysis, it is crucial to streamline the design workflow so as to directly 
satisfy the aforementioned requirements. This advancement is also scientifically intriguing 
and can benefit a variety of applications, including quantum photonics, sensing, imaging, and 
communication. 

 



2. Problem Statement/Objective  
 To date, most planar chiral metasurfaces are designed through rational schemes 
based on physical intuition, which involves carefully engineered geometries to support spin-
dependent resonant dynamics. Various meta-atom configurations have been investigated to 
resonantly enhance chiral light-matter interaction. These include Kerker metasurfaces 
supporting fundamental modes5 and nonlocal metasurfaces induced by quasi-BIC6. Despite 
the progress, the field enhancements achieved are predominantly volumetric and confined 
within the nanostructures. As a result, chiral analytes are not directly accessible to the 
energy hotspots, leading to reduced detection sensitivity. Furthermore, the conventional 
approaches lack a generalized pathway for maximizing chiral optical responses, since they 
typically rely on empirical evidence to suggest a starting geometry, followed by exhaustive 
parameter sweeps. This approach is notably time-consuming and inefficient, especially for 
chiral structures where significant numbers of geometrical parameters are involved. It is, 
therefore, important to develop a direct pathway to maximize chiral responses with 
customized spatial and temporal properties.  
 

 As resonant behavior remains 
crucial for nontrivial optical responses, a 
promising yet unexplored approach is to 
directly target the near-field dynamics 
and perform explicit mode engineering 
tailored to chiral responses. However, 
the engineering of resonances is 
challenging due to the lack of rigorous 
correlations between near-fields and 
structural parameters. To overcome the 
limitations of analytical knowledge, a 
natural solution is to transform the design task into an optimization problem using inverse 
design7. These strategies treat the design task as the maximization of a desired Figure of Merit 
(FOM), followed by using computational algorithms to explore the design space. These 
methods relax the requirement for physical intuition and result in significantly higher FOMs 
than the rational design schemes. To date, most inverse-design methods have focused on 
defining far-field responses as the FOM, aiming to maximize device efficiencies such as beam 
deflection, focusing, and splitting (Fig. 1 left). Here, to the best of our knowledge, we are the 
first to propose applying near-field resonances as the FOMs to enable non-trivial chiral 
responses (Fig. 1 right). By applying this new design paradigm, our research objectives are 
to develop a generalized framework to (1) streamline the design framework to achieve 
planar-induced chirality with customized near-field properties, (2) fabricate conformal 
metasurfaces for optimum integration with chiral analytes, and (3) apply chiral sensors for in-
situ, high-throughput, and nondestructive pharmaceutical analysis. 
 

3. Outcomes 
 
 

3.1 Near-field engineering for planar induced chirality 
 

 The proposed strategy is expected to achieve planar induced chirality with maximized 
chiral responses. As stated in the first section, the requirements for inducing planar chirality 
involve prescribed symmetry considerations and modal dynamics. These requirements are 
straightforward to meet using the near-field design paradigm: the N-fold rotational symmetry 

Figure 1. Comparison between conventional far-field 
(left) and near-field (right) inverse design. 



can be broken by specifying spin-dependent modes; namely, the modes are exclusively 
induced by circularly polarized light of a specific handedness. For the requirement involving 
coplanar electric and magnetic moments, an out-of-plane dipole mode can be specified as an 
objective function, which in turn satisfies the non-orthogonal coplanar condition. The FOM for 
engineering resonant behavior is the local density of states (LDOS), corresponding to the 
power emitted by a point-dipole source placed at the location of interest. The intensity of the 
dipole source can be maximized to exhibit strong LDOS through an adjoint variable method8, 
leading to the creation of near-field resonances with tailored frequencies, spins, and decay 
rates.  
 

 A schematic of the design concept is illustrated in Fig. 2a. We specify a vertical electric 
dipole source in the metasurface plane as the FOM, which is engineered to be induced only 
upon left circular polarization (LCP) while remaining unexcited upon right circular polarization 
(RCP). Fig. 2b shows the optimized geometric profile, revealing a structure that breaks mirror 
and N-fold rotational symmetry. The spin-dependent mode behaviors are further illustrated in 
the electric field distributions (Fig. 2b, middle), showing more than 1000:1 intensity contrast 
between LCP and RCP incidence. To validate its chiral optical effect, we evaluate the far-field 
responses of the optimized chiral metasurface. Importantly, the field enhancement occurs on 
top of the structures, as shown in the side view of the field distribution (Fig. 2b, right), allowing 
analytes to directly access the enhanced interaction area for ultrasensitive sensing. Fig. 2c 
shows the transmittance spectrum for both LCP and RCP, demonstrating a narrowband 
circular dichroism at the resonant wavelength with a Q-factor significantly higher than the 
rationale design schemes5. It can thus be seen that the proposed method enables planar 
induced chirality beyond the capability of first-principles analysis. 
 

 

3.2 Fabrication of chiral metasurfaces  
 

 In the proposed research, freeform chiral metasurfaces will be fabricated using 
standard CMOS-compatible processes. In brief, a thin layer of amorphous silicon will be grown 
on a fused silica substrate using plasma-enhanced chemical vapor deposition. The 
metasurface patterns with nanoscale features will be defined using electron beam lithography, 
followed by hard mask deposition and reactive ion etching. UNC Charlotte's Optoelectronic 
and Optical Device Fabrication Facility hosts 4,000 square feet of cleanroom space, where 
we have utilized the resources to develop mature processes for fabricating dielectric 
metasurfaces. Fig.3a shows the scanning electron microscope image of the chiral structures 
fabricated at the home institute, showing precisely defined curvilinear features that closely 

 Figure 2. Planar chiral metasurfaces with customized near-field profiles. (a) Design implementation for 
chiral metasurfaces, which are designed to support spin-selective vertical electric dipole resonance. (b) Top 
view of the optimized chiral structures and electric field distributions of the chiral modes, showing large spin-
decoupled mode excitations. Side view shows the field enhancement occurs on top of the structures. (c) 
Transmittance spectrum showing high-Q, narrowband circular dichroism. 



resemble the design in Fig. 2b. To increase the surface interacting area with analytes, we 
propose to transfer the chiral nanostructures onto a flexible substrate. We have previously 
developed a universal polymer-assisted transfer technique to enable large-area, defect-free 
transfer of high-aspect-ratio nanostructures9. The fabrication process involves defining 
metasurfaces on a thin germanium layer that serves as a sacrificial layer, followed by 
encapsulating the patterns with polydimethylsiloxane (PDMS). The metasurface layer is then 
released by dissolving the germanium sacrificial layer. Fig. 3b shows the optical image of the 
transferred metasurface, which will preferentially interact with chiral substances because of 
an increased surface area between molecules and chiral evanescent fields, leading to 
enhanced sensitivity (Fig. 3c). This method not only ensures the defect-free transfer of 
freestanding metasurfaces, but also broadens the conventional scope of metasurface 
substrates beyond bulky and rigid planar form factors.  

 

3.3 Chiral sensor for pharmaceutical analysis  
 

 The fabricated chiral sensors will be utilized for imaging-based spectrometerless 
fingerprint detection of selected environmental pollutants. We will leverage CMOS-
compatibility processes to pattern densely packed arrays of chiral sensors on a single chip to 
form a barcode matrix, offering a compact and inexpensive solution for in-situ, label-free 
ultrasensitive detection of chiral compounds. A schematic of the barcode technique is shown 
in Fig. 4. A large-scale sensor matrix is patterned on a single chip, with each matrix element 
designed to target a specific molecular absorption signature and chirality (𝜔,±), where 𝜔 and 
± denote frequency and spin, respectively. The conformal covering of the metasurfaces with 
chiral analytes causes a pronounced change in the imaged intensity due to the spatial overlap 
between the molecules with the enhanced chiral near-fields. The absorption signatures are 
converted in a 2D spatial map that serves as a barcode to identify the molecular type and 
chirality in arbitrary mixed compositions.  
 

 The readout of the barcode images will be processed through linear decomposition to 
retrieve the detailed compositional information. For nonlinear molecular dynamics, neural 
network-based algorithms could be employed for analyzing complex kinetics and chemical 
reactions. The barcoding chiral sensor will be applied for enantioselective environmental 
analysis of pharmaceuticals. To test the effectiveness and sensitivity of the technology, a wide 
range of pharmaceuticals, including analgesics, β-receptor antagonists, and antidepressants, 
will be tested to analyze their enantiospecific profiles.  

Figure 3. (a) Scanning electron microscope image of the fabricated chiral metasurface. (b) 
Optical image of the flexible metasurface embedded in a thin layer of polymer. (c) The 
suspended layer facilitates conformal coating with analytes to enhance the interaction area. 



 

 

4 Impact 
 

 The proposed research presents significant advancements to chiral sensing from both 
fundamental and application aspects, and they include: 
 

 Ultrasensitive pharmaceutical analysis: The proposed project represents a major 
technical advancement in pharmaceutical analysis through novel design and experimental 
efforts. (1) Design-wise, we developed a generic framework to tailor the chiral near-fields, 
allowing the field enhancement to effectively overlap with chiral molecules. (2) Experimentally, 
we developed a unique transfer technique to incorporate the metasurfaces on a flexible 
substrate for conformal integration. These methods extend the compatibility with enantiomers 
exhibiting unconventional form factors, allowing for technology adaptation in diverse 
environmental settings. This further facilitates the transition from lab-scale research to 
practical, field-tested pharmaceutical analysis. Furthermore, the proposed barcoding sensor 
presents a promising method to analyze enantiospecific properties in mixed chiral compounds, 
offering a compact solution for in-situ, high-throughput, and nondestructive pharmaceutical 
analysis.   

 Standardized workflow to achieve planar-induced chirality: The proposed 
research tackles the long-standing challenge of achieving planar induced chirality from a 
perspective of near-field inverse design. This offers a generic pathway to streamline the design 
workflow of nontrivial metasurfaces, allowing researchers from various interdisciplinary fields 
to bridge the knowledge gap and deploy the proposed optimization-based framework to design 
high-Q metasurfaces for diverse sensing applications. 
 
 

 Broad impacts in photochemistry: Controlling near-fields at the nanoscale has 
significant implications for photochemistry, particularly in developing chiral photocatalysis for 
catalyzing enantioselective photoreactions and synthesizing optically pure compounds10. The 
proposed research provides a versatile tool to precisely tailor the near-field distribution around 
the chiral photosensitizer, allowing the reaction conditions to be finely tuned for high 
enantiomeric excess, improved efficiency, and selective activation. 
 

 

 

Figure 4. Barcoding chiral sensor for pharmaceutical analysis. Schematic of the proposed chip-based 
barcoding sensor consisting of chiral metasurfaces designed to target specific resonant frequencies and 
spins (left). Molecular fingerprints are converted into 2D absorption maps (middle), which can be used to 
identify the molecular types and their enantiospecific properties (right).    
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Multiplexed and Continuous Monitoring of Metabolites using High-Q Metasurfaces and 

Modular DNA Aptamer Probes for Chronic Stress Management 
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Challenge: Chronic stress is a burgeoning global health issue, impacting nearly one-third of the 

population with severe consequences including mental disorders, cardiovascular diseases, and 

hormonal imbalances. Current methods, such as ultra-performance liquid chromatography-mass 

spectrometry, for detecting stress-related biomarkers are limited by the need for bulky, expensive 

equipment and lengthy processing times, hindering timely and effective stress management. 

Furthermore, alternative methods like fluorometric assays and enzyme-linked immunosorbent assays 

struggle with low sensitivity and throughput, especially when dealing with complex biological fluids 

like sweat. Furthermore, existing technologies often do not support the simultaneous detection of 

multiple biomarkers, essential for comprehensive stress assessment. There is a pressing need for more 

accessible, accurate, and rapid technology to enable continuous monitoring of multiple stress-related 

metabolite biomarkers, such as adenosine, dopamine, oestradiol, and cortisol, to facilitate immediate 

and personalized therapeutic interventions. 

Proposed project: This proposal aims to develop an innovative, portable biosensing platform capable 

of multiplexed and continuous monitoring of metabolite biomarkers related to chronic stress in sweat. 

Utilizing cutting-edge nanophotonic technology, the platform integrates dielectric metasurfaces, termed 

very-large-scale integrated high-Q nanoantenna pixels (VINPix), with spherical nucleic acids (SNAs) 

and innovative split aptamer designs, to provide rapid, sensitive, quantitative, and simultaneous 

detection of adenosine, dopamine, oestradiol, and cortisol. Specifically, this approach employs a hybrid-

attachment strategy where part of the split aptamer is attached to the SNA plasmonic nanoparticle core 

and another part to the dielectric VINPix. The attachment of SNAs to the VINPix upon metabolite 

binding, coupled with localized electromagnetic hotspots, significantly amplifies optical scattering 

intensity changes that correlate to biomarker concentrations. This dielectric-plasmonic sandwich setup 

significantly boosts detection specificity and sensitivity. Furthermore, the dense array of VINPix (over 

5 million VINPix are patterned per square centimeter; equivalent to over 31,000 96-well plates), 

combined with the application of microfluidic techniques, acoustic bioprinting, or photochemistry, 

allows for the simultaneous and continuous detection of thousands of sensors targeting various 

metabolites.  

Intended outcomes: By leveraging advanced nanophotonic technology and novel molecular 

recognition designs, this sensor promises to monitor adenosine, dopamine, oestradiol, and cortisol 

continuously, sensitively, and quantitatively. At the project conclusion, we will have demonstrated a 

VINPix system with modular aptamers on the surface that selectively target metabolites, such as 

adenosine, dopamine, oestradiol, and cortisol; successfully achieved quantitative detection of these 

biomarkers, with a lower limit of detection in the picomolar range within 20 minutes of sweat sample 

introduction; and demonstrated a VINPix sensor system prototype with integrated microfluidics, 

designed for the continuous and multiplexed monitoring of these metabolites in sweat.  

Looking forward, given the widespread impact of chronic stress on global health, this technology has 

the potential to revolutionize how individuals monitor their physiological states and manage stress-

related conditions. By enabling continuous, non-invasive monitoring of metabolite biomarkers in sweat, 

the technology will provide crucial insights into the physiological manifestations of stress, enhancing 

our fundamental understanding of its impacts on human health. In the long term, this technology could 

lead to significant advancements in personalized health monitoring and proactive health management, 

potentially reducing stress-related illnesses and improving quality of life through early detection and 

management. Additionally, the platform’s scalability and adaptability for detecting other biomarkers, 

including proteins, ions, and microRNA, could lead to its application in various medical diagnostic and 

therapeutic areas.  
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Literature Review and Problem Statement 

Chronic stress is a prevalent issue affecting nearly one third of the global population[1], leading to 

numerous health complications, including mental health disorders, cardiovascular diseases, immune 

dysfunction, and hormonal imbalances like irregular menstrual cycles[2,3]. Effective management of 

stress requires not only understanding its physiological, psychological, and neurochemical impacts but 

also developing tools for early detection and intervention. Metabolites, including adenosine, dopamine, 

oestradiol, and cortisol, are critical biomarkers for monitoring stress due to their roles in physiological 

and psychological stress responses[4]. Continuous monitoring of these biomarkers simultaneously using 

portable devices can significantly enhance the accuracy and timeliness of stress monitoring, facilitating 

precise, immediate, and personalized therapeutic interventions. 

Existing technologies for biomarker detection in biological fluids face significant limitations. Current 

standard practices, including ultra-performance liquid chromatography-mass spectrometry (UPLC-

MS)[5,6], although accurate, are hampered by the need for bulky equipment, high costs, slow processing 

times, and low throughput, making them impractical for continuous monitoring. Alternative methods 

like fluorometric assays and enzyme-linked immunosorbent assays (ELISA)[7,8] suffer from low 

sensitivity, susceptibility to fluorophore degradation, and low-throughput, particularly challenging 

given the low biomarker concentrations typically found in biological fluids, especially sweat[9]. 

Furthermore, existing technologies often do not support the simultaneous detection of multiple 

biomarkers, essential for comprehensive stress assessment. 

The Dionne Lab has pioneered the development of high-Q dielectric metasurfaces[10–13], evidenced by 

our numerical models, fabrication protocols, and spectroscopic characterization. We have also applied 

these metasurfaces as refractive index sensors for DNA based on hybridization[13]. Furthermore, our 

most recent work has miniaturized these long biperiodic resonant nanoantennas into finite sized pixels 

by incorporating reflective photonic crystal mirrors at their ends, termed very-large-scale integrated 

high-Q nanoantenna pixels (VINPix)[14]. This miniaturization enhances the resonator site density to 10 

million/cm2. These VINPix arrays have recently been utilized for the detection of proteins and 

environment DNA, incorporating microfluidic reagent delivery systems.  

Objectives 

To address the urgent need for technological advancements that provide immediate health insights and 

empower individuals to manage stress proactively through timely interventions, we propose a novel 

portable sensor technology. This technology is capable of multiplexed and continuous monitoring of 

metabolite biomarkers related to chronic stress, including adenosine, dopamine, estradiol, and cortisol, 

in sweat. Specifically, this platform leverages resonant silicon nanophotonic antennas, termed very-

large-scale integrated high-Q nanoantenna pixels (VINPix)[14]. These VINPix will be functionalized 

with modular DNA aptamer probes and integrated with plasmonic nanoparticles to rapidly, 

quantitatively, sensitively, continuously, and accurately detect these metabolite biomarkers. A separate 

miniaturized light source and camera will detect optical scattering intensity changes that correlate to 

biomarker concentrations.  

Our approach is significant since it will facilitate easily deployable, quantitative, and readily modifiable 

personal monitoring of multiple metabolite biomarkers - particularly those relevant to chronic stress-

induced diseases (e.g., adenosine, dopamine, oestradiol, and cortisol). Notably, our assay promises 

several innovative advantages compared to existing diagnostics: 1) continuous monitoring by taking 

advantages of microfluidics and achieving rapid results in < 20 minutes. 2) An extremely low limit of 

detection, owing to the high-Q chips' laser-sharp scattering spectra and the amplification of scattering 

changes by plasmonic nanoparticles. 3) facile modification of the assay surface functionalization for 

new host biomarkers. 4) By relying on nanopatterned Si, we capitalize on the low-cost and scalable 

fabrication of established high-throughput CMOS fabrication processes. 5) Fluorescent tagging or 

secondary antibodies are not required; therefore, the chip is the “disposable/universal reagent”. 6) 

Massive multiplexing is possible on a single chip, owing to the “free-space” illumination of the densely 

packed arrays of resonators combined with our innovative bioprinting and photochemistry-induced 

functionalization techniques. 7) Minimal training for use is needed, unlike mass spectroscopy which 

requires a lab technician or health care professional.   
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Our final goal is the development of a portable (handheld), rapid, and quantitative sensor that supports 

the simultaneous and continuous monitoring and detection of multiple biomarkers in sweat, 

significantly improving the utility and comprehensiveness of stress assessments. Specifically, our goal 

can be accomplished by fulfilling the following objectives: 

1. Develop Novel Split Aptamer Design for Enhanced Biomarker Detection: Utilize innovative split 

aptamer DNA sequences that undergo structural changes upon binding to target metabolites, thereby 

creating a dynamic detection environment. This design aims to significantly enhance biomarker 

detection by increasing both the sensitivity and specificity of the assay. 

2. Integrate VINPix with Spherical Nucleic Acids (SNAs) for Ultrasensitive and Robust Detection (Fig. 

1): Attach split aptamers to SNA nanoparticle cores 

and resonant silicon nanophotonic antennas (VINPix) 

to establish an ultrasensitive sandwich detection 

mechanism. SNAs are 3D nanostructures consisting 

of nucleic acids that are densely functionalized and 

oriented spherically around a nanoparticle core. The 

DNA aptamers on metasurfaces and SNAs interact 

with target analytes, forming a secondary DNA 

structure that localizes SNAs and analytes on 

dielectric metasurfaces. This creates localized 

electromagnetic hotspots due to dielectric-

plasmonic coupling, amplifying resonance shifts 

linked to biomarker concentrations and causing a 

visible color change indicating biomarker presence. 

This dual-attachment method enhances detection 

sensitivity and reliability by concentrating 

biomarkers in localized enhanced electric fields, 

promising a lower detection limit compared to 

traditional assays. 

3. Employ Acoustic Bioprinting or Photochemistry for Extensive Multiplexing: Use acoustic and inkjet 

bioprinting technologies to deposit molecular probes on metasurfaces with high precision (~15-micron 

resolution), and photochemistry to achieve even finer reaction resolution (~1 micron) for 

functionalizing distinct resonators with different split DNA aptamers. This allows for the multiplexed 

detection of metabolites on a single chip, with up to hundreds to thousands of sensors detected 

simultaneously (over 5 million VINPix are patterned per square centimeter; equivalent to over 31,000 

96-well plates). 

4. Facilitate Continuous Monitoring with Integrated Microfluidic System: Integrate metasurfaces with 

a microfluidic system that supports continuous monitoring by collecting and analyzing sweat in real-

time. This system leverages the direct optical signals from the silicon structures for rapid and accurate 

biomarker detection, with acquisition times as low as 200 milliseconds, and eliminates the need for 

fluorescent tagging, thereby reducing costs and reagent requirements. 

Outcomes 

The anticipated outcomes of this proposal include: 1) a VINPix system with modular molecular 

probes on the surface that selectively target metabolites. 2) Quantitative detection of adenosine, 

dopamine, oestradiol, and cortisol, with a lower limit of detection (LLOD) in the picomolar range 

within 20 minutes of sweat sample introduction. And 3) Multiplexed and continuous monitoring of 

metabolites in sweat. The societal impact of these outcomes is profound, potentially reducing the 

prevalence and severity of stress-related health issues across diverse populations. 

1. A VINPix system with modular molecular probes that selectively target metabolites. 

1.1. Design and synthesis of modular probes that selectively target metabolites 

1.1.1 Synthesis and selectivity of aptamers for metabolite detection 

We have identified DNA aptamer sequences that directly recognize oestradiol, dopamine, cortisol, and 

adenosine respectively using in vitro solution-phase systematic evolution of ligands by exponential 

Fig. 1. a, A schematic view of high-Q metasurface 

arrays for small molecule sensing, facilitated by 

SNAs. b, A magnified view highlighting the 

interactions between small molecules and DNA 

aptamers.  



 3  
 

enrichment. The solution dissociation constant of these aptamers will be determined via competitive 

fluorescence assays. We will demonstrate the selectivity of the aptamers for the target versus chemically 

related, biologically relevant nontargets. We will investigate target-induced changes in aptamer 

secondary structural motifs using circular dichroism spectroscopy. Upon target association, the 

aptamers should show spectral shifts and changes in intensity in the major positive band, which suggests 

conformational changes upon metabolite binding.  

1.1.2 Aptamer stability under pH, salt, and temperature variations 

The aptamers’ stability will be tested under varying conditions like pH, salt, and temperature to ensure 

consistent performance in real-world applications. Moreover, the melting temperature (Tm) of aptamer-

target analyte binding will be measured using UV absorbance spectroscopy to understand the stability 

and strength of the binding interaction. A higher melting temperature generally indicates a stronger and 

more specific interaction. By measuring Tm, we will determine the optimal condition range under which 

the aptamer functions best for biosensing. We will also study how the Tm changes under different 

conditions, providing insights into the binding stability, affinity, and specificity of the aptamer for its 

target.  

1.2. Chip surface functionalization with probes 

1.2.1 Protocols for stable attachment of aptamer probes to VINPix 

Self-assembled monolayers will be formed on metasurfaces, which enable the creation of dense, 

consistent, and well-organized arrays of probe molecules. We applied a covalent salinization technique 

to the metasurfaces. Subsequently, the alkene groups present in the monolayer underwent a targeted 

reaction with DNA aptamer probes via click chemistry. To minimize non-specific binding of 

metabolites to the sensor surfaces, surface passivation and surface chemistry modification strategies 

will be used.  

1.2.2 Protocols for stable attachment of aptamer probes to plasmonic Au nanospheres  

Au nanospheres were functionalized with spit aptamers using a salt-aging strategy. First, 3’-propylthiol-

terminated aptamers were incubated with dithiothreitol at room temperature to cleave the disulfide end. 

Afterwards, the aptamers were added to the Au nanosphere suspensions in phosphate buffer. Finally, 

NaCl solution was added to the solution until it reached the targeted final salt concentration. 

1.3. Selective functionalization of probes on VINPix using bioprinting or photochemistry 

1.3.1 Selective probe attachments using bioprinting or photochemistry  

First, bioprinting will be used to achieve selective functionalization of different probes on metasurfaces. 

Our acoustic bioprinter will be upgraded for the rapid dispensing of picoliter droplets containing DNA 

aptamer probes. The acoustic printing parameters will be varied to regulate the size and directionality 

of the printed microdroplets, optimizing for positioning accuracy and throughput. Alternatively, we will 

harness photochemistry to precisely control the selective attachment of probes with enhanced resolution 

for densely multiplexed detection. A UV-LED will be used to selectively expose certain areas of the 

resonators, facilitating the targeted attachment of aptamer probes to specific locations on the resonators. 

These methods ensure precise and location-specific functionalization, critical for multiplexed detection.  

1.3.2 Evaluate the binding uniformity and cross-reactivity of immobilized probes  

To evaluate the cross-reactivity of the probes, fluorescence imaging will be used to characterize the 

VINPix metasurfaces that have been selectively functionalized with different fluorophore-labeled 

aptamers. To verify the uniformity and reproducibility of aptamer binding, we will utilize a combination 

of techniques including fluorescent tagging, electron microscopy, and atomic force microscopy. 

2. Quantitative detection of metabolites with a LLOD in the picomolar range within 20 minutes 

of sweat sample introduction. 

2.1. Detection of synthetic metabolites at various concentrations in buffer solutions 

2.1.1 Establish a clear correlation between the concentration of the targets and the resonance shifts  

We will use aqueous PBS solutions that contain synthetic molecules at various concentrations. When 

target molecules are introduced into the system, they bind with aptamers on the metasurfaces and SNAs. 

This interaction causes the analytes and SNAs to localize on the resonators, thereby changing the 

refractive index of the resonator's surrounding environment. It should be detectable as changes in optical 

scattering intensity upon the binding of target small molecules and SNAs, within a rapid timeframe of 



 4  
 

less than 20 minutes. The concentration of adenosine, dopamine, oestradiol, and cortisol solutions will 

be further diluted (from mM to aM) to determine a LLOD.   

2.1.2 Create calibration procedures for quantifying metabolite concentrations 

We will establish a clear correlation between the concentration of the target molecules and the resonance 

shifts observed in the system, and therefore establish a quantitative testing methodology. Specifically, 

aqueous PBS solutions that contain synthetic molecules at various concentrations and SNAs are 

introduced to the biosensor. The scattering signals of the metasurfaces are measured, indicative of 

metabolite and SNA binding. The lower the concentrations of the target substance, the smaller 

resonance shifts in the resonant wavelength. We determine the calibration curve by assessing the 

biosensor's response to a series of standard solutions at varying concentrations. From this calibration 

curve, we will establish the linear range, which in turn defines the dynamic range of the biosensor.  

2.1.3 Comparative analysis between the full aptamer approach and the SNA split aptamer strategy 

We will compare the detection performance of the two types of DNA aptamers to refine the overall 

detection strategy. Split aptamer/SNA system will offer two key advantages: 1) Enhanced sensitivity 

and selectivity: the presence of target biomarkers catalyzes the binding of SNAs to metasurfaces, 

triggering remarkedly increased resonance shifts. This effect is also magnified by electromagnetic 

hotspots between the SNAs and metasurfaces, improving detection sensitivity and enabling precise 

molecule identification. 2) Visual biomarker detection: the SNA attachment on the high-Q metasurfaces 

results in a visible color change of the metasurfaces, providing a visual signature of the biomarkers’ 

presence. This visual cue simplifies detection, ideal for point-of-care testing, eliminating the need for 

complex instruments. 

2.2. Detection of adenosine, dopamine, oestradiol, or cortisol in artificial sweat and actual sweat  

Known amounts of metabolites will be spiked into the synthetic sweat samples. Actual sweat will be 

collected using sweat collection systems or absorption pads. We will evaluate and compare the 

interaction rates between our biosensor and its target metabolite analytes in artificial and actual sweat. 

By introducing the target analyte at a predefined concentration, we capture the spatial-spectral frames 

for a rapidly sweeping wavelength range around the resonance wavelength of VINPix. We then extract 

the resonance shift for each resonator cluster from these images at designated time intervals. From this 

kinetic data, we can determine the association and dissociation rates, and the equilibrium dissociation 

constant, providing valuable insights into the binding kinetics of our system and time to detection. We 

aim to achieve a picomolar LLOD for adenosine, dopamine, oestradiol, and cortisol in sweat. Achieving 

such a high degree of sensitivity is imperative for stress management and related early disease detection 

and monitoring, particularly in conditions where biomarker concentrations in sweat are exceptionally 

low in early stages.  

3. Multiplexed and continuous monitoring of metabolites in sweat 

3.1 Multiplexed detection of metabolites on one chip for vital health metrics 

To analyze real-time concentrations of adenosine, dopamine, estradiol, and cortisol in a person’s sweat 

for interpreting stress-related diseases, specific ratios between these biomarkers are informative: 1) 

Ratio of Cortisol/Dopamine: An increased ratio may indicate elevated stress or anxiety levels. Higher 

cortisol relative to dopamine can suggest that the body 

is in a prolonged state of stress, which might lead to 

burnout or depression. 2) Ratio of Estradiol/Cortisol: 

This ratio is useful in understanding stress impacts in 

the context of hormonal balance. A lower ratio may 

suggest an inadequate protective response to chronic 

stress, particularly relevant in studying stress 

differences between genders. 3) Ratio of 

Adenosine/Cortisol: A lower ratio might indicate poor 

stress recovery or chronic stress situations, as the 

calming effects are overwhelmed by stress response 

mechanisms.  

By combining the VINPix sensor array with advanced bioprinting or photochemistry techniques, we 

can achieve high-fidelity, high-density, and spatially precise functionalization of modular probes on 

Fig. 2 Scheme showing the multiplexed 

detection of metabolites on a single chip. 
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metasurfaces. This integration allows for the simultaneous detection of metabolites on a single chip 

(Fig. 2), thereby streamlining the measurement process and improving the efficiency of monitoring 

these biomarkers and their ratios. This capability is important for stress monitoring and the early 

detection and management of related diseases, enhancing diagnostic accuracy and patient care.  

To assess the assay’s specificity and efficiency, synthetic metabolite targets corresponding to each 

probe type will be introduced to our sensor individually. We will then conduct spectral imaging to link 

spatially dependent resonant shifts with the binding of specific probe-target pairs. Furthermore, we plan 

to label metabolites of interest with fluorophores emitting at different wavelengths and employ 

fluorescence microscopy to validate the spatially multiplexed and sequence-specific binding on our 

platform. Moreover, we will determine the sensitivity, limit of detection, dynamic range, 

reproducibility, and time-to-result, and compare between our metasurface-based detection system and 

parallel standard laboratory tests like ELISA and mass spectrometry. We expect to achieve similar or 

even better sensitivity, accuracy, and specificity compared to mass spectrometry and ELISA, while 

significantly reducing the time required for detection and enabling multiplexing capabilities.   

3.2 Continuous monitoring by integrating microfluidics systems with VINPix 

Finally, our project strives to continuously monitor these metabolites in sweat. This will be achieved 

by integrating metasurfaces with a microfluidic system that includes a reaction chamber and specifically 

designed inlets and outlets for efficient sweat collection (Fig. 3). These features ensure that the sweat 

is directed seamlessly from the collection points to the reaction chamber where the metasurfaces, 

equipped with specific sensors for each metabolite, perform continuous and simultaneous quantitative 

analysis. To ensure robust monitoring, the system will utilize capillary action coupled with micro-pump 

technology to draw sweat through the microfluidic channels. This approach guarantees a constant flow 

of samples across the reactive metasurfaces, thus enabling real-time biomarker detection. The 

metasurfaces within the reaction chamber are designed with 

high specificity and sensitivity towards targeted metabolite 

biomarkers. These metasurfaces will be functionalized with 

specific aptamers that bind selectively to these metabolites, 

facilitating their detection and quantification through 

changes in optical signals. The resulting system will be 

capable of continuous, simultaneous, and quantitative 

measurements of key metabolite biomarkers, providing 

important health metrics. This integration is a significant 

step forward in health monitoring and provides an important 

value inflection point for our technology, especially for 

monitoring and management of chronic stress.  

 

Impact 

This proposal outlines the development of an innovative, portable sensor technology for the multiplexed 

and continuous monitoring of key metabolite biomarkers related to stress. By leveraging advanced 

nanophotonic technology and novel molecular recognition designs, this sensor promises to monitor 

adenosine, dopamine, oestradiol, and cortisol continuously, sensitively, and quantitatively. Looking 

forward, this technology has the potential to revolutionize how individuals monitor their physiological 

states and manage stress-related conditions. By providing real-time, precise biomarker data, users can 

receive immediate feedback on their stress levels and hormonal balance, enabling proactive health 

management. The successful integration of this technology into consumer health devices could open 

new markets and drive widespread adoption of personalized health monitoring tools. Additionally, the 

platform’s scalability and adaptability for detecting other biomarkers, including proteins, ions, and 

microRNA, could lead to its application in various medical diagnostic and therapeutic areas. 

 

 

 

 

Fig. 3 Continuous and multiplexed 

monitoring by integrating metasurfaces 

with microfluidics. 



 6  
 

 

References 

 

[1] N. Salari, A. Hosseinian-Far, R. Jalali, A. Vaisi-Raygani, S. Rasoulpoor, M. Mohammadi, S. 

Rasoulpoor, B. Khaledi-Paveh, Global. Health 2020, 16, 57. 

[2] N. Schneiderman, G. Ironson, S. D. Siegel, Annu. Rev. Clin. Psychol. 2005, 1, 607. 

[3] S. Cohen, D. Janicki-Deverts, W. J. Doyle, G. E. Miller, E. Frank, B. S. Rabin, R. B. Turner, 

Proc. Natl. Acad. Sci. 2012, 109, 5995. 

[4] M. J. Nunes, C. M. Cordas, J. J. G. Moura, J. P. Noronha, L. C. Branco, Sport. Med. - Open 

2021, 7, 8. 

[5] P. L. Wood, Neuropsychopharmacology 2014, 39, 24. 

[6] H. G. Gika, G. A. Theodoridis, J. E. Wingate, I. D. Wilson, J. Proteome Res. 2007, 6, 3291. 

[7] S. B. Nimse, M. D. Sonawane, K.-S. Song, T. Kim, Analyst 2016, 141, 740. 

[8] E. L. Snapp, in Methods Anal. Golgi Complex Funct. (Eds.: F. Perez, D. J. B. T.-M. in C. B. 

Stephens), Academic Press, 2013, pp. 195–216. 

[9] W. Gao, S. Emaminejad, H. Y. Y. Nyein, S. Challa, K. Chen, A. Peck, H. M. Fahad, H. Ota, 

H. Shiraki, D. Kiriya, D.-H. Lien, G. A. Brooks, R. W. Davis, A. Javey, Nature 2016, 529, 

509. 

[10] M. Lawrence, D. R. Barton, J. Dixon, J.-H. Song, J. van de Groep, M. L. Brongersma, J. A. 

Dionne, Nat. Nanotechnol. 2020, 15, 956. 

[11] E. Klopfer, M. Lawrence, D. R. I. I. I. Barton, J. Dixon, J. A. Dionne, Nano Lett. 2020, 20, 

5127. 

[12] J. Dixon, M. Lawrence, D. R. Barton, J. Dionne, Phys. Rev. Lett. 2021, 126, 123201. 

[13] J. Hu, F. Safir, K. Chang, S. Dagli, H. B. Balch, J. M. Abendroth, J. Dixon, P. Moradifar, V. 

Dolia, M. K. Sahoo, B. A. Pinsky, S. S. Jeffrey, M. Lawrence, J. A. Dionne, Nat. Commun. 

2023, 14, 4486. 

[14] V. Dolia, H. B. Balch, S. Dagli, S. Abdollahramezani, H. C. Delgado, P. Moradifar, K. Chang, 

A. Stiber, F. Safir, M. Lawrence, J. Hu, J. A. Dionne, arxiv 2023. 

 



Executive Summary                                                                       Category: Health Challenge 

Portable lab-on-a-chip devices with integrated fluorescent sensors for rapid 

analysis of metabolite biomarkers  

The challenge. Metabolites are intermediate or end products of metabolism, produced by enzymatic 

reactions in cells and subsequently released into biofluids. Altered cell metabolism is associated with many 

diseases, such as cancer, neurodegenerative disorders, and liver diseases, making metabolites valuable 

biomarkers for diagnosis, prognosis, and health monitoring. However, the analysis of metabolite 

biomarkers often relies on sophisticated instrumentation such as mass spectrometry (MS) and nuclear 

magnetic resonance (NMR), or enzymatic assays in chemistry or clinical laboratories. These methods can 

be resource-intensive and involve long turnaround times. In developing countries or regions with limited 

resources, this can result in delayed or absent testing for disease diagnostics. Moreover, long waiting times 

for test results can delay treatment decisions for urgent cases, such as sepsis in intensive care units (ICUs). 

Therefore, there is a critical need for rapid analysis of metabolite biomarkers. 

Proposed research. Fluorescence detection is a popular optical modality for molecular analytics due to its 

high sensitivity, simplicity, ease of operation, and suitability for integration into portable instrumentation. 

We propose leveraging fluorescence detection for rapid and user-friendly metabolite analysis through the 

development of lab-on-a-chip devices with integrated fluorescent protein (FP)-based sensors. These devices 

will offer several advantages: low cost, portability, and low sample consumption inherent to lab-on-a-chip 

technology, along with rapid response (in 1 min), high specificity and straightforward one-pot reactions 

provided by FP-based sensors. 

This project will focus on two metabolite biomarkers, lactate and pyruvate, in saliva samples, given their 

crucial roles in the prognosis of sepsis and cancer, respectively. In Aim 1, we will develop off-chip optical 

assays for the quantification of lactate and pyruvate. We have developed a one-pot assay for rapid 

quantification of lactate in saliva using a fluorescent lactate sensor. We will extend these efforts to develop 

a new fluorescent pyruvate sensor and corresponding detection assay. In Aim 2, the assays will be integrated 

into a lab-on-a-chip device, preferably through the immobilization of the sensors on micropillar arrays, to 

enable rapid on-chip detection. In Aim 3, we will develop a sample-to-answer analyzer, which will consist 

of an inexpensive fluorescence imager utilizing a smartphone camera as the detector, paired with image 

data analysis software to provide quantification results. The validation of these quantification results will 

be compared to those obtained using gold standard methods. 

Expected outcomes. We anticipate that the proposed research will yield a high-performance fluorescent 

sensor for pyruvate and reliable one-pot off-chip quantification assays for both lactate and pyruvate. These 

assays will be capable of analyzing metabolite biomarkers in biofluids within a wet chemistry lab setting. 

Building on these assays, we expect to create a portable sample-to-answer analyzer comprising a lab-on-

a-chip device, a fluorescence imager, and automated analysis software. This analyzer will feature 

unmatched simplicity, affordability, and rapid turnaround times, enabling analysis of metabolite biomarkers 

in diverse settings, such as hospitals and pharmacies. 

Impact. The successful demonstration of the lactate and pyruvate analyzer represents a significant 

milestone toward developing a deployable rapid metabolite testing device for health monitoring and clinical 

applications. It will lay the foundation for our future collaborations with hospitals to explore the potential 

of the devices, such as tracking salivary lactate to predict and monitor sepsis and measuring salivary 

pyruvate to prognosticate oral cancer. This advancement will equip healthcare systems and physicians with 

new tools for early diagnosis and treatment. Importantly, the strategies used to develop these metabolite 

detection sensors, assays, and devices can be generalized to enable quantitative analyses of a diverse array 

of metabolite biomarkers in various biofluids for broad health-related applications. Similar to the 

widespread use of COVID test strips and glucometers, these portable tools will be easily distributable and 

globally accessible, facilitating metabolite monitoring on a national or even global scale. 
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Portable lab-on-a-chip devices with integrated fluorescent sensors for rapid 
analysis of metabolite biomarkers 

1. Literature Review 
Metabolite biomarkers. Metabolites are intermediate or end products of metabolism, produced by 

enzymatic reactions within cells and subsequently released into biofluids. Altered cell metabolism is 

associated with many diseases1,2, making metabolites valuable biomarkers for diagnosis, prognosis and 

health monitoring. There is significant focus on small-molecule metabolites, including amino acids and 

organic acids. For instance, researchers have found significantly elevated blood glutamate levels in patients 

with major depressive disorder3, while citrate concentrations have been linked to cancers and liver diseases4. 

Pyruvate and Lactate. Pyruvate and lactate are key products of glycolysis5. In this process, glucose is 

broken down by a series of enzymes in the cytoplasm, converting it into pyruvate. Most pyruvate is then 

transported into the mitochondria to fuel the tricarboxylic acid (TCA) cycle, which produces adenosine 

triphosphate (ATP), the primary energy source for cells. Under conditions such as low oxygen levels, 

pyruvate does not enter the mitochondria for oxidation. Instead, it is directly reduced to lactate, catalyzed 

by lactate dehydrogenase, in a process called anaerobic glycolysis6. Notably, the accumulation of lactate in 

the tissue microenvironment is indicative of inflammatory diseases and cancer7. 

Health and clinical relevance. Studies have shown that lactate concentration can surge up to tenfold in 

saliva and blood within minutes after intense exercise, making salivary lactate a crucial indicator of 

physiological status8. Furthermore, altered levels of lactate and pyruvate are associated with various 

diseases. For instance, a study found a fourfold increase in lactate levels relative to pyruvate in 

hemodynamically unstable patients with septic or cardiogenic shock9. Cancerous cells exhibit an increased 

rate of glycolysis, resulting in elevated pyruvate levels. Researchers found that patients with oral cancer 

have altered pyruvate levels in both saliva and serum10. 

Analytical strategies. Traditionally, metabolite analysis has heavily relied on sophisticated instrumentation 

such as mass spectrometry (MS) and nuclear magnetic resonance (NMR)11, or enzymatic assays12. While 

MS and NMR are powerful tools capable of analyzing a broad spectrum of metabolites, they necessitate 

meticulous sample preparation (e.g., extraction, derivatization), specialized expertise for operation, and 

complex data analysis. For targeted monitoring of specific metabolites, these instruments may be overly 

complex and resource-intensive. In contrast, enzymatic assays, although not requiring large instrumentation, 

involve multiple liquid handling steps, demanding skilled operators with specialized knowledge in wet 

chemistry. Moreover, these assays involve the use of various reagents, including enzymes, substrates, 

cofactors, and energy molecules, which contribute to elevated manufacturing costs. 

Fluorescent protein (FP)-based sensors. These optical sensors are recombinant protein molecules that 

incorporate an analyte recognition domain and a fluorescent reporter domain13. Analyte binding modulates 

the photophysical properties of the reporter domain, leading to a change in fluorescence signal. While FP-

based sensors have been widely adopted for cellular imaging of ions and metabolites, their potential in 

diagnostics has not been fully explored. These sensors exhibit rapid response time, typically within seconds, 

which contrasts with the extended reaction time of enzymatic assays, often exceeding one hour. They also 

feature a straightforward one-pot reaction that eliminates the need for cofactors, substrates, and energy 

molecules. Compared to conventional methods, FP-based sensors offer unmatched simplicity, affordability, 

and rapid turnaround time. 

Lab-on-a-chip devices. Lab-on-a-chip (also known as microfluidic) technology has rapidly advanced 

alongside the growing capabilities of nanofabrication14. These devices utilize microscale features on 

polymer or glass substrates to manipulate fluids, enabling tasks such as separation, dilution, mixing, and 

chemical reactions. Integrated with optical or electrical detectors, they allow for efficient molecular 
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detection for sample analysis. Characterized by low sample consumption, high automation, and portability, 

lab-on-a-chip devices have emerged as a major source of innovation for biochemical analysis across diverse 

fields such as healthcare, environmental monitoring, and food safety. 

2. Problem Statement/Objectives 
The analysis of metabolite biomarkers for health monitoring and clinical applications often relies on 

chemistry or clinical laboratories, which can be resource-intensive and involve long turnaround time. These 

resources may be scarce in developing countries and regions, resulting in delayed or absent testing for 

disease diagnostics. Moreover, long waiting time can lead to delayed treatment decisions for urgent cases, 

such as sepsis in intensive care units (ICUs). Therefore, rapid analysis of metabolite biomarkers is critically 

needed.  In response to this need, we propose the development of portable lab-on-a-chip devices with 

integrated FP-based sensors for rapid and user-friendly metabolite detection. This project will focus on 

quantification of two representative metabolite biomarkers, lactate and pyruvate, in saliva samples using 

fluorescent sensors, establishing a foundation for future expansion to other metabolites. 

3. Approach 
Aim 1. Assay development using fluorescent sensors for lactate/pyruvate analysis off chip.  

We plan to first develop assays for lactate and pyruvate analysis using the latest FP-based lactate sensor, 

eLACCO2.115 (Fig. 1a), and a new pyruvate sensor to be engineered.  

Lactate detection. The purified eLACCO2.1 sensor exhibits a 15-fold signal increase upon exposure to 10 

mM lactate, with a dissociation constant of 1.9 mM, and shows a strong response within the physiological 

range of salivary lactate (0.2-2 mM). These characteristics of eLACCO2.1 have been successfully 

reproduced in our lab (Fig. 1b). Although some FP-based sensors exhibit a sigmoidal relationship between 

signal and concentration changes, 

eLACCO2.1 demonstrates 

excellent linearity below a 0.2 

mM threshold (Fig. 1c), making it 

ideal for quantification purposes 

if the sample is appropriately pre-

diluted. To quantify lactate in 

saliva, we have tested two 

strategies: standard addition and 

external calibration. Our 

quantification result indicates 

0.21 mM (by standard addition) 

and 0.24 mM (by external 

calibration) lactate in pooled 

saliva samples, consistent with 

the literature16. While the matrix 

effect of ions and biomolecules in 

the saliva sample can pose 

challenges to measurement 

accuracy, our fluorescence 

signals in diluted saliva samples 

suggest negligible impact on the 

sensor's intensity and sensitivity 

(Fig. 1c, d). We plan to validate 

our quantification results by 

 

Fig. 1. Metabolite detection assays. (a) Schematic representation of 
fluorescent lactate sensor eLACCO2.1. (b) Titration curve of 
purified lactate sensor. (c) (d) Linear calibration curve in buffer and 
4x diluted saliva samples. (e) Developing a high-performance 
fluorescent pyruvate sensor through protein engineering strategies. 



Optica Foundation Challenge 2024                                                                                                                  Zhao, Y 

3 
 

comparing them with those obtained from gold standard methods such as enzymatic assays and mass 

spectrometry. 

Pyruvate detection. Unlike the large responsiveness of eLACCO2.1, current fluorescent pyruvate sensors 

exhibit a signal increase of no more than 2.5-fold in response to pyruvate concentration change17,18. This 

limited signal change can compromise quantification accuracy, making it more susceptible to experimental 

variations. Therefore, we propose to develop a new pyruvate sensor with enhanced responsiveness (higher 

sensitivity) through protein engineering strategies, including protein recombination, structure prediction, 

and directed evolution (Fig. 1e). These strategies have proven effective in engineering high-performance 

FP-based sensors in our previous work to improve the responsiveness of a citrate sensor from 0.2-fold to 

9-fold19. Building on our established process of iterative mutagenesis and screening20, we will create 

libraries of genetic mutants of the pyruvate sensor, express them in bacterial cells, and measure the 

responsiveness (fluorescence with and without pyruvate) using a plate reader. The most promising mutant 

selected from each round of screening will be used for the next round of protein evolution. We aim to 

achieve an optimized pyruvate sensor with >10-fold responsiveness after 10 rounds of directed evolution. 

The dissociation constant of the existing pyruvate sensors is between 0.07-0.48 mM, which is optimal for 

quantifying salivary pyruvate, as the physiological range of pyruvate in saliva is 0.05-0.5 mM according to 

the Human Metabolome Database. Although a slight change in the dissociation constant may occur during 

the protein engineering process, it is not likely to affect its effectiveness in quantification. The optimized 

pyruvate sensor will be purified, characterized in buffer solutions, and used to quantify pyruvate in saliva 

samples, following a protocol similar to the one described above for the lactate sensor eLACCO2.1. The 

sensing domains used in both eLACCO2.1 and the new pyruvate sensor are highly specific, responding 

exclusively to their target analyte and not to other metabolites with similar chemical structures. 

Aim 2. Integration of the assays into lab-on-a-chip devices.  

Once the off-chip quantification results for lactate and pyruvate are validated against gold standard methods, 

the assays will be integrated into lab-on-a-chip devices. We will explore two different integration strategies: 

with and without immobilization of the sensors. 

Micropillar device with sensor immobilization. We will leverage micropillar arrays fabricated through 

hot embossing microfabrication on cyclic olefin polymers21. The micropillars will be surface functionalized 

via oxygen plasma treatment, followed by grafting with (3-aminopropyl)triethoxysilane (APTES) to enable 

covalent protein attachment using glutaraldehyde as a cross-linker (Fig. 2a). This method, successfully used 

for immobilizing antibodies for immunoassays22, will now be adapted to attach purified FP-based sensors, 

eLACCO2.1 and the pyruvate sensor.   

To confirm the successful immobilization of the sensors, fluorescence on the micropillar surfaces will be 

measured using a fluorescence microscope. The immobilization protocol will be optimized for maximum 

covalent bonding efficiency by varying parameters such as plasma treatment duration, concentrations of 

the cross-linker and sensor, and incubation time. The fluorescence signals of the immobilized sensors will 

be evaluated in the presence and absence of their target metabolites (lactate or pyruvate) to confirm their 

responsiveness (Fig. 2b).  Previous studies have shown that eLACCO2.1 remains functional when 

immobilized on cell surfaces15, suggesting the robustness of the sensor. To further mitigate risks, a flexible 

peptide will be fused to the N-terminal of the sensors to enhance their mobility post-immobilization, 

preventing potential distortion.  Chambers containing sensor-functionalized micropillars will be filled with 

PBS or MOPS buffers to prevent denaturation and loss of function of the sensors. The devices will be sealed 

to minimize evaporation and stored at 4°C to maintain protein functionality for extended periods. Typically, 

purified sensors can be stored in a refrigerator for a couple of months, and the storage stability of the device 

and assay will be thoroughly evaluated. Because of the nature of reversible binding, sensors immobilized 
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on micropillars can be regenerated by washing off the metabolites (Fig. 2c), allowing for multiple uses and 

potentially enhancing sustainability. 

Device without sensor immobilization. An alternative strategy for sensor integration is to use sensors 

without immobilization. In this approach, purified sensors in buffer will be mixed with saliva samples and 

transferred to a microchamber within a thermoplastic device for fluorescence detection under a microscope 

(Fig. 2d). Given that the sensors remain in a mobile format, we anticipate they will exhibit sensitivity 

comparable to that observed in our off-chip assays. While the sensors in this device cannot be regenerated 

for multiple uses due to their inseparability after mixing, this approach has a higher likelihood of success. 

Aim 3. A sample-to-result analyzer for analyzing saliva samples. 

To develop a sample-to-result analyzer, we will design a portable and cost-effective fluorescence detection 

system equipped with optics and a smart phone for capturing fluorescence images (Fig. 3a). An image 

analysis program, including functionalities such as segregation of micropillar arrays, background 

subtraction, and intensity measurement, will be created using software like ImageJ or MATLAB. A 

graphical user interface will 

be developed to enable end 

users to easily analyze the 

image data. 

Similar to the off-chip 

assays, the standard addition 

method will be used to spike 

the sample, generating a 

calibration curve to quantify 

lactate or pyruvate (Fig. 3b). 

The lab-on-a-chip device 

will have multiple detection 

 

Fig. 2. (a) Immobilization of the sensors on a micropillar. (b) Schematic representation of sample loading 

and imaging of micropillar array devices. (c) Regeneration of micropillar arrays for multiple use. (d) 

Integration of the sensors on chip without immobilization. 

 

Fig. 3. Sample-to-result analyzer. (a) Optical setup of the fluorescence 

detection system. (b) Workflow of metabolite analysis using the analyzer. 
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chambers for measuring samples spiked with standard solutions. Replicated experiments will be conducted 

either on a single device or multiple devices, depending on whether micropillar arrays are used. 

The validation of the developed analyzer will be conducted by analyzing saliva samples from a small group 

of healthy individuals (e.g., a sample size of 20). First, saliva samples will be spiked with lactate and 

pyruvate to create artificial high-concentration samples. These spiked samples, along with non-spiked 

saliva, will be quantified using our analyzer to assess its accuracy. Second, since lactate levels are known 

to elevate substantially after exercise8, saliva samples will be collected from the group both before and after 

exercise for analysis. Parallel analyses using enzymatic assays or mass spectrometry will be performed to 

compare and validate the results obtained from our analyzer. 

4. Outcomes 
We anticipate that the proposed research will yield a high-performance fluorescent sensor for pyruvate and 

reliable one-pot off-chip quantification assays for lactate and pyruvate. These assays will be capable of 

analyzing metabolite biomarkers in saliva and potentially other biofluids in a wet chemistry lab setting. 

Based on the developed assays, we expect to establish an innovative portable and user-friendly analyzer. 
This analyzer will include a lab-on-a-chip device, a fluorescence detector for signal readout, and automated 

analysis software, enabling sample-to-answer analysis of metabolites and deployment in various settings, 

including hospitals and pharmacies, beyond traditional clinical and chemistry labs. 

5. Impact 
The successful demonstration of the lactate and pyruvate analyzer represents a significant milestone toward 

developing a deployable rapid metabolite testing device for health monitoring and clinical applications. We 

will continue to explore the potential of the devices through collaboration with the University Health 

Network, Canada's largest hospital network. This includes tracking salivary lactate to predict and monitor 

sepsis in patients and measuring salivary pyruvate to prognosticate oral cancer. This advancement will 

empower the healthcare system and physicians with new tools for early diagnosis and treatment. 

Furthermore, the strategies used to develop metabolite detection sensors, assays and devices will be 

generalized to enable the detection of a diverse array of metabolite biomarkers in various biofluids, not just 

saliva samples. Similar to the widespread use of COVID test strips and glucometers, these portable tools 

will be easily distributable and globally accessible, facilitating metabolite monitoring on a national or even 

global scale. 
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Name:  Laser-Microwave Dual-Modality Remote Sensing Powered by Laser Dynamics 
Yuxi Ruan, University of Wollongong, Australia 

Category: Information 
 

Challenge: Multi-modality sensing represents a promising technological advancement, 
integrating information from diverse sensing modalities to greatly enhance environmental 
understanding and perception. Realizing the full potential of multi-modality sensing introduces 
new challenges in the design of multi-sensor systems and signal processing.  
This project focuses on laser-microwave dual modality remote sensing, which find wide 
applications in environment monitoring, disaster sensing, and more. Current laser-microwave 
dual-modality sensing systems comprise two separate sub-systems: a laser sensing module 
and a microwave sensing module, which work independently from both signal generation and 
processing, thus present two notable problems:   
• Independent optical and microwave sub-systems leads to bulky, heavy and costly sensing 

systems with high energy consumption. It also results in the requirement of cumbersome 
calibration, alignment and data synchronization. 

• There is a lack of principled signal processing framework for fusion of sensing modalities.  
The fusion currently is performed in ad-hoc ways at data level to extract sensing 
information.  The synergy between the modalities is not fully exploited due to the lack of 
“interaction” between the two modalities.  

3. The category selected: This project will redefine laser-microwave dual-modality sensing 
by developing a unified system powered by a laser-dynamics, resulting in the next generation 
of laser-microwave sensing techniques with significantly enhanced sensing capability. The 
project falls into the area of ‘Information’ and aligns with “Exploring new optical sensing 
technologies to improve various parameter monitoring capabilities” (item 10) 
4. Capability, Intended Outcomes and Impact 
Capability:  I, together with my colleagues, have been working in the field of the proposed 
project extensively. We have pioneered the sensing technologies by laser with optical 
feedback (Laser-OF) for achieving high sensitivity, large range and compact system (refer to 
my publications in my CV). My recent work (Y. Ruan, et al, "Achieving high sensing resolution 
using a Microwave Photonic Signal generated by a laser diode with a control cavity," Optics 
and Lasers in Engineering, vol. 158, 2022) has shown that microwave modulated optical signal 
can be generated by operating a laser at period-one dynamic state. These open a door for 
realizing next generation dual-modal sensing. The proposed project will be conducted in 
‘Sensing, Communications and Control Laboratory’ at the University of Wollongong, where I 
have been working since my PhD study. The research lab will provide both optical and 
electrical devices, and elements for the relevant experimental investigation. 
Intended outcomes:   
• Generate a tunable dual-frequency laser by laser dynamics induced by external  feedback, 

and an innovative design to generate photonic microwave signals for achieving radar 
function with tunable step frequency and wide bandwidth 

• Implement a unified system for laser-microwave dual-modality sensing, enabling future 
on-chip implementation with small size, light weight and high power efficiency. 

• Achieving synergy in laser-microwave sensing by developing an optimal framework for 
fusing modalities at the signal level.  

Impact: This project expects to generate new knowledge in dual-modality sensing system 
realization, resulting in cutting-edge techniques to unlock the full capabilities of laser-
microwave sensing. The application of these advanced sensing technologies in 
environmental monitoring can help mitigate the economic impact of natural disasters by 
enabling faster response times and more effective resource allocation. Socially, the 
enhanced ability to monitor and respond to environmental hazards can bolster community 
resilience and safety.  



Project Title:  Laser-Microwave Dual-Modality Remote Sensing Powered by Laser Dynamics 

1. Literature Review  

Multi-modality sensing represents a promising technological advancement, integrating information 
from diverse sensing modalities to greatly enhance environmental understanding and perception [1]. 
This project focuses on laser-microwave dual modality remote sensing, where the microwave signal is 
generated by optical configuration.  This research is in the area of microwave photonics (MWP).  MWP 
has emerged as one of the most active and exciting research areas, bringing together the worlds of 
optoelectronics and microwave engineering, opening a door for numerous promising applications in 
advanced sensing, internet of things, 5G, etc [2, 3]. Sensing and measurement technologies will be 
revolutionized in both theory and applications due to the introduction of MWP to the area. 
 
Regarding laser-microwave dual-modality sensing system, a 
typical example, as illustrated in Fig. 1, exemplified by 
integrated Lidar-Radar setups. Lidar and Radar have been 
demonstrated to be most effective tools for detecting natural 
disasters and realizing auto-vehicles. However, both 
technologies grapple with issues related to their expensive 
deployment. Each comes with its own limitations. Lidar faces 
attenuation issues in moist convection while Radar doesn't 
match Lidar's resolution. Therefore, the fusion of Lidar and 
Radar emerges as a promising solution.  Most current fusion 
system comprise two separate sub-systems: a laser sensing 
module and a microwave sensing module, which work 
independently , i.e., the two sensing signals are generated 
respectively by laser system and radar system [4, 5] . The reliance on two independent optical and 
microwave sub-systems brings to bulky, heavy and costly sensing systems with high energy 
consumption, constraining its applicability in platforms such as drones and satellites. It also results in 
the requirement of cumbersome calibration, alignment and data synchronization, which are critical for 
fusion.  
 
The echo signals are processed separately, before the fusion is performed in ad-hoc ways at data level 
to extract sensing information [6, 7]. Such signal processing is often non-optimal, and the synergy 
between the two sensing modalities is not fully exploited due to the lack of “interaction” between the 
two modalities. So, the sensing capability and performance fall short of the full potential of dual 
modality sensing.  
 
This project aims to redefine laser-microwave dual modality sensing by unifying laser and microwave 
sensing modalities in both system implementation and signal processing.  I, together with my colleagues, 
have been working in the field of the proposed project extensively. We have explored the sensing 
technologies by laser with optical feedback (Laser-OF) for achieving high sensitivity, large range and 
compact system.  Laser-OF has been recognized as a promising non-contact sensing technology due to 
its merits of minimum part-count scheme, low cost in implementation and ease in optical alignment.  
Numerous efforts have been devoted to exploring theories and applications of such sensing technology, 
and a multitude of applications have been reported, including the measurement of displacement, 
velocity, distance, acoustics, etc [8]. The systems are conventionally based on semiconductor lasers 
(SL). Recent years, the lasers employed have been extended to THz lasers, leading to a variety of 
promising THz applications to imaging, materials analysis, etc [9]. In existing laser-OF sensing 
techniques, the laser operates at its steady state.     
 
What if a laser is pushed to operate beyond the steady state? This question was first explored by me 
together with my research partners. We experimentally discovered that the capability of laser-OF 
sensing can be greatly enhanced when making a laser work at higher dynamic states, e.g., period-one 
(P1) [10-13]. We observed that, in this case, the laser intensity is modulated by a waveform in 
microwave frequencies. Furthermore, we also discovered that, by making a laser operate at quasi-period 

 

Fig. 1: Conventional integrated lidar 
and radar. 



(QP), a photonic microwave signal with step frequency characteristics can be generated, and the 
microwave signal can be flexibly controlled. These discoveries open a new door for realizing Dual-
Modality laser-microwave sensing and make it possible to generate and control both laser and photonic 
microwave signals with wide dynamic range. Further more, using a common core Laser-OF 
configuration for generating the two sensing signals and removing the need of external electrical-optical 
modulator and RF synthesisers, enables the system potential to be implemented on a single chip.   

2. Problem Statement/Objectives  

2.1 Problems 
Realizing the full potential of multi-modality sensing introduces new challenges in the design of multi-
sensor systems and signal processing. Current laser-microwave dual-modality sensing systems 
comprise two separate sub-systems: a laser sensing module and a microwave sensing module, which 
work independently from both sensing signal generation and echo signal processing, thus present two 
notable problems:  
  

• The reliance on two independent optical and microwave sub-systems contributes to bulky, 
heavy and costly sensing systems with high energy consumption, constraining its applicability 
in platforms such as drones and satellites. It also results in the requirement of cumbersome 
calibration, alignment and data synchronization, which are critical for fusion.  

• The receiver uses a two-stage process: after separate lidar and radar signal processing, the fusion 
of sensing modalities is performed heuristically at the data level. There is a lack of principled 
signal processing framework for fusion. The two-stage process is often non-optimal, and the 
synergy between the modalities is not fully exploited due to the lack of “interaction” between 
the two modalities. So, the sensing capability and performance fall short of the full potential of 
dual modality sensing. 

2.2 Objectives 

Aiming to solve above two problems, a unified design 
structure for laser-microwave sensing system is proposed in 
this project, as depicted in Fig. 2.  We will redefine the 
system from both dual-modality sensing signal generation 
and their echoes processing.  Its specific objectives include: 

• Developing a unified sensing system capable of 
concurrently generating and controlling laser and 
microwave sensing signals, enabling potential on-
chip implementation distinguished by compact size, 
lightweight, and exceptional power efficiency. 

• At the signal level, developing a optimal theoretical 
framework for fusing modalities, achieving synergy 
in laser-microwave sensing. Practical signal 
processing methods will be designed to unlock the full capabilities of multi-modality sensing. 

• Investigating its sensing applications   
 

3. Outline of tasks/Work Plan  

The research tasks are defined as below to answer above questions. The applicant Ruan will lead the 
project team consisting of a Research Assistance (RA), A/Prof Yanguang YU and A/Prof Qinghua Guo,  
the team members are all from the research lab arranged for this project in the University of Wollongong 
(UoW), Australia.   

We propose a unified dual-modality signal generating and transmission based on laser dynamics.  The 
schematic system architecture is shown as Fig 3., composed of four primary blocks: laser dynamics 
shaped tunable dual-frequency (DF) generator, frequency-modulated laser sensing function, photonic 
microwave sensing function and optical domain information processing.  
 

 

Fig. 2 : Unified laser-microwave 
sensing system. 



 
 

Fig. 3 Schematic of the Unified laser Dynamics Powered Dual-Modality Signal Generating and Transmission  
LD: Laser Diode; CIRC: Circulator; OA: Optical Attenuator; OC: Optical Coupler; DSP: Digital Signal 
Processor; PD: Photodetector; PM: Phase Modulator; EDFA: Erbium-doped Fiber Amplifier; PA: Power 

Amplifier; LNA: Low-noise Amplifier; COL: Fibre Collimator; RF: Radio Frequency 
 
The DF generator is the core for generating dual-modality sensing signals. A laser diode (LD) with 
external feedback (e.g. optical feedback-OE) is employed for the generator.  An LD with OF exhibits 
rich dynamics and has been found various applications.  Our preliminary works show that an LD 
operating at specific dynamic regions can produce a DF spectrum and have a stepped-frequency (SF) 
characteristic.  This will enable us to achieve:  

• Generating a DF spectrum with opposing instantaneous frequency shifts, enhancing laser 
sensing e.g Lidar's detection capabilities. 

• Producing an SF signal spanning a broad microwave range, catering to the remote sensing e.g. 
Radar function. 

 
Above idea will enable use of the same optical configuration to achieve both laser and photonic 
microwave sensing functionalities with compact structure, allowing simultaneously exploitation of their 
complementary characteristics for remote sensing to greatly enhance sensing performance. 
 
3.1 Task 1:  DF based FMCW laser sensing (Ruan, Yu and RA) 
 
This is to develop a design method (both hardware and software) for DF based FMCW Lidar.  The 
feature of the opposing frequency shift in DF can reduce detection error caused by laser nonlinearity, 
atmospheric turbulence, and speckle noise. 
 
We firstly study block 1 on tunable DF generator. Here, a 905nm wavelength laser diode (LD) is 
leveraged, given its frequent use in commercial Lidar systems. External optical injection allows this LD 
to function across varied dynamic statuses. Through our preliminary efforts, we've discerned that 
specific dynamic regions enable a dual-frequency (DF) spectrum from a singular mode LD. We've also 
identified a stepped-frequency (SF) characteristic in certain dynamic areas. Our comprehensive study 
aims to: 

• Generate dual frequencies with opposing instantaneous frequency shifts, enhancing laser 
sensing (e.g. Lidar's detection) capabilities through a tunable DF. 

The frequency tuning in the DF generator are managed by LD system parameters (e.g. injection optical 
strength and injection current), this tunning approach makes the system compactness feasible without 
external electrical-optical modulators to be involved. 
 
As an example of laser sensing, we'll assess the lidar function offered by the system, the detection 
performance will be evaluated both theoretically and practically.  As illustrated in right bottom block 
(named Laser sensing) of Fig 3, the DF based FMCW light generated is split into two beams by OC3.  



One beam serves as a reference, while the other beam, after EDFA1, CIRC2 and the telescope, transmit 
to a target.  The combined light from the reference and returning beams is processed by DSP1, revealing 
target distance, velocity and other target relevant parameters.  
 
3.2 Task 2: Photonic microwave sensing functionality and Optical domain processing (Ruan, Yu and 
RA) 
 
A joint-control method for the system parameters (injection optical strength, cavity length and injection 
current) will be developed to linearly shift the DF in an opposing manner.  This will allow the LD with 
OF to produce a modulated photonic microwave (PMW) signal, suitable for microwave sensing  
functions across a broad tuning range.  In particular, SF characteristics will be developed to enhance 
the microwave bandwidth to achieve high performance radar function. 
 
The right upper block (named Microwave Sensing) in Fig. 3 elaborates on the radar function offered by 
the proposed system. The adjusted DF optical signal reaches OC5, after  EDFA2, PD2 and power 
amplification (PA), an microwave signal with frequency modulated and step frequency feature is 
broadcasted.  
 
The inbound microwave signal modulates the reference light's optical phase after the LNA. This optical 
domain processing (ODP) design can enhance the speed of information processing and reduces the DSP 
burden.  
 
The following theory and experiment studies will be conducted: 
• Investigate the rules for selecting system parameters when operating the laser with OF at period 

windows to generate a step frequency signal with a minimal noise floor. 
• Develop an approach for the step control to implement a Step Frequency Photonic Radar (SFPR), 

this will need to develop a joint modulation method for the LD related parameters.  
• Investigate the performance of the SFPR system in various scenarios to evaluate its effectiveness 

in range resolution and unambiguous range. 
• Simulation and experiments on imaging application by the proposed SFPR design. 
• Regarding the ODP unit, an optical phase modulator module for signal mixing will be developed, 

and a real-time optical Fourier-transform block for spectral analysis will be implemented. This ODP 
processing unit not only facilitates rapid information processing but also alleviates the load and 
reduce cost on DSP. 

 
3.3. Task 3 Develop a Machine-learning based design algorithm for DF generator (Ruan assisted by a 
PhD student) 
A LD with OF operating in a period windows dynamic state contributes a new implementation 
architecture for photonic microwave systems.  However, designing such a laser system to generate 
frequency-modulated microwave sensing signals through traditional Lang-Kobayashi (L-K) equations 
requires extensive computational effort to derive the system control parameters (SCP), making real-
time adjustment of the SCP impossible in cases where it is needed.  In task 3, we aim to develop an 
effective design approach based on machine learning.  A feedforward neural network (FNN), in 
conjunction with a gradient descent algorithm, is employed to fast and accurately ascertain the SCP, 
offering a solution readily applicable in the system design.  Both simulation and experiment will be  
conducted to validate the proposed approach. 
 
3.4 Task 4: Probabilistic Framework for Optimal Fusion at Signal-Level (Ruan and Guo) 
We propose to perform the fusion at signal level with a probabilistic framework. As shown in Fig. 4 
(also the notations), we formulate the fusion as finding the a posteriori probability (marginal) of the 
sensing parameters p(θ | τL, τM), thereby the estimate of the parameters can be obtained. This provides 
not only the optimal estimates (fusion) but also estimation uncertainty. Although this is the best 
performance we can achieve, the direct implementation requires high dimensional integration of 



p(θ,θL,θM|τL,τM), which is challenging.  Fortunately, the probabilistic framework opens a door for the 
use of powerful yet low 
complexity inference 
techniques including Guo’s 
(my current research partner) 
unitary approximate message 
passing (UAMP) [14] and 
hybrid message passing on 
factor graph [15], so that 
near-optimal performance 
can be achieved with low 
cost. The other attractiveness 
of the probabilistic 
framework is its flexibility, 
allowing a unified 
algorithmic implementation regardless signal representations of laser and microwave modalities and 
parameter constraints that depend on concrete applications. 

4. Outcome(s)  

1)  A novel technique is proposed to generate a tunable dual-frequency (DF) laser by using a 
semiconductor laser (SL) with external optical feedback.  This will enable a DF based FMCW Lidar 
source to be implemented for simultaneously range and velocity with high resolution and robustness to 
atmospheric turbulence.  

2) An innovative design is proposed for achieving photonic Radar. By jointly adjusting the SL 
associated parameters to tune the DF shifted in opposite direction, which enables the SL to produce a 
modulated laser intensity with tunable modulation frequency. This DF feature empowers the laser to 
generate a photonic microwave signal used for Radar functionalities over a wide tuning spectrum. 
Additionally, the SL with a stepped-frequency (SF) characteristic will further enhance the Radar signal 
bandwidth. 

3) An optimal framework is developed for fusing modalities at the signal level. Practical signal 
processing implementation will be designed to unlock the full capabilities of multi-modality sensing. 

4)  An innovative scheme is designed to create a laser-microwave dual-modality sensing system, where 
a laser serves as both DF chirped laser source and microwave source. The two signal sources are 
generated by the SL dynamics without the need of external electrical-optical modulator and RF 
synthesizers.  They share the same core hardware configuration, which allows a compact system 
solution and thus greatly reduces system complexity and cost. Machine learning based design for 
determining the system parameter are developed. 

5. Impact  

This project expects to generate new knowledge in Dual-Modality sensing system realization, resulting 
in cutting-edge laser-microwave sensing techniques to unlock the full capabilities of laser-microwave 
dual modal sensing. The application of these advanced sensing techniques in environmental monitoring, 
such as wildfire sensing, can help mitigate the economic impact of natural disasters by enabling faster 
response times and more effective resource allocation. Environmentally, improved sensing capabilities 
can contribute to better management of diverse ecosystems, aiding in the conservation of biodiversity 
and the protection of natural resources. Socially, the enhanced ability to monitor and respond to 
environmental hazards can bolster community resilience and safety, particularly in rural and remote 
areas prone to bushfires and other environmental risks. 
  

 

Fig. 4: Modality synergy with turbo interaction (iteration). 
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Executive Summary 

Proposal Title: Coupling Mechanics, Physiology, and Spectroscopy in Skin: 

Advancements in Non-Invasive Diagnostics 

1. Global Challenge Addressed: The proposal seeks to tackle significant challenges in 

non-invasive medical diagnostics and emotional state assessments through advanced 

optics and photonics. Despite the existing advancements in healthcare technologies, 

there is a critical need for improved non-invasive methods that can offer quicker, more 

accurate health diagnostics and emotional assessments without the discomfort or risks 

associated with invasive techniques. 

2. Relationship Between Challenge and Project: This project directly addresses these 

challenges by developing a comprehensive understanding of the skin’s biomechanical, 

physiological, and spectroscopic responses to various conditions. The focus is on 

integrating these responses using cutting-edge hyperspectral imaging (HSI) and 

advanced computational models to monitor and analyze skin health and emotional 

states more accurately than currently possible. 

3. Selected Categories: The proposal fits within the categories of Biomedical Optics and 

Biophotonics, given its emphasis on utilizing photonics technologies to probe 

biological tissues non-invasively. It also intersects with Computational Optics by 

employing complex algorithms and models to interpret the vast amount of data 

obtained from hyperspectral imaging. 

4. Capability and Application: The project leverages hyperspectral imaging combined 

with mechanical testing of the skin to capture detailed spectral data that reflects 

underlying physiological changes, such as blood flow or emotional flushing. By 

applying comprehensive mechanical-physiological-spectroscopic models, the project 

can predict and analyze skin’s behavior under various states, enhancing diagnostic 

processes and emotional analysis. This method promises to significantly improve the 

detection and monitoring of skin-related health issues, such as skin cancer or systemic 

diseases manifesting with skin symptoms, and to refine the understanding of emotional 

responses in a medical or psychological context. 

 



Title: Investigation of the Mechanical-Physiological-Spectroscopic Coupling Mechanisms in In 

Vivo Skin and Its Applications in Emotion Expression 
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Literature Review:  

1.1 Scientific Significance of Skin Research 

Skin, the largest organ of the human body, acts as the first line of defense and a vital indicator of health 

and emotional states. Its complex structure serves multiple biological functions including protection, 

regulation, and sensation. Advances in biomechanics, physiology, and spectroscopy have deepened our 

understanding of skin's intricate properties and its interactions with light, which include reflection, 

transmission, and absorption. These interactions are pivotal for assessing health metrics such as blood 

oxygen saturation and blood flow. Current technologies, however, often analyze mechanical and optical 

behaviors separately, without a holistic understanding of their interrelated effects. 

The reflectance spectrum of skin provides extensive information about the body's condition. Emotional 

changes, for example, visibly alter the skin's spectral response—illustrated by expressions like "flushed 

with laughter" or "paled with fright." This spectral variability serves as a critical dimension in emotional 

state assessments. The skin's layered structure—comprising the epidermis, dermis, and subcutaneous 

tissue—contributes distinctively to its optical characteristics. Interactions between light and skin 

components like cells, blood vessels, and pigments cause various phenomena such as reflection, 

scattering, and absorption. 

Research has proposed models to decode these interactions for better expression recognition and health 

monitoring. Gotardo et al. introduced a static appearance model considering hemoglobin levels and 

wrinkle depth, enhancing our grasp of facial expressions. Benitez-Quiroz et al. have utilized machine 

learning to correlate skin tone and blood flow with facial expressions, evidencing how emotions can 

modify spectral signatures. Furthermore, technologies like infrared imaging and photoacoustic 

tomography have enabled deeper insights into skin’s physiological changes under emotional stimuli. 

However, the integration of mechanical, physiological, and spectroscopic data remains underexplored, 

especially in how these factors collectively influence skin's optical response. Such an understanding is 

crucial for advancing non-invasive diagnostic methods and for developing more sophisticated models 

that reflect the skin’s dynamic nature. 

1.2 Research Landscape and Future Directions 

Internationally, significant strides have been made in quantifying the biomechanical properties of skin, 

such as elasticity and viscoelasticity. Yet, the research integrating these mechanical properties with 

physiological responses, particularly through spectroscopic methods, is still nascent. The adoption of 

hyperspectral imaging technology in conjunction with machine learning is beginning to bridge the gap 

between skin condition diagnostics and expression analysis. This multidisciplinary approach is less 

prevalent in domestic research, which often focuses more narrowly on skin disease diagnostics without 

incorporating comprehensive spectroscopic and mechanical analyses. 

The combination of hyperspectral imaging with biomechanical models opens new avenues for 

understanding the skin’s behavior under various conditions. Hyperspectral imaging (HSI) has 

particularly revolutionized our ability to detect and analyze subtle changes in skin, providing a powerful 



tool for medical diagnostics and health screenings, like detecting skin cancer or monitoring skin lesions. 

As we continue to explore these interactions, the full potential for skin's spectral data in health 

monitoring and emotional analysis remains largely untapped. Moving forward, research will benefit 

from a more integrated approach that combines these diverse fields to enhance our understanding of 

skin’s complex responses and to develop better diagnostic and therapeutic tools. 

Objective:  

This research aims to elucidate the intricate coupling mechanisms of mechanical strain, physiological 

changes, and spectroscopic responses in human skin. The objective is to develop an integrated 

mechanical-physiological-spectroscopic model to predict and analyze the skin’s behavior under various 

emotional and physiological states, thus enhancing the diagnostic capabilities and understanding of skin 

health. 

Research Content: 

2.1 Research Methods 

Hyperspectral Imaging Analysis: Utilize Hyperspectral Imaging (HSI) technology to acquire spectral 

data of the skin under various physiological and deformation states. This technology provides rich 

spectral information, aiding in the precise observation and analysis of skin changes. 

In Vivo Skin Mechanical Testing: Conduct in vivo mechanical tests on the skin by applying controlled 

mechanical strain and controlling wrist grip strength to induce skin deformation, simulating different 

skin states such as stretching or compression, and capturing the spectral response of the skin under 

mechanical deformation. 

Theoretical Model Development and Parameter Inversion: Develop a mechanical-physiological-

spectroscopic theoretical model to simulate and predict the spectral response of the skin under specific 

mechanical stresses and blood conditions. The model will integrate Kubelka-Munk theory with 

hyperelastic models to establish connections between skin reflectance spectra and parameters like strain 

and physiological conditions. 

The model will link physical parameters such as skin layer thickness, melanin content, blood content, 

and oxygen saturation. By adjusting parameters, the model can be applied to different physiological 

conditions of the skin. Based on the developed mechanical-physiological-spectroscopic coupling 

response model, perform inverse analysis of skin parameters. 

Emotion Induction Experiments: Conduct emotion induction experiments based on psychological 

theories to capture the facial skin deformation and reflectance spectrum under different emotional states. 

Analyze the impact of emotional states on physical parameters such as skin layer thickness, melanin 

content, blood content, and oxygen saturation using the reflectance spectrum and previously developed 

theoretical models. 

 

Figure 1: Schematic of the 3D Spectral Data Field Model 



2.2 Technical Roadmap 

By establishing a multi-field coupling model and combining hyperspectral-mechanical experimental 

measurements, characterize multiple mechanical, physiological, and spectroscopic parameters of in 

vivo skin. This reveals the laws of spectral response under the coupled action of mechanical deformation 

and physiological changes, thereby providing a theoretical basis for research based on skin reflectance 

spectrum and typical applications in non-contact emotional analysis. The key content's technical 

roadmap is shown in the diagram. 

2.3 Feasibility Demonstration 

Technical Support and Equipment Availability: HSI technology and related mechanical testing 

equipment planned for this study have been widely used in the fields of medicine and biomechanics. 

The maturity and reliability of these technologies provide a solid foundation for precise measurements 

of skin spectral responses. The experimental devices planned for use, including hyperspectral cameras 

and skin loading devices, are mature products, ensuring the feasibility of the experiments and accuracy 

of the data. 

Theoretical Model Support: This research relies on classical spectroscopic theories, such as the 

Kubelka-Munk theory and Monte Carlo simulations, which have been widely applied in the spectral 

analysis of biological tissues and have been extensively validated in skin spectral analysis. Additionally, 

the theoretical models planned in this project will incorporate mechanical properties such as 

hyperelasticity and anisotropy, further enhancing the scientific validity and applicability of the models. 

Research Foundation: The applicant's research group has a long-standing foundation in spectroscopic 

mechanics research. The applicant has accumulated research experience in related fields and has 

achieved certain research outcomes, having published research papers as the first author in journals like 

Optics and Laser Technology, Biomedical Optics Express, and Experimental Mechanics, and applied 

for three national invention patents as the first student applicant. The applicant has received awards 

such as the ICATM2024 World Mechanics Congress Student Support Award and has been invited by 

the Optical Society of America to give a keynote speech at Engineer Week 2024, demonstrating the 

capability to tackle various technical and scientific challenges that may arise in the research. 

2.4 Potential Problems and Solutions 

2.4.1 Unverified Relationship Between Deformation and Reflectance Spectrum: Although 

theoretically it is believed that deformation of skin and other soft materials affects their spectral 

characteristics, especially the reflectance spectrum, this effect has not been sufficiently verified 

experimentally. Deformation may cause changes in the spatial arrangement of internal microstructures, 

such as collagen fibers and elastic fibers, thus affecting light scattering and absorption behaviors. 

However, specific experimental research on this phenomenon is currently very limited. 

Solution: Experimental Verification of Deformation's Impact on the Reflectance Spectrum Using HIS. 

Use a hyperspectral imaging (HSI) system to mechanically load the skin under controlled conditions. 

Apply varying degrees of stretching and compression to simulate various physical deformation 

scenarios that skin may encounter in daily life. Before and after loading, collect comprehensive skin 

spectral data using the HSI system. Pay special attention to skin areas known to have different 

physiological conditions, such as areas with higher blood volume or different pigment deposition. 

Analyze changes in the skin's reflectance spectrum before and after loading, identifying specific 

wavelength patterns of spectral changes that may be directly related to the physical deformation of the 

skin. Use statistical methods to verify the correlation between deformation and spectral changes to 

ensure that the observed changes are caused by mechanical deformation and not by other incidental 



factors. 

 

Figure 2. Hyperspectral images of the spectral response of forearm skin under stretch and 

compression in two wavelength ranges: (A) 400-500 nm and (B) 850-1000 nm. 

2.4.2 Unclear Coupling Mechanisms of Mechanics, Physiology, and Spectroscopy: The reflectance 

spectrum of in vivo skin is determined by both mechanical and physiological properties. While there 

has been considerable research on physiological parameters, there is a lack of quantitative studies 

considering skin's mechanical performance and in vivo experimental data, as well as a lack of theoretical 

formulas for mechanically modulating the reflectance spectrum. 

Solution: Research on the Coupling Mechanisms of Skin Mechanics-Physiology-Spectroscopy. 

Facial expressions accompany changes in the skin's reflectance spectrum. The project will combine 

studies on skin mechanical properties and multispectral imaging technology to deeply explore the 

mechanical-spectroscopic behavior of human skin. Building on the existing research of the research 

group, the skin surface strain will be introduced into the dynamic reflectance model of the skin. By 

using hyperspectral imaging (HSI) along with skin reflectance spectrum models, capture the changes in 

skin microcomponents under deformation. The project intends to measure changes in skin components 

such as blood volume fraction and hydration under strain using non-contact spectroscopic technology, 

revealing the coupling mechanisms between skin physiological components and skin layer deformation. 

 

Figure 3. Schematic representation of the compositions and the optical properties of the skin. 



2.4.3 Unknown Mechanisms of Emotional States on Skin Reflectance Spectrum and Skin 

In the typical applications of the mechanics-physiology-spectroscopy coupling response model, there 

is a lack of research on the mechanisms by which emotional states affect the skin's reflectance spectrum 

and the skin itself. 

Solution: Collection and Analysis of Spectral Features and Skin Parameters Under Different Emotional 

States. A hyperspectral camera is used to measure the three-dimensional spectral information of facial 

skin under the influence of different emotions, obtaining the spectral distribution of the skin at different 

wavelengths under various emotional states. Based on the proposed theoretical model, invert the 

changes in skin parameters under different emotional states. Construct a skin reflectance physiological 

spectrum map as shown in the figure. 

 

Figure 4: Skin Reflectance Physiological Spectrum Map (Color changes indicate changes in blood 

content in the dermis) 

Outcomes: 

1. Establishment of a validated theoretical model for the mechanical-physiological-spectroscopic 

responses of skin. 

2. Development of non-invasive diagnostic tools for health monitoring based on the refined 

understanding of skin’s spectral responses. 

3. Publication of findings in peer-reviewed journals, contributing to the scientific community’s 

understanding of skin dynamics. 

Impact:  

The expected advancements in skin research will revolutionize the approach towards non-invasive 

diagnostics, allowing for early detection of dermatological diseases, monitoring of physiological 

changes, and assessment of treatment efficacy. Additionally, the project will provide significant insights 

into the emotional states’ effect on skin properties, pioneering new methodologies in psychological 

studies and emotional analytics. 
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Silicon photonic integrated circuits for high-sensitivity  

greenhouse gas monitoring 

Climate change is posing a formidable challenge to global ecosystems and human 

societies. Rising temperatures and increased frequency of extreme events such as hurricanes 

and droughts are among the observable impacts. In 2023, the concentrations of the three 

main greenhouse gases, namely, carbon dioxide (CO2), methane (CH4), and nitrous 

oxide (N2O) have reached the historical record and are expected to keep increasing in 

2024. In response to the escalating challenges, the need for high-sensitivity greenhouse gas 

monitoring and early warning has become increasingly urgent. While great progress has been 

made in gas sensors, the implement of miniaturized gas sensors with high sensitivity, long 

lifetime, and working ability in complex environments still faces great challenges. Silicon 

photonics, with the advantages of strong light-matter interaction, high integration density and 

inherent compatibility with complementary metal-oxide semiconductor (CMOS) technology, 

offers a promising avenue for the development of ultra-compact, cost-effective, and highly 

sensitive on-chip greenhouse gas monitoring systems.  

Here, we propose to build a 

photonic integrated circuit (PIC) 

on silicon photonic platform, as 

illustrated in Fig 1, incorporating 

the key components of a 

supercontinuum light source, 

suspended nanomembrane silicon 

(SNS) microring resonator (MRR) 

sensor, and an integrated 

spectrometer for high-sensitivity 

greenhouse gas sensing. 

Targeting for a flat supercontinuum light source, we propose a width-modulated silicon 

waveguide featuring interleaved normal and abnormal dispersion region connected by tapers 

for effective dispersion engineering. The on-chip gas sensor will be implemented using an 

SNS MRR. The deep-subwavelength waveguide thickness allows for a large confinement 

factor of light in the air, enhancing light-gas interaction while simultaneously reducing overlap 

with the waveguide sidewall, thereby minimizing waveguide loss and improving the quality 

factor of the MRR for high-sensitivity gas sensing. The spectral signal measurement will be 

conducted by using a high-resolution speckle spectrometer, which employs a cascaded Mach-

Zehnder Interferometer (MZI) network to facilitate light forward propagation and interference. 

Additionally, on-chip loop mirrors, MRRs are incorporated into the MZI network to introduce 

distinctive excess phase delays. By driving the micro-heater array, multiple effective physical 

channels can be achieved and thus expand the spectrum measurement range.  

By successfully fabricating and implementing the PIC, we anticipate achieving a flattened 

supercontinuum spectrum spanning from 1.5 µm to 2.8 µm, that covers the featured 

absorption peaks of CH4, N2O, and CO2. The development of SNS MRR with enhanced quality 

and confinement factor is expected to enable a greenhouse gas detection limit of <100 ppm. 

Moreover, by leveraging the speckle spectrometer for spectrum reconstruction, this project will 

enable the gas absorption spectra measurement with <0.1 nm spectral resolution, facilitating 

the precise identification and quantification of greenhouse gases. Ultimately, these outcomes 

are poised to catalyze the implementation of integrated systems with both the footprint and 

cost reduced by several orders of magnitude compared with the conventional optical 

gas sensors, which holds profound implications for climate change mitigation, environmental 

sustainability, and societal well-being.  

 
Fig 1 Schematic of the proposed PIC for greenhouse gas 

monitoring, including supercontinuum light source, SNS MRR gas 

sensor, and on-chip spectrometer. 



Silicon photonic integrated circuits for high-sensitivity  

greenhouse gas monitoring 

I. Literature Review 

Climate change is posing a formidable challenge to global ecosystems and human 

societies [1]. Rising temperatures and increased frequency of extreme events such as 

hurricanes, floods, and droughts are among the observable impacts. In 2023, the 

concentrations of the three main greenhouse gases, namely, carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O) have reached the historical record and are 

expected to keep increasing in 2024 [2]. In response to the escalating challenges posed by 

climate change, the need for high-sensitivity greenhouse gas monitoring, data collecting, and 

early warning has become increasingly urgent. While great progress has been made in gas 

sensors, the implement of miniaturized gas sensors with high sensitivity, long lifetime, and 

working ability in complex environments still faces great challenges. The current gas sensors 

can generally be divided into two categories: electrical gas sensors and optical gas sensors. 

The electrical gas sensors feature the advantages of high accuracy and low cost, but they 

typically suffer from the moderate adaptability, short lifetime, and sensitivity to environments, 

such as the humid and corrosive environment [3]. The optical gas sensors utilize the specific 

absorption peaks of gas molecules to detect the type and concentration of the gases by 

measuring and analyzing the infrared absorption peaks, as shown in Fig 1, and thus own the 

advantage of good adaptability, long lifetime and robustness to environment [4]. However, the 

current optical gas sensors typically have moderate sensitivity, large footprint and high cost.  

 
Fig 1 Featured absorption peaks of the greenhouse gasses at the infrared wavelength band. 

Silicon photonics, with the advantages of strong light-matter interaction, high integration 

density and inherent compatibility with complementary metal-oxide semiconductor (CMOS) 

technology [5], offers a promising avenue for the development of ultra-compact, cost-effective, 

and highly sensitive optical gas sensors [6]. Recent advancements have leveraged photonic 

integrated devices featuring diverse waveguide structures on various material platforms, as 

evidenced in Table 1, to enhance the sensitivity of greenhouse gas detection. However, their 

typical limit of detection (LoD) is on the order of 100 ppm. The improvement in LoD remains 

a formidable challenge, due to the enduring trade-off between waveguide confinement 

factor and propagation loss [7], as one of the main causes of waveguide loss is the 

scattering on the waveguide sidewalls, when the optical mode interacts with the waveguide 

sidewall roughness arisen from the lithography and etching fabrication process [8]. Expanding 

the waveguide dimension emerged as an effective approach to mitigate the waveguide loss 

by minimizing optical mode-waveguide sidewall overlap [9], but concurrently compromises 

waveguide confinement, thereby attenuating light interaction with surrounding gas molecules. 



Table 1 Current implementations of on-chip gas sensors. 

Year Waveguide structure Platform Gas type LoD (ppm) Ref 

2008 Slot microring resonator Silicon C2H2 -- [10] 

2011 Photonic crystal slot waveguide Silicon CH4 100 [11] 

2016 Microring resonator  Silicon with PHMB* CO2 20 [12] 

2017 Spiral waveguide Silicon CH4 100 [13] 

2018 Straight waveguide Germanium-silicon CH4 366 [14] 

 
*PHMB: guanidine polymer derivative, exhibits reversible refractive index change upon absorption and release of 

CO2 molecules. 

Our recent study demonstrated the efficacy of a suspended nanomembrane silicon (SNS) 

resonator for highly sensitive CO2 gas sensing at the 2 µm wavelength band, successfully 

overcoming the conventional trade-off between resonator quality factor and waveguide 

confinement[15]. However, the gas sensing system still relies on an external continuous-wave 

tunable laser for spectrum measurement, making the gas monitoring system bulky and 

expansive. One approach to tackle the issue is to use integrated spectrometers along 

with on-chip broadband source instead of the tunable laser source. While previous 

research has demonstrated progress in on-chip supercontinuum generation (SCG) [16] and 

high-resolution spectrometers [17, 18], the monolithic integration of an SCG source and 

spectrometer for gas sensing still encounters the challenges of limited sensitivity due to the 

spectral power density nonuniformity of SCG [19], the moderate sensitivity of spectrometers 

[20], and the absence of high-sensitivity on-chip sensors. 

II. Problem statement / Objective 

 

Fig 2 Schematic of the proposed photonic integrated circuit for greenhouse gas monitoring. 

To address the challenge of limited sensitivity in gas monitoring, our proposal entails the 

development of a photonic integrated circuit (PIC) on silicon photonic platform, as shown in 

Fig 2, incorporating the key components of an SCG light source, SNS microring resonator 

sensor, and an integrated spectrometer.  

SCG light source 

To flatten the spectral power density of SCG, we propose a width-modulated silicon 

waveguide featuring interleaved normal and abnormal dispersion region connected by tapers 



for effective dispersion engineering. Initial simulations show a flattened SCG spectrum 

spanning from 1.5 µm to 2.8 µm when pumped by a 2-µm sub-picosecond (300 fs) pulse laser, 

as shown in Fig. 2(a). While the simulation results demonstrate effective spectrum broadening 

and uniform spectral power density, the experimental implementation of supercontinuum 

generation (SCG) remains challenging, as waveguide fabrication quality and accuracy impact 

waveguide loss and dispersion, subsequently affecting soliton fission and dispersive wave 

generation. In this project, we will focus on the experimental implementation of a flat SCG by 

pumping the proposed width-modulated silicon spiral waveguide with a sub-picosecond pulse 

laser at 2 µm. 

SNS microring resonator sensor 

The on-chip gas sensor will be implemented using an SNS microring resonator (MRR) with 

a 70 nm waveguide thickness. We have recently explored the potential of guiding and 

manipulating light in the deep subwavelength regime. The ultra-thin waveguide thickness 

allows for a large confinement factor of light in the air, enhancing light-gas interaction while 

simultaneously reducing overlap with the waveguide sidewall, thereby minimizing waveguide 

loss. The SNS waveguide can theoretically achieve an 80% confinement factor, and initial 

experimental results show a high-quality factor of 3 × 105 for the SNS MRR at 2 µm wavelength, 

as illustrated in Fig. 2(b) and (c). This high-quality factor can enhance gas monitoring 

sensitivity through either refractive index sensing, by tracking the resonance wavelength shift, 

or gas absorption sensing, by measuring the extinction ratio variation of the resonance with 

increasing absorption loss. While we have initially demonstrated CO2 gas sensing using an 

SNS MRR, the device's adaptability for detecting all greenhouse gases remains challenging. 

One solution is to develop the SNS MRR across different wavelength bands to cover the 

specific absorption peaks of various greenhouse gases. 

Integrated spectrometer 

The spectral signal measurement will be conducted using a high-resolution speckle 

spectrometer. Unlike dispersive spectrometers that rely on one-to-one spectral-to-spatial 

mapping [21], the speckle spectrometer employs a complex photonic circuit to generate a 

wavelength-dependent speckle pattern, which serves as a fingerprint for spectrum 

reconstruction [22]. The high spectral resolution of a speckle spectrometer typically depends 

on the rapid decorrelation of the speckle pattern with wavelength, achieved through the 

interference of light with large optical path length differences in a coherent network with 

extended dispersive optical paths. Here we propose using a cascaded Mach-Zehnder 

Interferometer (MZI) network to facilitate light forward propagation and interference. 

Additionally, on-chip loop mirrors are designed to enable backward light propagation, thereby 

increasing the optical path length. Microring resonators (MRRs) are incorporated into the MZI 

network to introduce distinctive excess phase delays around the resonance wavelengths. 

Micro-heaters above each MRR control the path length difference and the speckle pattern, 

allowing for the creation of multiple effective physical channels, which determine the spectrum 

measurement range of the spectrometer. Our preliminary experimental findings demonstrate 

the speckle spectrometer can be used to measure the absorption spectrum of CH4 gas, as 

shown in Fig. 2(d). Unlike universal integrated spectrometers, this project aims to tailor speckle 

spectrometers to match the center wavelength and linewidth of greenhouse gas absorption 

peaks, thereby improving gas monitoring efficiency.  

In short, the objective of the project is to monolithically integrate the SCG source, the gas 

sensor and the speckle spectrometer to form a photonic integrated circuit for high-sensitivity 

greenhouse gas monitoring. Additionally, we seek to develop an efficient spectrum 

reconstruction algorithm to accurately retrieve the gas absorption spectrum, enabling precise 

determination of the types and concentrations of greenhouse gases. 



 

Fig 2 Initial simulation and experimental results of the different components used in the photonic integrated circuit. 

(a) Simulated SCG by using a width-modulated silicon waveguide. (b) Simulated confinement factor of the SNS 

waveguide with different waveguide thicknesses. (c) Experimental transmission spectrum of the SNS MRR. (d) 

Experimental measurement of the CH4 absorption spectrum by using the speckle spectrometer. 

III. Outcomes 

Through the integration of the SCG light source, SNS resonator gas sensor, and speckle 

spectrometer into a photonic integrated circuit, the project aims to revolutionize the sensitivity, 

compactness, and efficiency of greenhouse gas monitoring systems. By successfully 

fabricating and implementing the width-modulated silicon waveguide for dispersion 

engineering, we anticipate achieving a flattened supercontinuum spectrum spanning from 1.5 

µm to 2.8 µm. This advancement will successfully address the challenge of spectral power 

density variation and significantly enhance the signal-to-noise ratio (SNR) of the system, 

thereby improving detection sensitivity. Moreover, the development of SNS waveguides and 

MRRs with enhanced quality factor and confinement factor holds the promise of 

unprecedented levels of sensitivity in gas sensing, enabling the detection of greenhouse 

gases with remarkable precision. Furthermore, by leveraging the speckle spectrometer for 

spectrum reconstruction, we expect to obtain high-resolution gas absorption spectra, 

facilitating the precise identification and quantification of greenhouse gases. Ultimately, these 

outcomes are poised to catalyze the implementation of integrated systems for high-sensitivity 

greenhouse gas monitoring, thereby playing a pivotal role in climate change mitigation and 

environmental stewardship efforts. 

IV. Impact 

The impact of this project transcends mere technological advancement, as it holds 

profound implications for climate change mitigation, environmental sustainability, and societal 

well-being. By advancing the greenhouse gas monitoring technology, this initiative is poised 

to fill a critical gap in our capacity to accurately track and comprehend the complexities of 

climate change dynamics. The development of a compact, high-sensitivity photonic integrated 

circuit for gas sensing offers the promise of vastly improving our ability to identify and quantify 

greenhouse gases with precision, thereby facilitating early detection of environmental threats 

and informing targeted mitigation efforts. Furthermore, the integration of these advanced 

sensing capabilities into environmental monitoring networks has the potential to bolster 

resilience against climate-related disasters and safeguard vulnerable communities on a global 

scale. Moreover, by furnishing policymakers, researchers, and industries with actionable data 

on greenhouse gas emissions, this project has the potential to galvanize the adoption of more 

efficacious climate change mitigation strategies, thus propelling us toward a more sustainable 

and resilient future for generations to come. 
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