
 

 

 

 

 

A 3D PHOTONIC SENSOR-INTEGRATED TISSUE MODEL  

FOR STRAIN SENSING 

 

 

 

 

by 

 

Sarah J. Geiger 

 

 

 

 

 

 

 

 

 

A dissertation submitted to the Faculty of the University of Delaware in partial 

fulfillment of the requirements for the degree of Doctor of Philosophy in Materials 

Science and Engineering 

 

 

 

Spring 2019 

 

 

 

© 2019 Sarah Geiger 

All Rights Reserved 

  



 

 

 

 

 

A 3D PHOTONIC SENSOR-INTEGRATED TISSUE MODEL  

FOR STRAIN SENSING 

 

by 

 

Sarah J. Geiger 

 

 

 

 

 

Approved:  __________________________________________________________  

 Darrin Pochan, Ph.D. 

 Chair of the Department of Materials Science and Engineering 

 

 

 

Approved:  __________________________________________________________  

 Levi Thompson, Ph.D. 

 Dean of the College of Engineering 

 

 

 

Approved:  __________________________________________________________  

 Douglas J. Doren, Ph.D. 

 Interim Vice Provost for Graduate and Professional Education 

  



 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Xinqiao Jia, Ph.D. 

 Professor in charge of dissertation 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Juejun Hu, Ph.D. 

 Professor in charge of dissertation 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Matthew Doty, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I have read this dissertation and that in my opinion it meets 

the academic and professional standard required by the University as a 

dissertation for the degree of Doctor of Philosophy. 

 

 

Signed:  __________________________________________________________  

 Randall Duncan, Ph.D. 

 Member of dissertation committee



 iv 

It was difficult to comprehend the depth and breadth of the knowledge and 

experience that I gained over these past 6 years until I started to write it all down. 

Looking back on this work, I am so grateful for the contributions of all of the people 

whose guidance and support have led me to this achievement. 

Choosing to pursue my doctorate in the Materials Science and Engineering 

department here at UD was one of the best choices I have made. Choosing my 

research project was even easier, in spite of the challenges that came with it. Dr. 

Juejun Hu and Dr. Xinqiao Jia have provided me with challenging work, valuable 

feedback, and a focused path towards graduation. Their kindness and patience through 

the many challenges we faced in this project were invaluable. Thank you also to my 

committee members, Dr. Duncan and Dr. Doty, for the invaluable advice and 

assistance you have provided me throughout this work. Dr. Duncan for keeping the 

biology in my project sound and focused, and Dr. Doty for reaching out to me 

personally and keeping me on track when I needed extra guidance. 

My labmates created an environment of teamwork, collaboration, and mutual 

support that truly inspired my growth as an engineer. Very little of the work presented 

here would have been possible without my research partner, Jerome, who worked 

tirelessly to optimize the devices we needed for our project. Thank you, Jerome, for 

your incredible adaptability and patience, and all of the times you repeated yourself 

for me over Webex. Also from the Hu group, Qingyang, Tony, Lan, Hongtao, Yi, 

ACKNOWLEDGMENTS 



 v 

Misha, Bin, Tian, and all the rest, thank you for your hard work and support. 

Qingyang, thank you for your valuable design input on the aging project, and for 

patiently answering all of my theoretical questions. Lan, thank you for paving the way 

for our project with the original flexible sensors, and thank you to both you and 

Hongtao for your kindness and warmth over the years. Tony, thank you for bringing 

me down to earth whenever I was worried and trying to learn how to pronounce “I’m 

starving” in Chinese with me. I hope one of us got it right.  

From the Jia group, I have to thank Aidan, and also Kevin and Shuang for 

teaching me how to be a good fibroblast parent. The closest I had come to cell culture 

before this project was looking at a leaf under a microscope in 10th grade, so without 

you I would have been lost. Of course, I also have to thank Brad, Eric, He, Anitha, 

Olivia, Jiyeon, Xiaoyu, Hanyuan, Apoorva, and Anthony. Each of you has made life at 

UD so enjoyable, from the group dinners and potlucks to the excellent lab music 

choices and office conversations. Brad, I will always hear epic music whenever 

someone discusses interfacial polymerization, thanks to those TA videos. 

Thank you also to all of the professors that I learned from in class and worked 

with as a TA. Dr. Zide, thank you for bearing with my messy handwriting in Quantum 

Mechanics, it was my favorite class. For all the professors I TA’ed 302 for: Drs. Doty, 

Zide, Martin, Shah, Mackay, Jia, Chase, and Johnson; and all the students I TA’ed 

with, thank you for letting me see the other side of the desk and connect with students 

through teaching and grading. I have a whole new appreciation for everything you do. 

I also have to thank many staff members; Kathy, Christine, Naima, and Lisa 

for keeping myself and the whole department on track. I can’t imagine how the 

department could function without such an amazing team supporting us. Charlie, thank 



 vi 

you for being an amazing safety officer. You make learning about all the ways to 

avoid dying at work as fun as that can be. 

The cleanroom staff here at UD have made amazing mentors. Kjeld has been 

someone who I could always talk to about the challenges I was facing with my 

fabrication work. The UDNF staff, Cory, Iulian, Scott, Paul, and Kevin have done an 

amazing job of not only running a state-of-the-art facility, but also showing that they 

investing time in their students’ projects and futures. Kevin in particular has been an 

amazing mentor and friend. I am not sure that I could have fully honed the skills and 

confidence that it took to take control of my work and plan for my career without him. 

My classmates, especially both Erics, Bo, and Nicolas, thank you for your 

companionship as we tackled classes and choosing research groups together. It is 

always a bit challenging to be the only girl in a room, but you made me feel like I 

belonged in that office with you in our first year. Eric, thank you for being a dance 

nerd with me, and Bo thank you for all of the good talks. I am lucky to know you both.  

Other friends in the department that I need to thank are Tess, Mike, Jimmy, 

Xiangyu, and Mukund. You have filled my life with so many good times that I can’t 

possibly count them all. Even though we might be moving apart this year, I know you 

are always there for me (and vice versa) and that I can still look forward to our 

lifelong friendships. 

Another group of UD friends that I need to thank are the ‘Blues Hens.’ The 

times I spent dancing with you all were the best. Especially Fiona, Bri, Clarence, Josh, 

Kayleigh, and Mark all of whom taught and DJed and kept the club going. We had an 

amazing group of people and I will always treasure those times. 



 vii 

I also need to thank everyone at Newark KMAI for excellent nights of training 

that kept me grounded and focused. Special thanks to Master Brown, who always 

welcomes me back to the studio no matter how long it has been. Tang Soo! 

Thank you to my out-of-town friends, Heather, Julie, and Jo for always being 

down for a good conversation and quality time together. And thank you Amy for the 

amazing friendship and for giving me a home away from home in Boston with Big 

Kitty, Kittypants, and Mrs. Puff. 

Finally, I need to thank my family. To my father, thank you for getting me 

used to college campuses at such a young age, challenging me with books and puzzles, 

and encouraging my curiosity. I am excited to become ‘Dr. Geiger, II.’ To my mother, 

thank you for teaching me to balance my life and also for filling my world with color. 

You showed me how powerful it is to create something the world has never seen 

before. To my sister, thank you for passing down your books, stuffed animals, sense of 

humor, and status as a True Sci Fi nerd to me. You have taught me strength, the 

importance of taking breaks, and have shown me how to raise an amazing child. To 

my nephew, thank you for making me feel like the coolest person in the world. Never 

stop asking questions. 

The last members of my family to thank are Jin Bao (the bunny), Hey Buddy 

(the cat), and Bryan (the fiancé). Bryan, you have filled everyday life with warmth, 

calm, and love which has seen me through a lot of difficult days. Your intelligence and 

dedication to your work (and your cat) inspire me every day. Here at UD we have built 

a great foundation for our future. I can’t wait to see where life takes us. 

 

 



 viii 

LIST OF TABLES ....................................................................................................... xii 
LIST OF FIGURES ..................................................................................................... xiii 
ABSTRACT .............................................................................................................. xviii 

 

Chapter 

1 INTRODUCTION .............................................................................................. 1 

1.1 Wound Healing .......................................................................................... 1 
1.2 3D in vitro Tissue Models ......................................................................... 2 
1.3 Strain Sensing in vitro ............................................................................... 3 

1.3.1 2D Strain Detection ....................................................................... 3 
1.3.2 3D Strain Detection ....................................................................... 4 

1.3.3 Stiffness Detection ......................................................................... 6 

1.4 Summary .................................................................................................... 6 

2 PHOTONIC SENSING ...................................................................................... 8 

2.1 Waveguided Photonics .............................................................................. 8 

2.1.1 Waveguide Coupling ..................................................................... 9 

2.2 Waveguided Photonic Sensors ................................................................ 10 

2.2.1 Resonant Cavity Sensors ............................................................. 10 
2.2.2 Sensing Theory ............................................................................ 11 

2.3 Photonic Sensors for Strain Detection ..................................................... 13 

2.4 Flexible Waveguided Photonics .............................................................. 15 

2.4.1 Applications ................................................................................. 15 

2.4.2 Materials ...................................................................................... 17 

2.4.2.1 Inorganic Materials ....................................................... 17 

TABLE OF CONTENTS 



 ix 

2.4.2.2 Hydrogels ..................................................................... 17 

2.4.2.3 Polymers ....................................................................... 18 
2.4.2.4 Hybrid Material Platforms ............................................ 19 

3 MATERIAL SELECTION ............................................................................... 21 

3.1 Ge23Sb7S70 Chalcogenide Glass .............................................................. 21 

3.1.1 Optical Properties ........................................................................ 21 

3.1.2 Processing .................................................................................... 22 

3.2 SU8 Photoresist ....................................................................................... 23 

3.2.1 Material Properties ...................................................................... 23 

3.2.2 Cytocompatibility ........................................................................ 24 

3.3 PDMS ...................................................................................................... 27 

3.3.1 Material Properties ...................................................................... 27 

3.3.2 Cytocompatibility ........................................................................ 27 

3.4 ChG-polymer photonics .......................................................................... 27 

4 DEVICE STABILITY ...................................................................................... 29 

4.1 Glass Aging ............................................................................................. 29 

4.2 ChG Aging ............................................................................................... 31 

4.2.1 Aging Mechanisms ...................................................................... 31 
4.2.2 Previous Aging Experiments ....................................................... 32 

4.3 Novel Experiment Design ....................................................................... 33 
4.4 Experimental Details ............................................................................... 34 

4.4.1 Fabrication ................................................................................... 34 
4.4.2 Resonant Cavity Refractometery Theory .................................... 36 
4.4.3 Measurement Setup ..................................................................... 38 

4.5 Results ..................................................................................................... 40 
4.6 Discussion ................................................................................................ 43 
4.7 Summary .................................................................................................. 44 

5 DEVICE DESIGN ............................................................................................ 46 



 x 

5.1 Target Resolution .................................................................................... 46 

5.2 2D Array Geometry ................................................................................. 47 
5.3 Strain Resolution ..................................................................................... 48 
5.4 Spatial Resolution .................................................................................... 50 

5.4.1 Resonator Design ......................................................................... 50 
5.4.2 Deterministic Buckling ................................................................ 52 

5.5 Temporal Resolution ............................................................................... 56 
5.6 Proof-of-Concept Device Fabrication ..................................................... 57 

5.6.1 On-Chip Processing ..................................................................... 57 

5.6.2 Device Peel-Off ........................................................................... 59 

6 FINITE ELEMENT MODELING OF DETERMINISTICALLY 

BUCKLED DEVICES ..................................................................................... 61 

6.1 Shape ....................................................................................................... 61 
6.2 Device Compression Experiments .......................................................... 62 

6.2.1 Symmetric Buckle Compression ................................................. 63 

6.2.2 Symmetric Calibration Test ......................................................... 63 
6.2.3 Accounting for Variations in Shape ............................................ 65 

6.2.4 Force/Strain Sensitivity Determination. ...................................... 66 

6.3 In vitro Cardiac Graft-like Finite Element Model ................................... 68 

6.3.1 Limitations of Current Graft Tissue Models ............................... 69 
6.3.2 Experiment Design ...................................................................... 70 

6.3.3 Results ......................................................................................... 73 
6.3.4 Summary ...................................................................................... 77 

7 DEVICE INTEGRATION ............................................................................... 79 

7.1 Collagen Contraction Experiments .......................................................... 79 
7.2 Environmental Control ............................................................................ 82 

7.2.1 Gas Flow ...................................................................................... 82 

7.2.2 Temperature ................................................................................. 84 

7.2.3 Benchtop Cell Culture Chamber ................................................. 86 
7.2.4 Incubator Integration ................................................................... 91 

7.3 Contracting Collagen Experiment ........................................................... 93 



 xi 

7.3.1 Experimental Setup ..................................................................... 93 

8 SUMMARY AND FUTURE WORK ............................................................ 100 

8.1 Summary ................................................................................................ 100 
8.2 Future Work ........................................................................................... 102 

REFERENCES ........................................................................................................... 104 

 

Appendix 

A COPYRIGHT PERMISSIONS ...................................................................... 118 
B FABRICATION SUMMARY ........................................................................ 121 

C DERIVATION OF SENSITIVITY RELATIONSHIP .................................. 123 

 



 xii 

Table 1: Material parameters used in building a PDMS buckle-in-hydrogel FEM. .... 73 

Table 2: Comparison of methods of tracking in vitro changes in strain or stiffness. . 102 

 

LIST OF TABLES 



 xiii 

Figure 1: The change in diameter of a collagen gel from original (yellow line) to 

deformed (orange line) geometry gives information about the activity 

level of cells within the gel. ....................................................................... 5 

Figure 2: Schematic of A) modal confinement within a slab waveguide, B) The 

modeling of mode confinement as a quantum well, and C) mode 

coupling between waveguides. .................................................................. 8 

Figure 3: Side profile of an input laser source shining with incident angle ϴ on a 

grating coupler with period Λ, effective index neff, cladding index nc. 

The wavevector of the light coupled into the grating is k. ...................... 10 

Figure 4: Schematic showing the resonant condition of a ring resonator, and the 

change in that condition as a result of perturbation, here due to the 

application of heat. .................................................................................. 12 

Figure 5: Plot: Change in metabolic activity of hMSCs in nonconformal contact 

with sensor materials over 8 days. No statistically significant 

difference in metabolic activity between the different groups was 

observed on any given day. Statistically significant increase in 

metabolic activity was observed in all groups on Days 2-6. Image: 

hMSCs on Day 8 showing confluence in the well below the trans-well 

membrane containing TiO2-coated wafer ................................................ 25 

Figure 6: Results of live/dead staining hMSCs after 10 days in conformal contact 

with sensor materials. A) Results of this staining of cells cultured on a 

SU8-clad TiO2-coated silicon wafer. B) Cells cultured on top of TiO2-

coated silicon. .......................................................................................... 26 

Figure 7: A) 3D perspective drawing of the device arrays used in this experiment. 

B) Optical microscope image of the device chip (Scale bar 300 µm). 
Reprinted with permission from ref [152], Optics Materials Express. ... 34 

Figure 8: TE mode profiles for each waveguide simulated with FDTD. The labeled 

widths are the approximate width of each waveguide at ½ its 

thickness. Reprinted with permission from ref [152], Optics Materials 

Express. ................................................................................................... 37 

LIST OF FIGURES 



 xiv 

Figure 9: Average calculated normalized confinement factor for each waveguide 

width and polarization. Reprinted with permission from ref [152], 

Optics Materials Express. ........................................................................ 37 

Figure 10: TDWS of each calibration device with respect to room temperature 

(18.3 °C). Reprinted with permission from ref [152], Optics Materials 

Express. ................................................................................................... 39 

Figure 11: A) Change in left-hand-side of Eq. 16 versus normalized confinement 

factor (defined by Eq. 15) during photo-saturation. Data in purple is fit 

from the earliest time point and red corresponds to the last 

measurement taken. B) The change in GSS refractive index vs 

exposure dose of broadband light. Reprinted with permission from ref 

[152], Optics Materials Express. ............................................................. 41 

Figure 12: Refractive index change of GSS as a function of time during aging of 

photo-saturated devices. Reprinted with permission from ref [152], 

Optics Materials Express. ........................................................................ 42 

Figure 13: Refractive index change of GSS as a function of time during aging of 

untreated devices. Reprinted with permission from ref [152], Optics 

Materials Express. ................................................................................... 42 

Figure 14: Refractive index change of GSS as a function of time during aging of 

annealed devices. Reprinted with permission from ref [152], Optics 

Materials Express. ................................................................................... 43 

Figure 15: The proof-of-concept device array. A) The layout of the 2D chip design 

with insets showing the location of the ring resonators and grating 

couplers. Blue indicates SU8, orange the GSS glass. B) The side 

profile of one of the sensor strips, not to scale. C) The single neutral-

axis theory that defines the region of zero strain in a bent, structure of 

homogeneous material. ............................................................................ 47 

Figure 16: The 2D device is delaminated and buckled into 3D. A) An overview of 

the buckling process. B) The shape and absolute value of curvature of 

a symmetric buckled device strip. ........................................................... 53 

Figure 17: Schematic of the notations used to describe a beam undergoing large 

deformation nonlinear buckling. ............................................................. 54 



 xv 

Figure 18: The derived asymmetric shapes of a buckles with total length 1 cm and 

span 7 mm. The thickness contrast is 1:1.2, with the thinner segment 

closest to x = 0 mm. Half of the strip is 1.2t thickness. .......................... 55 

Figure 19: General processing summary for 2D device fabrication. ............................ 58 

Figure 20: Images of the procedure for device delamination and buckling. Courtesy 

Jerome Michon. ....................................................................................... 60 

Figure 21: The four buckle shapes used in the cardiac graft tissue-model................... 62 

Figure 22: Simulation results used in the calibration experiment. A) The deformed 

(color) shape of the symmetric buckle (original shape in black), 

displaced by a block 0.7 mm in the z-direction. B) The calculated 

strain at the midpoint of the original buckle versus the displacement of 

the block. ................................................................................................. 63 

Figure 23: Experimentally determined resonant peak shift versus displacement of a 

symmetrically buckled proof-of-concept device. Error bars (~10 pm) 

are too small to be seen. .......................................................................... 64 

Figure 24: The determined peak shift vs strain of the calibration device. ................... 65 

Figure 25: Geometric parameters used to calculate the sensitivity of these devices. ... 67 

Figure 26: Deformation of a symmetric buckle in a 240 Pa hydrogel-like FEM 

stretched by 10%. .................................................................................... 71 

Figure 27: A) The deformation of a symmetric buckle in 240 Pa environment. B) 

The strain experienced at points along its arc length after deformation 

in different modulus materials. ................................................................ 74 

Figure 28: The strain experienced at two points along each buckle shape in 

different modulus materials. Insets show the shape of the buckle and 

the points corresponding to each set of deformations. ............................ 75 

Figure 30: The gradient magnitude (Top) defined by theoretical diffusion time of 

growth factor, and the change in strain in a symmetric buckle 

normalized to its deformation in uniform 240 Pa material, versus their 

position in X. ........................................................................................... 76 



 xvi 

Figure 31: A) Comparison of gradient position and relative strain along a 

symmetric buckle, normalized to deformation in uniform 240 Pa 

modulus gel. B) The exponential relationship between gradient 

position and the position of maximum magnitude of strain along the 

buckle. ..................................................................................................... 77 

Figure 32: Change in gel volume and metabolic activity of 1 million NDHF 

cultured within a 3D, 3mg/mL collagen gel over 24 h. * indicates 

statistical significance, p<0.05. ............................................................... 82 

Figure 33: Spectrum from a waveguide bearing 3 ring resonators with different 

radii. ......................................................................................................... 85 

Figure 34: Linear relationship between temperature-tracking and on-buckle 

resonant cavities in a buckled device array ............................................. 86 

Figure 35: Benchtop cell culture system. Top Left: The components of the system 

are shown. 1) the base of the well serves as a handler that buckles the 

device, 2) wells are fixed over top of the buckles, 3) A gas flow 

chamber is fixed over the wells, and is accessed through sterile 

syringe filters. Top Right: The chamber’s integration with 

environmental control and the optical measurement system is 

demonstrated. A) A lensed optical fiber interrogates the buckled 

devices via edge-coupling. B) A humidified 5% CO2 gas mixture is 

flowed through the gas flow chamber. C) a resistive Kapton heater 

maintains temperature around the device. Bottom: The Kapton heater 

is replaced with a transparent Minco heater. ........................................... 87 

Figure 36: Maximum intensity projection of 100 μm z-stacks taken of live/dead 

stained NDHF cultured in 3 mg/mL collagen for 24h. The cell culture 

conditions utilized were: A) a custom benchtop environmental control 

chamber, B) a cell culture incubator, C) no environmental control. ....... 89 

Figure 37: The number of cells with a given circularity cultured under each 

condition. Inset shows the cell count per well in the negative and 

positive control wells and the chambers with custom environmental 

control. The colors of the binned data in the circularity plot 

correspond to the meaning of the colors of the bars in the inset. p < 

0.03, Student’s TTest. .............................................................................. 90 

Figure 38: Metabolic activity study of 1 million/mL NDHF in 3 mg/mL collagen 

after 24 hours. Normalized to the metabolic activity in the negative 

control at the start of the study. p < 0.01, Student’s TTest. .................... 91 



 xvii 

Figure 39: Fiber bundle-interrogated array encased in a hydrogel in a glass well. ...... 92 

Figure 40: Poor thermo-optic response of unstabilized device. Blue line indicates 

expected trend. ......................................................................................... 94 

Figure 41: Temperature fluctuations in a device kept in a cell culture incubator for 

12 hours. .................................................................................................. 95 

Figure 42: Resonant peak shift of device encased in 3.5 mg/mL collagen populated 

with 1 million/mL NDHF. ....................................................................... 97 

Figure 43: Deformation of a collagen hydrogel tethered to the bottom of its well A) 

in vitro, and B) in a finite element model. In A), the red box indicates 

the original gel geometry, and the blue dotted trapezoid shows the 

deformed gel geometry. ........................................................................... 98 

 



 xviii 

The study of wound healing and wound healing therapies is motivated by the 

need to prevent the formation of thick scar tissue in pathologically healing wounds and 

tissues that rely on their elasticity and modulus to perform their function, such as 

cardiac and vocal fold tissues. The development of in vitro platforms that can detect 

cell-induced strain in mimics of healing wounds has expanded our understanding of 

the mechanical, chemical, and physical cues that drive wound healing. However, these 

platforms are limited in their resolution, dimensionality, and ability to gather 

information about changes in strain throughout thick, opaque tissue models. In this 

work we describe the development of flexible, deterministically buckled 3D photonic 

device arrays that are designed and fabricated to meet the specific spatial, temporal, 

and strain resolution requirements needed for the detection of cell-induced strains in a 

millimeters-thick tissue model.  

A polymer or silicone-clad Ge23Sb7S70 chalcogenide glass resonant cavity array 

is selected for this application, as high-quality chalcogenide glasses devices can be 

deposited at low temperatures onto flexible and cytocompatible substrates. However, 

the reliability of these and other highly sensitive chalcogenide glass devices is affected 

by their aging-induced structural relaxation. The refractive index shifts resulting from 

this relaxation are on the same order of magnitude as the index shifts used to small-

scale strain with our device arrays. In order to overcome this limitation, we develop 

and demonstrate a high-precision refractometry technique that tracks small changes in 
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the refractive index of Ge23Sb7S70 chalcogenide glass, down to 10-5 RIU. This 

technique allows us to both identify the aging mechanism in this glass with high 

accuracy and compare different index stabilization methods to optimize our device 

processing. 

The expected performance of these arrays was tested both through finite 

element modeling and a proof-of-concept in vitro experiment. In the modeling 

experiments, PDMS buckled geometries were deformed in cardiac graft tissue-like 

environments. From these experiments we showed that devices embedded in these 

materials could easily detect small, localized changes in stiffness theoretically caused 

by limited perfusion of growth factor throughout this model. In vitro, an SU-8 clad, 

symmetrically buckled device was exposed to a contracting collagen gel, and the 

device response as a result of this deformation was analyzed.   

These deterministically buckled arrays of polymer or silicone-clad 

chalcogenide glass resonant cavities demonstrate sensitivity to relevant strains in 3D 

cell culture platforms, excellent ease of use, and the potential for a wide range of 

applications. This technique can be used as a standalone, low cost, plug-and-play local 

strain gauge for use in soft material systems. Thus, this technique’s flexibility both in 

terms of its deformability and range of applications easily surpasses other methods of 

in vitro force or strain detection.



 1 

INTRODUCTION 

1.1 Wound Healing 

The reduction of scar tissue is of great concern in compliant tissues whose functions 

rely on their mechanical properties, such as the tissue around joints, cardiac muscle, 

and the vocal folds. In Dupuytren’s disease, excessive scar tissue forms in the hand, in 

some cases leading to complete immobilization of the finger joints [1, 2]. Cardiac 

tissue does a poor job of regenerating after cardiac arrest, in which decreased 

oxygenation of tissue causes widespread cell death [3-5]. The thick scar tissue that is 

left behind often weakens the surrounding tissue, leading to future heart injury. In the 

vocal fold, vocal misuse, surgery, or intubation can lead to the production of a thick 

scar on the otherwise very soft tissue [6, 7]. This changes the ability of the folds to 

vibrate to produce sound, sometimes leading to loss of voice in the patient. 

The formation of a scar is the result of the activity of myofibroblasts, which are 

an activated form of the fibroblast; a restorative cell type responsible for maintaining 

the structural integrity of the extracellular matrix (ECM). In normal tissue, the ECM Is 

under tension from all directions. However, if a tissue is damaged, fibroblasts will 

sense changes in tension in their environment, as well as the release of growth factors, 

such as TGF-β, by macrophages in the wound. The fibroblasts’ initial response to 

these stimuli is to invade the wound bed and fill it with ECM components including 

collagen [8, 9].  
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Collagen, along with other ECM components such as fibrin and elastin, gives 

our tissue its elasticity. Collagen is formed by bundles of fibrils that have a triple helix 

structure consisting of two or more strands of procollagen. These thick bundles of 

fibrils make up collagen fibers, which can then crosslink to form a fibrous, protein-

rich network.  

The traction forces that fibroblasts generate in order to invade the wound 

further stiffen the local ECM, which finally induces the differentiation of fibroblasts 

into myofibroblasts. Myofibroblasts develop stronger, more aligned cytoskeletal actins 

that enable them to actively contract tissue in order to close the wound. This 

contraction causes the local increases in strain and stiffness that produce a scar. Scar 

development, in theory, is halted when myofibroblasts no longer sense lines of tension 

in the now-healed wound and clear the tissue by undergoing apoptosis. However, in 

the case of the formation of excessively thick scar tissues, the myofibroblasts continue 

contracting the tissue longer than necessary [9, 8]. 

1.2 3D in vitro Tissue Models 

In order to better study the physical, chemical, and biological factors that 

promote or deter scarring, the development of 3D in vitro models provides a low-cost 

and more easily controlled platform to do so than in vivo animal models. In particular, 

the use of artificial hydrogel tissue models is beneficial in that they allow the engineer 

to chemically tune the mechanical properties of the hydrogel such as stiffness and 

degradability, as well as introduce different cell types or biological signals. Thus, the 

effects of physical, biological, and chemical factors on the behavior of fibroblasts in 

the model can be decoupled through experimentation [10-12].  
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When using these platforms to study wound healing or other strained tissues, it 

is useful to be able to track the changes in local strain or stiffness throughout the tissue 

model to understand the strains or stiffness that may be the cause or result of cell 

activity. There are a number of methods used to detect strain or stiffness in in vitro 

tissue models, however the dimensionality, resolution, and cost of current techniques 

limit their usefulness. 

1.3 Strain Sensing in vitro 

1.3.1 2D Strain Detection 

The detection of the strain imparted on a 2D substrate by contractile cell types 

such as fibroblasts has been studied for the past 40 years, starting with the use of 

wrinkling polymer films [13]. In these studies, cells are cultured on a soft, thin 

substrate such as PDMS, and the magnitude and shapes of patterns generated in the 

wrinkling of the film are tracked. From this method scientists developed 2D traction 

force microscopy (TFM), in which the deformable substrate is patterned with microns-

size latex beads whose positions are tracked with microscopy [14, 15]. This method, 

and the subsequent advancements in 2D-TFM, allowed much higher-resolution 

deformation tracking as compared with wrinkling films. The culture of cells on 

micropillar arrays is another 2D method used to detect cell-generated forces. 

Micropillar substrates allow the user to control the surface area of possible cell 

adhesion sites by changing the diameter of the pillars [16, 17]. In deformable substrate 

techniques such as wrinkling films, 2D-TFM, and micropillar deflection assays, 

knowing the elastic properties of the substrate enables calculation of the magnitudes of 

the forces output by cells or cell protrusions from the local strain to the substrate. 
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However, in the past 12 years, 2D models have been increasingly regarded as 

physiologically irrelevant. The morphological characteristics of cells cultured in 2D 

vs. 3D are quite different, with 3D cultured cells showing more similar behavior and 

geometry to cells in vivo [18, 19]. For example, the bodies of cells in 3D tend to be 

more extended with narrower protrusions than cells cultured in 2D. The differences in 

cell geometry, number of adhesions, and size of adhesions, change the contractile 

behavior of these cells significantly. 

1.3.2 3D Strain Detection 

The best-established 3D methods of tracking strain or stiffness changes in vitro 

include collagen contraction assays and 3D traction force microscopy. In a collagen 

contraction assay, fibroblasts are mixed with a collagen precursor solution. As the 

solution gels, cells remain distributed in 3D throughout. These gels are either released 

from their culture wells to float or are tethered to a mechanical support [20-22]. 

Information about the activity of the fibroblasts is determined from the change in 

shape of the gel (Figure 1). Alternatively, gels can be tethered to a strain gauge to get 

information about the sum of cell-generated forces or strain imparted on the gel as a 

whole [23].  

3D-TFM is the highest resolution technique for tracking cell-induced strain on 

a hydrogel in vitro. In this technique fluorescent beads are embedded in the hydrogel 

along with the cell culture. Then, similarly to 2D-TFM to a 3D model, tracking the 

changes in position of fluorescent beads distributed throughout a cell-populated 

hydrogel using confocal microscopy [24-26].  
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Figure 1: The change in diameter of a collagen gel from original (yellow line) to 

deformed (orange line) geometry gives information about the activity 

level of cells within the gel. 

While these methods provide information about deformation in 3D in vitro 

models, they have a number of limitations. Collagen contraction assays provide only 

one datapoint per sample and are limited to primarily collagen as the cell scaffold 

material. 3D-TFM is limited by the penetration depth of confocal microscopy, which 

is approximately 300 μm. 3D-TFM is also best suited to studies of few or single cells, 

as it is very expensive and time-consuming to scan larger areas. 

It is often relevant to study strain or stiffness changes throughout millimeter’s 

thick tissue models, for example when developing a graft tissue which must have a 

thickness and mechanical properties similar to the damaged tissue it is replacing. 

Thick in vitro models also allow us to observe the effects of diffusion-induced 

gradients in the tissues that may limit the transportation of oxygen or growth factors to 

different points in the gel [27, 28].  

Thicker tissue models also ensure that cells cultured in hydrogels held in 

traditional tissue culture wells are isolated from the much stiffer glass or plastic 
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surroundings, which may affect the amount of tension cells can generate in different 

regions of the tissue. Gradients or layered changes in mechanical or chemical 

properties of the hydrogel may also be controlled throughout the experiment in order 

to study how these gradients drive cell migration or other behavioral differences [29, 

11]. 

1.3.3 Stiffness Detection 

In order to map stiffness changes instead of strain, methods such as force 

indentation (for instance atomic force microscopy) or Magnetic Resonance 

Elastography (MRE) can be used on 3D in vitro models. Indentation methods provide 

information about the surface of the hydrogel and are only useful to analyze thick 

tissue models after the experiment has been ended and the tissue is cross-sectioned 

[30-32]. MRE is perhaps the only non-destructive technique that is not limited by the 

thickness of the model. It takes advantage of the differences in the changes of 

relaxation time of the nuclear magnetic resonances of water in tissue in response to 

magnetic pulses to determine local differences in tissue or hydrogel mechanics [33-

36]. However, MRE is an extremely expensive and time-consuming technique. 

1.4 Summary  

Lacking is a technique which can track relevant spatial and temporal changes 

in local stiffness or strain in a thick in vitro tissue model. More specifically, an ideal 

platform would be non-destructive and able to track minute-by-minute changes in 

strain or stiffness in a several millimeters thick model. This technique must have the 

spatial resolution and sensitivity necessary to detect changes due to the activity of 10’s 

to 1000’s of cells.  



 7 

In this work, a buckled photonic sensor array is developed that is sensitive to 

tissue-scale strain and that can be easily distributed in 3D throughout a millimeter’s 

thick hydrogel-based tissue model. As will be demonstrated in later chapters, the 

resolution, dimensionality, and ease of use of our sensors are well suited for the 

detection of tissue-scale strain and has distinct benefits over all other techniques. 

First, I discuss the motivation behind the selection of an integrated, 

waveguided photonic sensor platform for this application. Then I discuss the design of 

this device array in terms of its material choices. Then, in response to issues with 

device stability due to aging effects on chalcogenide glass refractive index, I discuss 

the development and application of a novel resonant refractometry technique capable 

of detecting aging-induced index changes in chalcogenide glass down to 10-6 

refractive index units (RIU). I then show that the proposed buckled sensor array is 

capable of strain and stiffness detection with the appropriate spatial, temporal, and 

strain resolution for stiffness mapping in a Finite Element Model (FEM) of a cardiac 

graft tissue model. Finally, I demonstrate that this device can be used in mapping local 

strain in tethered, contracting collagen gels populated with neonatal dermal human 

fibroblasts (NDHF). 
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PHOTONIC SENSING 

2.1 Waveguided Photonics 

Of great importance to the function of these devices is the use of guided wave 

optics to deliver light to the photonic sensing element. Guided wave optics describes 

the use of structures called ‘waveguides’ that trap and guide light as a result of 

transverse variations in their refractive index. The geometry of a waveguide is a fiber, 

slab, channel, or ridge of higher refractive index ‘core’ material surrounded by lower 

refractive index ‘cladding’ material. The ability of a structure to be an effective 

waveguide depends on the refractive index contrast between core and cladding, its 

width and thickness, and the wavelength of the input light. Light that is efficiently 

trapped and guided within a waveguide is said to propagate in the form of a ‘mode’; a 

cross-sectional distribution of the energy profile of the wavefront (Figure 2A).  

 

Figure 2: Schematic of A) modal confinement within a slab waveguide, B) The 

modeling of mode confinement as a quantum well, and C) mode coupling 

between waveguides. 
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The confinement of a mode within a waveguide can be modeled as a potential 

well, with the depth of the well determined by the index contrast, and with 

Schrodinger’s equation describing the energy distribution of the mode or modes that 

can be trapped within the well (Figure 2B). The modes trapped within the waveguide 

are not perfectly confined, and so if another waveguide is brought in close enough 

proximity to the first, the modes may tunnel or couple between the two wells (Figure 

2C). We can take advantage of this coupling to deliver light to any number of photonic 

structures along a waveguide. 

2.1.1 Waveguide Coupling 

Light can be coupled into a waveguide through a number of methods, the most 

common of which are butt-coupling and grating-coupling. In butt-coupling, the input 

optical signal is delivered to the waveguide with a lensed tip optical fiber that focuses 

light down to a spot on the order of the cross-sectional area of the waveguide. The 

sensor chip is cleaved or diced such that the cross section of the end of the waveguide 

is exposed with a smooth facet. The input fiber is then brought in close proximity and 

perpendicular to the waveguide facet, and light is coupled in directly. 

Grating coupling offers significantly more flexibility in optical alignment. A 

grating coupler is a periodic 1D array of low and high refractive index regions 

patterned at the end of a waveguide. Figure 3 shows the side profile of a typical 

grating coupler.  
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Figure 3: Side profile of an input laser source shining with incident angle ϴ on a 

grating coupler with period Λ, effective index neff, cladding index nc. The 

wavevector of the light coupled into the grating is k. 

The period (Λ) of the grating is optimized for the wavelength of light it is 

intended to couple and the refractive indices of the grating materials. The input signal 

is shone downwards onto the device at an angle ϴ: 

 
1

Λ
=

𝑛𝑒𝑓𝑓

𝜆
−
𝑛𝑐 sin𝜃

𝜆
 (1) 

Where neff is the effective index of the grating, and nc is the top cladding index. 

2.2 Waveguided Photonic Sensors 

2.2.1 Resonant Cavity Sensors 

A resonant cavity, or resonator, is a structure in which an optical signal is 

enhanced by constructively interfering with itself. The simplest form of a resonator is 

a Fabry-Perot cavity, in which light is trapped between two imperfect reflectors. The 

length of this cavity and reflectivity of the boundaries dictate the wavelengths of light 

that can exit this cavity. In this example, the wavelength must meet the condition 𝜆 =

 𝐿/𝑁, in which L is the cavity length, and N is a modal integer. When this condition is 
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met, the light exiting the cavity will constructively interfere with itself, yielding a 

maximum in the output transmission signal.  

Resonant cavity geometries of interest to our application include the Bragg 

cavity resonator and ring resonator. A Bragg cavity resonator is similar to a Fabry-

perot cavity in that a standing wave is generated between two parallel reflectors that 

make up the cavity. However, in a Bragg cavity resonator, each reflector is made up of 

periodic layers of high and low refractive index, with a longer high-RI region in the 

center forming the cavity. Another version of a Bragg cavity, a ‘zero-length’ cavity 

which will be discussed further in Chapter 5, lacks the longer high-RI region in the 

center. This limits the number of wavelengths that can be transmitted from the cavity 

to, ideally, a single wavelength.  

In a ring resonator, the cavity takes the form of a ring or disc. Light is coupled 

into and out of the ring with one or more bus waveguides and propagates around the 

inner circumference of the ring in a ‘whispering gallery’-like mode. In this case L is 

the circumference of the ring. The ring resonator is in general simpler to fabricate than 

the Bragg cavity, which will be discussed later in this text, however the tradeoff is the 

significantly larger size of the ring resonator, which takes up a 2D region orders of 

magnitude greater than the width of the bus waveguide. 

2.2.2 Sensing Theory 

When applied as a sensing element, a resonator is exposed to changes in its 

environment that change its effective refractive index. This in turn changes the 

wavelengths that are trapped in or transmitted from the cavity (Figure 4).  
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Figure 4: Schematic showing the resonant condition of a ring resonator, and the 

change in that condition as a result of perturbation, here due to the 

application of heat. 

When characterizing a resonator response, we define its resonant wavelength, 

resonant wavelength shift, free spectral range, finesse, and quality factor. 

For example, the resonant wavelength (λr) of a ring resonator is defined by: 

 λ𝑟 =
𝑛𝑒𝑓𝑓𝐿

𝑁
, 𝑁 ∈ 𝑍+ (2) 

And its change in resonant wavelength (Δλr) by: 

 ∆λ𝑟 =
𝑛𝑒𝑓𝑓

𝑛𝑔
∙ λ𝑟 (3) 

In which 𝑛𝑒𝑓𝑓 is the modal effective index of the resonator, L the length of the cavity, 

and 𝑛𝑔 the modal group index. The resonant wavelength and wavelength shift are 

determined experimentally as the location of peaks in the transmission spectra. The 

group index, or relative group velocity of light within the sensor, is calculated from 

the Free Spectral Range (FSR), which is experimentally determined as the spacing 

between resonant peaks in the transmission spectra: 

 𝐹𝑆𝑅 =
λ𝑟
2

𝑛𝑔𝐿
 (4) 
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The effective index, or relative phase velocity of light within the sensor, is then 

calculated from equation (2).  

The resolution of a resonator is determined by its smallest distinguishable shift 

in resonant wavelength. This is in part determined by the ‘sharpness’ of the resonance 

peak, which is described by the quality factor, or Q-factor. Experimentally, the Q-

factor is defined by: 

 𝑄 =
ω𝑜

∆𝜔
 (5) 

Where the ω is the width of the peak at half its extinction ratio. The higher the Q-

factor, the greater the energy stored within the cavity during resonance. The Q of the 

resonant cavity is also dependent on the coupling efficiency of the wavelength of 

interest into the cavity. The Q-factor can be considered the sum of an intrinsic and 

extrinsic Q-factor, with the intrinsic Qin determined by the quality of the cavity, and 

the extrinsic Qex determined by the coupling efficiency into the cavity. 

 
1

𝑄𝑡𝑜𝑡
= ∑

1

𝑄
=

1

𝑄𝑖𝑛
+

1

𝑄𝑒𝑥
 (6) 

A cavity can also be characterized by its finesse, F, given by: 

 𝐹 =
𝐹𝑆𝑅

∆𝜔
 (7) 

It is sometimes useful to distinguish between the Q-factor and F of a cavity because 

they different information about the loss mechanism in the cavity. In particular Q is 

dependent while F is independent of the cavity length. 

2.3 Photonic Sensors for Strain Detection 

The resonant wavelength of a resonator can be affected by a number of 

different conditions, including changes in temperature, exposure to radiation, and the 
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mechanical strain placed on the device. The relationship between resonant wavelength 

and temperature is linear:  

 𝛥𝜆𝑟 = 𝜅𝛥𝑇 (8) 

And may be applied in conjunction with photothermal spectroscopy, in which the 

optical absorption signature of molecules in close proximity to the sensor can be 

detected as increases in temperature at the absorption wavelengths. Exposure to 

radiation, for instance near-bandgap light, may induce photobleaching or darkening, 

which are characterized by shifts towards lower or higher refractive index, 

respectively, of the core waveguide material that indicate that the material is being 

driven towards a different thermodynamically stable state [37]. Finally, the application 

of strain to the bonds within the waveguide material changes its refractive index on the 

molecular level, leading to a linear relationship between strain and resonant 

wavelength. Physical strain also changes the geometry of the resonant cavity, inducing 

other linear changes in the effective index of the resonator [38]. 

 Choosing the example of a ring resonator strain sensor as shown in our group’s 

work on stretchable photonics, the change in resonant wavelength as a result of 

applied strain can be reduced to [39]: 

 𝑑𝜆𝑟 =
𝜆𝑟

𝑛𝑔𝐿
∫ [𝐶𝑟 ∙ 𝜎𝑟(𝐿) + 𝐶𝜃 ∙ 𝜎𝜃(𝐿)
2𝜋

0
] ∙ 𝑅𝑑𝜃 (9) 

In which Cr and Cϴ are constants describing the material and geometric effects 

of tangential (ϴ) and radial (r) stress on the resonant wavelength, and R is the original 

radius of the ring. These constants are defined as: 

 𝐶𝜃 = 𝑛𝑒𝑓𝑓
𝜕 𝐿

𝜕𝜎𝜃
+
𝜕𝑛𝑒𝑓𝑓

𝜕𝜎𝜃
 and 𝐶𝑟 = 𝑛𝑒𝑓𝑓

𝜕 𝐿

𝜕𝜎𝑟
+
𝜕𝑛𝑒𝑓𝑓

𝜕𝜎𝑟
 (10) 
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The application of this theory to real-world devices shows that there is a linear 

relationship between increasing tensile strain on the ring and a positive wavelength 

shift [39]. 

For our application, in which we care specifically about the strain response of 

our resonators, it is important to decouple its strain response from the device’s 

response to temperature, radiation, or other effects. In this case it is necessary to either 

have excellent control over the device environment in order to reduce large changes in 

temperature and illumination, or to be able to perform calibration experiments to 

account for those changes. Photochemical absorption can be limited by ensuring that 

the waveguide cladding is thick and impenetrable to gas or liquid. A key and 

challenging design criterium for a strain sensor is that, in order to be sensitive to 

strain, the device must be flexible. 

2.4 Flexible Waveguided Photonics 

2.4.1 Applications 

Most waveguided photonic sensors are fabricated with traditional 

semiconductor manufacturing techniques on stiff 2D substrates. However, several 

flexible waveguided photonic platforms have been developed. In general, in order to 

make a waveguide flexible, scientists will choose to either fabricate it from all 

inherently flexible materials such as polymers or hydrogels or will leverage creative 

design criteria to flex inherently stiff materials. Besides strain detection, the 

development of flexible waveguided photonics is largely driven by the need for 

optoprobes, wearable sensors, and disposable photonics.  
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Optoprobes are in vivo light delivery systems intended for use with 

optogenetics or photodynamic therapy. In optogenetics, cells are modified with 

proteins called ‘opsins’ which can be triggered with light to induce different types of 

cell activity. Photodynamic therapy is the photoactivation of drugs delivered to the 

point of interest in diseased tissue, usually cancer. For these applications optoprobes 

must be able to penetrate millimeters to centimeters into living tissue without causing 

scarring, be flexible enough to move with the tissues they target, and deliver high 

power visible or NIR light to the tissue [40, 41].  

Wearable photonic sensors may take the form of conformal epidermal sensors, 

or sensors that can be woven into clothing or worn as an accessory such as a bracelet. 

A wealth of electronic epidermal sensors have been developed for medical 

applications, for example monitoring the biological factors in sweat or tears, a 

patient’s heartbeat, or exposure to harmful chemicals [42]. The superior sensitivity of 

photonic sensors is starting to be leveraged for these applications. In particular, the 

stretchability required of epidermal sensors is a challenge for waveguided photonics, 

which will be discussed later.  

Compatibility with roll-to-roll manufacturing is another major driving factor in 

the development of disposable flexible waveguided photonics [43-47]. Roll-to-roll 

manufacturing is widely used in the electronic/semiconductor device industry to mass 

produce solar cells and other devices on large flexible sheets to drive down product 

costs. 
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2.4.2 Materials 

2.4.2.1 Inorganic Materials 

In spite of their low flexibility, thin Si/SiO2 probes are the most widely used 

optogenetic probes, since they have good optical confinement and can be fabricated in 

thin, less invasive geometries. In general, inherently stiff materials can be made 

flexible if machined to a few hundred nanometers thickness. While some 

semiconductor or glass waveguide materials may be used free-standing, they are 

generally leveraged in conjunction with a flexible handler or cladding material, which 

I will discuss in a later section [48, 40] . Many potential flexible waveguides materials 

exist that are much more inherently flexible and biocompatible than inorganic 

materials.  

2.4.2.2 Hydrogels 

Hydrogels are by far the most biocompatible optoprobe candidate. Hydrogels 

and biopolymers more closely match the chemical and mechanical properties of living 

tissue and so are less likely be recognized as foreign bodies to protective cell types. 

Hydrogels can be a good choice for implant materials because they allow local cells to 

invade and interact directly with the optical component. This reduces the likelihood of 

forming thick scar tissue around the implant that can significantly impede the 

penetration depth of the optical signal. However, hydrogels are especially more 

difficult to fabricate in smaller dimensions with low enough loss for high resolution 

light delivery, since their refractive index is close to that of living tissue [49, 50]. 

Often hydrogels can also be degraded by cells, eliminating the need for surgery 

to remove the implant after the therapy is completed. Hydrogel waveguides have been 
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fabricated from agarose and gelatin to yield biodegradable waveguides [49, 51]. PEG 

hydrogel waveguides have been implanted in mice to enhance insulin secretion via 

optogenetics [52, 53]. All-silk platforms can be made by using a silk hydrogel 

cladding that has been incorporated into bovine muscle [54]. 

2.4.2.3 Polymers 

Polymer waveguide platforms are best suited for the development of low-cost 

wearable or disposable sensors, which can be fabricated with methods compatible with 

molding and stamping techniques. Photoactive acrylates or epoxies that can be bought 

as proprietary photoresists or adapted from known formulations are still the most 

popular polymeric waveguide materials as they are easily patterned using established 

lithography techniques and have relatively high refractive indices [45, 55-59]. 

Silicones such as PDMS are also popular waveguide or flexible substrate materials 

since they are easily molded, thermally stable, chemically inert, and biologically 

compatible, and as such are easy to integrate with other materials [60-64]. Alternative 

polymers such as paralyne C and polyimides have also been used as flexible 

waveguides [65]. 

Benefits of polymer waveguides include their inherent flexibility, low-

temperature processing, and refractive index tunability. The large degree of freedom in 

C-C or Si-O bonds, and the variability of the degree of crosslinking allow polymers to 

undergo elastic deformation. Polymers can bend, stretch, and conform to 3D surfaces, 

making polymers an excellent choice for epidermal sensors, roll-to-roll processing 

techniques, and in vivo applications. 
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Drawbacks of the use of polymer waveguides are their lower index contrast 

and need for larger waveguide dimensions, which constrain their use in photonic 

designs such as diffractive optical elements, photonic crystals, and metamaterials [66]. 

These limitations can be overcome by hybridizing inorganic and organic materials in 

photonic structures. 

2.4.2.4 Hybrid Material Platforms 

In order to leverage the excellent optical properties of semiconductors and 

glass as well as the flexibility and biocompatibility of organic materials, the 

development of hybrid material platforms for flexible waveguided photonics in many 

cases offers the best of both worlds. The specific challenges of incorporating a stiff 

core material onto a softer cladding material include selecting compatible process 

conditions for both materials and shielding the more brittle material from excess 

stress.  

One of the biggest challenges when selecting compatible processes for hybrid 

core and cladding flexible photonics platforms is the need for mechanical stability 

when patterning the stiffer material. Patterning techniques such as Ebeam or 

photolithography are often required to define the thin, low-roughness waveguides 

made possible by the use of inorganic core materials such as glass. Several devices 

have been designed that overcome this limitation by holding the flexible cladding or 

substrate material on a stiff substrate while patterning the core, and then releasing it 

[67, 68]. Conversely, a few stiff materials exist that can be transferred to flexible 

substrates using nanomembrane transfer techniques, stamping, or stenciling [69, 70]. 
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In order to shield stiff materials from excess bending stress, our group and 

others have leveraged use of a neutral-axis design, in which thick, symmetrical top and 

bottom cladding materials shield the central core waveguide material from both the 

tensile and compressive stress imparted on the top and bottom of the bent material 

stack [38, 71]. In order to shield stiff waveguides from being damaged by stretching, 

our group has demonstrated that serpentine waveguide geometries and the patterning 

of stiffer islands throughout the stretchable substrate material can efficiently protect 

glass materials from excess strain [39]. 

In this work, we develop our flexible resonator arrays with a hybrid material 

platform, in which the cladding is made from a flexible epoxy resin, and the core is 

made from high-index chalcogenide glass. The processing and design choices made 

for the integration of these materials will also be discussed. 
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MATERIAL SELECTION 

3.1 Ge23Sb7S70 Chalcogenide Glass 

3.1.1 Optical Properties 

For the core waveguide material for the flexible strain sensor array 

demonstrated in this thesis, Ge23Sb7S70 (GSS) chalcogenide glass was selected. A 

chalcogenide glass is a solid amorphous compound consisting of sulfur, selenium, or 

tellurium from the chalcogen group of the periodic table. The chalcogen components 

are typically networked with elements such as arsenic, indium, or in our case 

germanium and antimony. The short-range structure of GSS is made up of long chains 

of sulfur, which are linked tetragonally to germanium atoms and pyramidally to 

antimony. GSS, as well as most chalcogenide glasses, is transparent in the NIR, with a 

transparency window ranging from 1000 nm to approximately 6000 nm.  

This transparency window makes GSS and other ChGs particularly attractive 

for applications in chemical sensing, with these wavelengths able to access typical 

vibrations of chemical bonds. Our group has demonstrated the use of ChGs for this 

application. Light evanescent from the resonant cavity is absorbed by the local 

molecules, changing the output transmission of the cavity [72, 73].  

The refractive indices of chalcogenide glasses tend to be greater than 2, greater 

than SiO2 which is perhaps the most widely used NIR transparent waveguide material. 

Chalcogenide glasses including GSS also have high Kerr nonlinearity, meaning that 
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the index of the glass can be changed by interacting with high intensity light. Our 

group has characterized the nonlinear properties of GSS and found its nonlinear 

refractive index to be on the same order of magnitude as silicon, (0.93 ± 0.08) × 10−18 

m2∕W, with far superior two-photon absorption coefficient and propagation losses [74]. 

These nonlinear characteristics of chalcogenide glasses also make them promising 

candidates for all-optical signal processing [75, 76] and nonlinear frequency 

generation [77, 72, 78, 79], and may be leveraged in the patterning of waveguides 

using femtosecond laser writing [80-82].  

3.1.2 Processing 

Another major benefit of working with chalcogenide glasses are their 

compatibility with standard microfabrication techniques. ChGs have a wide range of 

state-of-the-art applications in optics and photonics. They can be easily processed into 

a wide range of photonic devices such as waveguides [83-92], Bragg gratings [93, 94], 

resonators [95-99], lenses [100-104], omnidirectional reflectors [105-107], and 

photonic crystals [108-111]. Our group has demonstrated the patterning of GSS and 

other As-based chalcogenides with photolithography, ebeam lithography, reactive ion 

etching, and stamping techniques. 

ChGs such as GSS also have low deposition temperatures, which expand the 

types of processing that they can be compatible with. More specifically, thermally 

evaporated chalcogenide glass can be deposited on substrates at room temperature, 

which enables patterning on less conventional substrates such as polymers and 2-D 

materials. This significantly expands the use of ChGs to applications in packaging, 

conformal epidermal sensing, high-speed data communications, and more. In 
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additional to more conventional substrates such as silicon, SiO2, and CaF2 [95, 112, 

97, 110, 113], our group has patterned GSS on substrates such as polyimide, PDMS, 

and photoresists for applications in flexible and stretchable photonics [114, 38, 115]. 

We select GSS as our waveguide core material for our application for its high 

refractive index and low temperature processing. It is key for our application to encase 

our sensors in flexible and cytocompatible polymer materials. Most polymers have 

refractive indices between 1 and 2, therefore the selection of a glass with a higher RI 

allows for good optical confinement within the waveguides in the device array and 

minimizes insertion loss into the material. Polymers have glass transition temperatures 

on the order of less than 200 °C, therefore the selection of a glass that can be deposited 

at lower temperatures is necessary. In our studies we select SU-8 epoxy resin or 

PDMS silicone as our flexible cladding material. 

3.2 SU8 Photoresist 

3.2.1 Material Properties 

SU8 is an epoxy-based photoresist consisting of tetramers of bisphenol A 

novolac epoxy suspended in a solution of cyclopentanone and triarylsulfonium 

hexafluroantimonate salt. As with most photoresists, SU-8 is deposited by spin coating 

at speeds on the order of 1000 rpm. A baking step then removes excess solvent from 

the resist. This resist is patterned by select exposure to UV light or electron beam, 

which converts the salt to an acid that opens the epoxy rings, which then crosslink. 

The un-crosslinked resist can be dissolved away.  

SU8 is a well-established resist developed by IBM in 1989. It is highly 

impervious to liquids. After crosslinking, its Young’s modulus is approximately 4.02 
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GPa. Depending on the formulation and process conditions, SU8 can be coated and 

patterned at thicknesses from hundreds of nanometers to hundreds of microns at high 

aspect ratios. These mechanical properties have made SU8 well-suited for a number of 

MEMs, molding, and other structural component applications. With a refractive index 

of 1.57, it has itself been utilized as waveguide optical components as well as cladding 

material for a number of photonics applications. 

3.2.2 Cytocompatibility 

The cytocompatibility of SU8 is well-established in the literature. In order to 

confirm that SU8 coated photonics are equally cytocompatible, we performed a 

cytotoxicity study of a sol-gel processed TiO2 sensor by culturing human 

mesenchymal stem cells (hMSCs) both in conformal contact with the sensor materials, 

and nonconformal contact [116].  

In this study, Thin films of TiO2 were deposited on bare silicon wafer via the 

sol-gel process. SU-8 2002 photoresist was spin coated on select samples to 

simulate sensor encapsulation in SU8. The samples were then cleaved and 

suspended in cell culture inserts above hMSCs cultured in a 12-well plate. Bare 

silicon wafer was also included in the study as an additional test substrate. Three 

chips of each sample were included in the study, and three empty trans-well 

membranes were included in control wells.  

Bone marrow-derived hMSCs (Lonza) were seeded in a 12-well plate at a 

seeding density of 5,000 cells/cm2, and precultured for 2 days before adding the 

sensor materials to the trans-well membranes (Millipore, 0.4 μm pore size). All 

hMSCs used in these experiments were passage 6. Media (mesenchymal stem cell 
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maintenance media, Lonza) was changed every two days. As shown in Figure 5, 

hMSCs proliferated over the following six days of the study, after which the cell 

monolayer became confluent, prohibiting further cell growth.  

 

Figure 5: Plot: Change in metabolic activity of hMSCs in nonconformal contact with 

sensor materials over 8 days. No statistically significant difference in 

metabolic activity between the different groups was observed on any 

given day. Statistically significant increase in metabolic activity was 

observed in all groups on Days 2-6. Image: hMSCs on Day 8 showing 

confluence in the well below the trans-well membrane containing TiO2-

coated wafer 

On each day, no statistically significant difference was found between test 

samples and control groups. The metabolic activity of hMSCs increased 

significantly (p < 0.01) after the culture was initiated until cells reached confluence. 

By day 8, the average number of cells in all testing groups increased by 

approximately four folds from day 0, confirming that the SU-8 and TiO2 films did 

not compromise the proliferative potential of hMSCs.  
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Figure 6: Results of live/dead staining hMSCs after 10 days in conformal contact with 

sensor materials. A) Results of this staining of cells cultured on a SU8-

clad TiO2-coated silicon wafer. B) Cells cultured on top of TiO2-coated 

silicon. 

In this experiment, chips of sensor materials 0.36 cm2 were placed in the 

bottom of a cell culture well. 50 μL suspensions of 20,000 hMSCs each were 

pipetted on top of the wafers, and then incubated for 2 hours to allow cells to attach 

before additional media was added. After 10 days cells were washed with PBS and 

a solution of SYTO13 (live) and propidium iodide (dead) was used to perform a 

live/dead assay. The results were imaged with an LSM 710 confocal microscope 

(Figure 6). From these results we observe that hMSCs plated directly on the sensor 

materials attached, adopted a spindle-shaped morphology and maintained a high 

viability with little to no cell death. Collectively, our results confirmed the 

cytocompatibility of our sensor materials. 
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3.3 PDMS 

3.3.1 Material Properties 

PDMS, or polydimethyl siloxane is an elastomeric silicone with a Si-O 

backbone bearing methyl or vinyl groups bound to the in-chain and terminal silicon. In 

the standard proprietary formulation, Sylgard 184, a base agent of primarily 

dimethyvinyl terminated dimethyl siloxane is crosslinked with a curing agent 

containing dimethyl methylhydrogen siloxane and a platinum catalyst, among other 

components, typically in a 10:1 ratio[117]. Curing at room temperature is slow, and 

the PDMS can be degassed and/or processed by spin coating or other methods before 

accelerating the cure with a baking step. PDMS can be spin cast at thicknesses from  

few microns to millimeters [39, 118]. Depending on the base to curing agent ratio and 

curing temperature, the elastic modulus of PDMS can range from slightly less than 

1MPa to a few MPa [118, 30]. Its refractive index ranges from approximately 1.44 at 

visible wavelengths to 1.42 at telecom wavelengths [119]. 

3.3.2 Cytocompatibility 

The cytocompatibility of PDMS is well-established, and is widely applied in 

implants, cell culture systems. It is considered a cytocompatibility ‘control’ by the 

National Heart, Lung, and Blood Institute. The surface chemistry of PDMS can be 

altered with plasma treatments in order to control cell adhesion or the adsorption of 

proteins to its surface for applications in cell culture [120]. 

3.4 ChG-polymer photonics 

Our group has previously leveraged the mechanical and optical properties of 

GSS ChG and SU8 photoresist in hybrid platforms for a number of photonics 
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applications. Besides applying SU8 as a cladding material for many of our group’s 

planar devices, the Hu group has also used SU8 to pattern stiff regions to hold devices 

on stretchable PDMS substrates, and as a part of a multilayer device stack with 

polyimide to minimize strain in a bendable photonic chip [38, 39]. In this work, we 

utilize SU8 for its low index, cytocompatibility, liquid-resistance, and flexibility to 

both clad and provide mechanical support for our proof-of-concept GSS resonator 

strain sensors. In Chapter 6, we demonstrate the alternate use of PDMS as the cladding 

material for our devices in Finite Element Models of our buckled structures, and 

further propose modifying our waveguide geometry to account for the increased 

flexibility and stretchability.  
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DEVICE STABILITY 

As discussed previously, a number of conditions besides strain can affect the 

resonant condition of a cavity, unless calibrated for or accounted for in the device 

design. Besides these conditions, ChG also experiences sub-Tg structural relaxation. 

This relaxation changes the refractive index of the glass on the order of the sensitivity 

of our devices, which can be misinterpreted as a false signal. In this section I will 

demonstrate a resonant cavity refractometry technique capable of detecting refractive 

index changes down to 10-6 RIU. This study reveals that the refractive index change of 

the glass due to aging tends to follow stretched exponential behavior, with stretch 

exponents and rate of index change dependent on initial glass treatment. Thermally 

annealed devices show the best stability, suggesting that thermal annealing is the 

appropriate post-deposition treatment method for obtaining stable ChG films. 

4.1 Glass Aging 

Glasses are inherently thermodynamically metastable. The thermodynamic 

instability and excess free enthalpy of glasses below their glass transition temperature 

(Tg) leads to physical aging effects over time as the glass structure relaxes towards a 

more thermodynamically stable state [121-124]. Concurrent with glass aging are 

changes to the structural, mechanical, thermal and optical properties of glasses, and 

thus understanding the aging process is essential to both fundamental glass science 

and practical applications involving glass materials. The earliest observation of glass 
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aging was measured by Joule, who tracked the zero-point displacement of a 

thermometer over time [125]. Today, physical aging of glasses is traditionally 

measured by tracking changes in enthalpy loss or fictive temperature of the glass using 

differential scanning calorimetry (DSC), with experiments often spanning decades. 

These experiments have shown that enthalpy relaxation proceeds by a stretch 

exponential (Kohlrausch) function defined by a Kohlrausch exponent, β, with the 

form: 

    𝑒−(
𝑡

𝜏
)𝛽

 (11) 

Values of β for glass materials tend to fall on or near select ‘magic numbers’ 

that correspond with the axiomatic Phillips fields-free diffusion-to-traps model of 

structural relaxation, initially derived from charge diffusion experiments [126, 127]. 

These magic numbers are predicted theoretically by assuming that the structural 

relaxation mechanism is dependent on the effective dimensionality (d) of the 

configuration space in which the diffusion occurs: 

    𝛽 =
𝑑

𝑑+2
 (12) 

Of particular interest for network glasses are β = 3/5 and β = 3/7. β = 3/5 

corresponds to a system where d = 3, undergoing structural relaxation dominated by 

short-range forces, while β = 3/7 corresponds to d = 3/2, signals a system dominated 

by a mixture of short and long-range forces. In chalcogenide glass short range forces 

are said to indicate relaxation between covalent bonds, while a mixture of short- and 

long-range forces indicate interchain relaxation of the glass [126, 128, 129]. 
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4.2 ChG Aging 

4.2.1 Aging Mechanisms 

ChGs are known for their large capacity for compositional alloying. This 

unique attribute allows continuous modification of their network structures and thus 

presents them as an ideal system for investigating the impact of network topology on 

physical aging [130]. Constraint within the glass matrix is typically quantified by the 

number of Lagrangian constraints per atom (nc), with the ideally constrained ChG 

matrix having nc = 3. This is related to the average coordination number, Z, bonds per 

atom, with a critically constrained ChG matrix having Z = 2.4. Above Z = 2.4, the 

glass network is over-constrained and aging effects are less energetically favorable. 

Below Z = 2.4, aging can proceed at ambient conditions at expedited rates, making 

these glass materials unsuitable for applications where material stability is necessary 

[131-133].  

In addition, the relatively weak chemical bonding between chalcogens and 

other atoms as compared to those in oxide glasses implies that aging of ChG is 

strongly dependent on the processing history and storage conditions of the glass. For 

instance, exposure to light near the bandgap of the glass causes photobleaching (or 

photodarkening) and light-assisted aging [37]. Annealing below the glass transition 

temperature (Tg) allows them to settle to a more thermodynamically favorable state 

[134, 132, 37, 135]. Exposure to air leads to water absorption or oxide formation on 

the surface of the glass [136-139]. Therefore, understanding the interplay between 

glass processing and aging kinetics is an important topic for ChGs. 
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4.2.2 Previous Aging Experiments 

Despite the recognized importance of understanding and quantifying the aging 

process in ChGs (as well as other optical glasses), few experiments have directly 

tracked the optical property evolution of glasses over time. A main technical challenge 

lies in the small magnitude of the changes. Changes of the real part of the refractive 

indices due to aging are usually in the order of 10-3 to 10-4 (refractive index unit or 

RIU), comparable to the resolution of classical thin film optical measurement 

techniques such as ellipsometry or prism coupling. Moreover, the relaxation of some 

glasses can take decades to stabilize. The result of this is the limited set of optical 

aging measurements reported in literature. Many involve scattered optical 

measurements spaced out over years in order to observe any significant changes with 

these techniques [133, 134, 140, 141]. The limited resolution also excludes precise 

quantification of the aging kinetics. Furthermore, the reported measurements were 

performed on films exposed to environmental conditions that do not mirror the storage 

and geometry of real ChG devices. 

One commonly adopted procedure enabling the study of slow material (or 

device) aging or degrading processes within an acceptable timeframe is accelerated 

aging test, where the kinetics of the process is expedited by exposing the subject 

material to elevated temperatures. Glass aging follows non-Arrhenius behavior below 

Tg, and thus at different temperatures different thermodynamically stable states of the 

glass are accessed and the selection of an appropriate aging temperature is not 

straightforward [142-146]. In actual photonic devices where ChGs are inevitably used 

alongside other materials, the situation is further complicated as heat treatment can 
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result in significant thermal stress which further modifies the equilibrium states the 

glass relax towards at different temperatures [147]. 

4.3 Novel Experiment Design 

Here we quantified the aging kinetics of ChG thin films and its dependence on 

processing conditions using resonant cavity refractometry [112, 95]. In resonant cavity 

refractometry, the changes in the optical characteristics of a cavity are tracked via its 

resonant wavelength shift. Previous resonant cavity refractometry techniques track the 

optical changes of a single cavity over time, in most cases describing only the stability 

of the resonator as a whole and not capturing the changes in the cavity material itself 

[93, 148].  Prior work on resonant cavity refractometry investigated photosensitivity in 

ChG-based resonators, which indicates a photosensitive refractive index change in the 

order of 10-2. The approach used, however, is not adequately precise for aging studies 

as aging of cladding materials can also contribute to resonance drift and interfere with 

the refractive index change quantification [95].  

In this technique, tiny refractive index changes in a ChG are monitored through 

tracking the resonant wavelength shifts of optical cavity arrays of four ChG devices. 

Each array undergoes different processing conditions before aging is tracked. Since 

the resonant wavelength of an optical cavity with high quality factor (Q-factor) can be 

determined with picometer-level accuracy, the technique features exceptional 

resolution to refractive index changes (down to 10-5 RIU and below [95, 112]) ideal 

for probing the kinetics of aging processes. Furthermore, the technique also measures 

aging of ChG when the material is deployed in a functional photonic device and 

therefore the results are immediately relevant to device applications based on ChGs. 
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4.4 Experimental Details 

In this study, we chose Ge23Sb7S70 (GSS, bulk composition) as our model 

system since it is relevant to our application. Its average coordination number is Z = 

2.53, thus the network should be somewhat overconstrained and age slowly. It has a 

Tg of 311°C [149], much higher than common As-based ChGs (the Tg’s of As2S3 and 

As40Se60 are 210°C and 187°C [150, 137], respectively), which implies reduced aging 

at room temperature essential for practical device applications. The refractive index of 

thermally evaporated GSS is approximately 2.22 at 1550nm, and the expected 

composition post-evaporation is Ge23Sb11S66 [151]. Fig. 9(A) schematically illustrates 

the layout of the micro-ring cavity device used for refractometry measurements. 

 

Figure 7: A) 3D perspective drawing of the device arrays used in this experiment. B) 

Optical microscope image of the device chip (Scale bar 300 µm). 
Reprinted with permission from ref [152], Optics Materials Express. 

4.4.1 Fabrication 

The waveguides and micro-ring resonators were fabricated using electron 

beam lithography and a lift-off technique [153]. We select lift-off over etching 

because lift-off yields a pristine glass surface without excess materials (e.g. fluorine 
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sidewall coatings [96]) that can complicate the analysis. First, a silicon wafer coated 

with 150 nm oxide was cleaned in Nanostrip 2X® at 80 °C for 5 minutes and rinsed 

thoroughly in DI water. The wafer was then treated for 30 s with oxygen plasma to 

improve SU-8 adhesion. 2 µm of SU-8 was spin cast onto the wafer as the bottom 

cladding layer and soft-baked for 1 minute at 95 °C. This layer was then exposed to 

100 mW/cm2 UV using a Neutronix-Quintel NXQ8006 mask aligner and baked for an 

additional 150 s at 95 °C. Additional lines were patterned in the regions between 

devices to aid liftoff, as seen in Fig. 7(B). Next, 500 nm of LOR 5A liftoff resist was 

spin cast on top of the SU-8 under-cladding and baked for 5 minutes at 150 °C. This 

was followed by 280 nm of CSAR ARP-6200.09, baked for another 5 minutes at 150 

°C. Following electron beam patterning with a Vistec EBPG5200ES, the CSAR resist 

was developed for 60 s in AR-600-546 developer. The exposed LOR was developed 

for approximately 35 s to realize a good undercut profile. 250 nm thick GSS was 

deposited onto the device pattern via thermal evaporation, and the remaining resist and 

excess glass were lifted off in NMP at 75 °C for approximately 2 minutes. Another 2 

µm layer of SU-8 was spun and crosslinked as a top cladding layer using the methods 

described previously. 

We specifically design the waveguide to be symmetrically cladded with SU-8 

epoxy to serve two purposes. We have experimentally proven that SU-8 acts as an 

excellent barrier to moisture in the ambient environment, thereby preventing humidity 

change from interfering with the measurement. More importantly, as the symmetric 

waveguide only consists of two materials, ChG and SU-8, we can readily isolate the 

index change induced by the ChG core. 
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4.4.2 Resonant Cavity Refractometery Theory 

Confinement factors in the ChG core (ΓChG) and SU-8 cladding (ΓSU8) change 

with varying waveguide widths and the corresponding resonant wavelength shift (Δλr) 

is given by: 

                                       ∆𝜆𝑟 =
𝛤𝐶ℎ𝐺×∆𝑛𝐶ℎ𝐺+𝛤𝑆𝑈8×∆𝑛𝑆𝑈8

𝑛𝑔
× 𝜆𝑟  (13) 

Where n is the index of the waveguide core (ChG) or cladding (SU8) and ng is 

the group index, given by: 

 𝑛𝑔 =
𝜆𝑟
2

𝐹𝑆𝑅×𝐿
 (14) 

where FSR, or Free Spectral Range, of the resonator corresponds to resonant 

peak spacing in the wavelength domain, and L is the length of the resonant cavity. 

Here we take advantage of the linear relationship between the confinement 

factor and effective index change of the waveguide mode in order to extrapolate the 

index change of the glass itself. The core and cladding confinement factors for TE and 

TM modes in each waveguide geometry were determined by FDTD simulations, 

shown in Fig. 10. The waveguide profiles analyzed are extracted from SEM images of 

true device cross-sections. Sidewall angles were approximately 65°. 
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Figure 8: TE mode profiles for each waveguide simulated with FDTD. The labeled 

widths are the approximate width of each waveguide at ½ its thickness. 

Reprinted with permission from ref [152], Optics Materials Express. 

Here we define the normalized confinement factor in the ChG core as: 

 𝛤𝑛𝑜𝑟𝑚 =
𝛤𝐶ℎ𝐺

𝛤𝐶ℎ𝐺+𝛤𝑆𝑈8
 (15)

  

These values are shown in Fig. 11. Small differences in the waveguide profile 

geometry due to variations in the liftoff resist profile led to the error shown in the 

average confinement factor. 

 

Figure 9: Average calculated normalized confinement factor for each waveguide width 

and polarization. Reprinted with permission from ref [152], Optics 

Materials Express. 
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We note that 𝛤𝐶ℎ𝐺 + 𝛤𝑆𝑈8  is a function of waveguide width and in general does 

not equal to unity due to the slow light effect [154]. Eq. 3 then can be re-written as: 

  
𝑛𝑔

𝜆𝑟
∙

∆𝜆𝑟
𝛤𝐶ℎ𝐺 + 𝛤𝑆𝑈8

= 𝛤𝑛𝑜𝑟𝑚 × ∆𝑛𝐶ℎ𝐺 + (1 − 𝛤𝑛𝑜𝑟𝑚) × ∆𝑛𝑆𝑈8 

 = (∆𝑛𝐶ℎ𝐺 − ∆𝑛𝑆𝑈8) × 𝛤𝑛𝑜𝑟𝑚 + ∆𝑛𝑆𝑈8 (16) 

 

The equation indicates that for each waveguide width, 
∆𝜆𝑟

𝛤𝐶ℎ𝐺+𝛤𝑆𝑈8
 linearly scales 

with Γnorm of the waveguide. By plotting  
∆𝜆𝑟

𝛤𝐶ℎ𝐺+𝛤𝑆𝑈8
 versus the normalized confinement 

factor, we can therefore extrapolate the refractive index change of the ChG core at 

Γnorm = 1. 

4.4.3 Measurement Setup 

In this study, we track the aging of three groups of devices, each patterned on 

one chip with identical fabrication protocols but treated with unique initial conditions. 

The devices were covered with thick opaque tape (Scotch ‘Super 33+’ Vinyl Electrical 

Tape) throughout the aging measurements in order to isolate the observed aging 

effects from photobleaching of the GSS glass [155]. One group of devices was photo-

saturated under a broadband halogen lamp used for microscope illumination for 96 

hours with a power flux of 4.45 mW/cm2, determined at 635 nm with a thermal power 

meter, before covering the device chip with tape and starting aging measurements. The 

refractive index change of ChG in this group was also tracked during photo-saturation. 

The next group was covered and measured immediately after cladding, receiving no 

additional treatment before beginning the study. The final device group was covered 
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immediately and annealed for two hours at 130 °C before beginning aging 

measurements. 

In order to isolate the aging-induced index change from thermal effects, 

temperature dependent wavelength shifts (TDWS) of ChG resonators with different 

waveguide widths were determined on a separate set of calibration devices with 

identical configurations. The device chip was placed on a temperature-controlled 

stage, and the peak shift was measured at multiple temperatures between 18 °C and 25 

°C. The device was left to stabilize for one hour at each temperature before 

measurement. We also made sure that index drift resulting from aging during the 

entire experiment was much smaller than the measured thermo-optic index change. As 

an example, the temperature-dependent resonant wavelength shifts (TDWS) of each 

measured calibration device are plotted in Fig. 12. The average TDWS was -0.072 ± 

0.005 nm/°C for the TE device modes and -0.150 ± 0.009 nm/°C for the TM device 

modes. The data point to thermo-optic coefficients of (6.16 ± 0.59) × 10-5 /°C for GSS 

and -(2.13 ± 0.14) × 10-4 /°C for SU-8, on the same order of magnitude as prior reports 

[156, 157, 97]. 

  

Figure 10: TDWS of each calibration device with respect to room temperature (18.3 

°C). Reprinted with permission from ref [152], Optics Materials Express. 
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During aging measurements, the temperature of the stage at each measurement 

is recorded. In our data analysis, we compensate for the temperature response of each 

device using the measured TDWS of the calibration device with the same geometry. 

4.5 Results 

During photo-saturation, TE and TM mode confinement factors from four 

devices with varying widths were analyzed per measurement, calculated from resonant 

peaks near 1570 nm. The changes in the devices’ effective indices versus confinement 

factors is plotted in Fig. 13(A). The calculated ΔnChG versus exposure dose, 

extrapolated from the intersection of each best fit line with the Γnorm = 1.0 axis, is 

plotted in Fig. 13(B). The error bars in Fig. 11(B) and Figs. 12 through 14 indicate the 

standard deviation of the calculated Γnorm = 1.0 intercept with the 
𝑛𝑔

𝜆𝑟
∙

∆𝜆𝑟

𝛤𝐶ℎ𝐺+𝛤𝑆𝑈8
  axis. 

During photo-saturation, the effective index of the GSS decreased and was well fit 

with a stretch exponential function with a β of 0.495 ± 0.017. The rate constant of this 

relaxation was a dose of 560 ± 51.1 J/cm2, which corresponded to approximately 36 

hours of photo-saturation. This stretch exponent is also in keeping with a similar study 

done by Knotek et al. on Ge24.9Sb11.6S63.5 in which the β = 0.45 for films exposed to 

several different light intensities at 532 nm [93]. The limit of this fit equation as dose 

approaches infinity was -(4.596 +/- 0.137) × 10-2 RIU. 
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Figure 11: A) Change in left-hand-side of Eq. 16 versus normalized confinement 

factor (defined by Eq. 15) during photo-saturation. Data in purple is fit 

from the earliest time point and red corresponds to the last measurement 

taken. B) The change in GSS refractive index vs exposure dose of 

broadband light. Reprinted with permission from ref [152], Optics 

Materials Express. 

During the aging study of the photo-saturated device, the effective index 

increased instead of decreased, and changed at a much lower rate than during photo-

saturation. Aging of this device was tracked for 32 days. The results, shown in Fig. 14, 

were best fit by a stretch exponential with β = 0.685 ± 0.064 and τc = 12.4 ± 2.2 days. 

The maximal value of the index change as determined by the limit of the stretch 

exponential fit was (1.335 +/- 0.095) × 10-3 RIU. 
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Figure 12: Refractive index change of GSS as a function of time during aging of 

photo-saturated devices. Reprinted with permission from ref [152], 

Optics Materials Express. 

The sample that underwent no annealing or photo-saturation prior to beginning 

the aging study showed the most rapid decrease in ΔnChG during aging. This data, 

shown in Fig. 15, was fit best by a stretch exponential function with τc = 32.5 ± 3.0 

days and β = 0.653 ± 0.027. The limit of the refractive index change for this sample 

was calculated to be -(8.428 +/-0.248) × 10-3 RIU. 

 

Figure 13: Refractive index change of GSS as a function of time during aging of 

untreated devices. Reprinted with permission from ref [152], Optics 

Materials Express. 
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In Fig. 16, we observe that the annealed sample showed the smallest change in 

ΔnChG vs time of all three samples. Over the 18-day time course of this experiment, the 

data was best fit by an exponential fit instead of a stretch exponential, with τc = 1.42 ± 

0.25 days. The limit of index change for this sample was -(1.731 +/- 0.094) × 10-4 

RIU. 

 

Figure 14: Refractive index change of GSS as a function of time during aging of 

annealed devices. Reprinted with permission from ref [152], Optics 

Materials Express. 

4.6 Discussion 

Overall, aging behavior of both devices that did not undergo heat treatment had 

stretch coefficients between 0.65 and 0.7, closest to the stretch exponent of 0.6 which 

indicates structural relaxation driven by short range forces. This is consistent with a 

previous report by Knotek et al., who studied aging-induced shifts in the optical 

bandgap of a Ge24.9Sb11.6S63.5 based glass with similar composition [136] 

During photo-saturation, the stretch coefficient was closer to β = 0.43, which 

would indicate a mixture of short and long-range forces driving index change. The 

result also suggests that light illumination can produce a structural state significantly 
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different from that in thermally treated but unexposed glasses. Photobleaching, the 

typical result of exposing many Ge-based ChGs to near-bandgap light, occurred as 

indicated by the decrease in refractive index. However, the increase in refractive index 

during aging of this device is somewhat unexpected. The origin of the index increase 

will be a subject for future studies. 

The results from the annealed film are not fit well by a stretch exponential 

function. This is possibly because the magnitude of the error relative to the glass index 

change is quite large, with error in many measurements comparable to the index shift. 

Overall this device had the minimum predicted index change, approximately an order 

of magnitude less than that of the photo-saturated device. 

These studies were all continued past the time frame reported in this report, 

and further decrease in neff was observed for the annealed device, however we chose to 

omit these data points because we observed significant discontinuities in the aging 

behavior of all three device arrays after a prolonged spike in the storage temperature 

of the samples. In general, the standard deviation in the calculated Γnorm = 1.0 intercept 

for all studies tended to increase over time. For example, calculated error in the 

ΔnChG of the annealed device for early timepoints was as low as 2.5 × 10-6, while 

towards the end of the study the error ranged from 3 to 8 × 10-5. 

4.7 Summary 

In summary, the change in GSS index over time of the photo-saturated and 

untreated devices reported in this letter showed good agreement with the Phillips-free 

axiomatic diffusion to traps model of relaxation, with β values indicating structural 

relaxation proceeding in response to short range forces within the glass. Photo-
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saturation of GSS may occur by a somewhat different mechanism, as its β-value is 

closer to 0.49. The thermally annealed glass exhibits the smallest index drift in the 

order of 10-4, suggesting that proper heat treatment is the preferred method to stabilize 

the optical response of ChG devices. The study shows that resonant cavity 

refractometry can be used as a precise method to extract the aging kinetics of ChG 

over a relatively short time frame. In addition to shedding light on the aging 

mechanism, the results also establish the baseline aging behavior of glass undergoing 

different processing conditions critical for practical photonic device applications based 

on these materials. 
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DEVICE DESIGN 

In the previous chapters we showed that flexible SU8 or PDMS-clad GSS ChG 

photonic resonators can be applied in cytocompatible configurations with good optical 

performance, and that the aging-induced refractive index changes in their materials 

can be stabilized with annealing. In order to apply these sensors to detect in vitro 

tissue-scale strain, we deterministically design the device array geometry, resonator 

characteristics, and measurement method to capture minute-to-minute changes in local 

strains imparted on a mm’s thick hydrogel tissue model by groups of 10s-1000’s of 

contractile cells. The fabrication of a proof-of-concept device is then demonstrated. 

5.1 Target Resolution 

From both single-cell 3D TFM and whole collagen gel contraction studies we 

see that, typically, the amount of force output by a single contractile cell is on the 

order of 100’s of pN to 10’s of nN [25, 23, 158, 159]. The niche in resolution that we 

refer to as ‘tissue-scale’ is the detection of the activity of 10’s of cells or more. 

Therefore, in this study our target force resolution is a few nN’s to μN’s. Since the 

typical cell body of contractile cell types is on the order of a few 10’s of microns in 

diameter, we choose the ideal spatial resolution, or measurement spacing, to be 

between 100 μm and 1 mm spacing of measurements in X, Y, and Z throughout a 

tissue model. We aim to perform measurements with a minute-by-minute frequency, a 

timescale comparable to other in vitro strain detection techniques. 
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5.2 2D Array Geometry 

We design a device array that can be patterned with traditional photo- and e-

beam lithography techniques on a 2D substrate before distributing the devices in three 

dimensions by buckling. In Fig. 15(A) is a bird’s eye view of the proposed sensor 

chip.  

   

 

Figure 15: The proof-of-concept device array. A) The layout of the 2D chip design 

with insets showing the location of the ring resonators and grating 

couplers. Blue indicates SU8, orange the GSS glass. B) The side profile 

of one of the sensor strips, not to scale. C) The single neutral-axis theory 

that defines the region of zero strain in a bent, structure of homogeneous 

material. 

Either SU8 photoresist or PDMS serves as the bottom and top layers of this 

device array, and act both as a cladding material and structural support. This sensor 

chip consists of two edge platforms that are used to both stabilize the device array 

after buckling and also hold input and output grating couplers that guide light into and 

from each waveguide. 
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In the center is the device array itself, patterned in strips (10 in this example), 

each bearing a single waveguide that delivers light to a number of resonant cavities 

along its length. In this particular array design we utilize grating couplers for light 

delivery. On the device strip we add a 180° bend at the end of the waveguide such that 

the input and output grating couplers can be accessed on the same end of the device. 

Each strip, in order to span millimeters- to centimeters-thick hydrogel tissue models 

when buckled, is on the order of 1-2 cm long.  

The selection of the appropriate resonator design for a given application is a 

tradeoff between ease of fabrication and the desired sensor density within the tissue 

model, which will be discussed in section 5.4.1.  

5.3 Strain Resolution 

On top of the lower cladding layer, which is at least 2 μm thick for good 

optical confinement, is patterned the GSS grating couplers, waveguides, and 

resonators, which are then clad by one or more additional layers of the cladding 

material. The side profile of a proof-of-concept device strip is shown in Figure 15B. 

What is important to note is that in this example we select a thinner under-cladding 

than top cladding, in this example placing the device plane 2 μm from the bottom of a 

10 μm stack. 

We select this position in order to expose the device to bending strain. At the 

exact center of our device stack exists at neutral plane, shown in Figure 15C. During 

buckling of the sensor bridge the tensile strain experienced by the top of the device 

stack cancels out with the compressive strain at the bottom of the device stack at this 
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plane. The equation describing the strain (ε) experienced by a device positioned off 

this neutral plane is: 

 휀 =
𝑦

𝑅
 (17) 

Where y is the distance of the device from the neutral plane, and R is the radius of 

curvature of the buckled device stack. A negative y indicates that the device is below 

the neutral plane in a region of compressive strain. 

The selection of the cladding material also effects the device strip’s in-plane 

stretchability, which further contributes to the strain experienced by the device. PDMS 

has over a 1000 times lower elastic modulus than SU-8, which increases the expected 

strain transfer between the strain in the device’s environment and the devices 

themselves by approximately the same order of magnitude.  

 The use of a more stretchable material, however, also introduces further 

design challenges. Previously we have demonstrated stretchable GSS waveguides with 

good performance on PDMS by patterning the waveguides with a serpentine structure 

[39]. This significantly increases the substrate area needed for the device. 

Furthermore, the ring resonators in these stretchable devices could not withstand the 

same amount of stretch as the serpentine waveguides, and so were patterned on SU-8 

islands to shield them from excess stretch. In this application, where the extreme 

stretchability of the resonant cavity is necessary, we require the use of sub-wavelength 

grating waveguides and resonant cavities. Subwavelength grating waveguides (SGWs) 

consist of small segments of the waveguide material separated by spacings far less 

than the wavelength of light propagating along the waveguide direction [160]. If the 

spacing is not sufficiently small, these gratings may have the characteristics of a 

grating coupler or reflector. The necessary spacing (Λ) is determined by: 
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 𝑛𝐵 <
1

2

𝜆

𝛬
 (18) 

Where nB is the index of the modes confined within the SGW, referred to as 

Bloch-Floquet modes, the nature of which were derived by Bloch from Floquet’s 

study of 1D periodic partial differential equations in 1929 [161]. 

5.4 Spatial Resolution 

5.4.1 Resonator Design 

The resonator design selected determines the spatial resolution and ease of 

fabrication of the device array. As discussed in Chapter 2, three resonator geometries 

that have potential for our application include ring, Bragg, and zero-length cavity 

resonators. The ease of fabrication of these types of devices is generally determined by 

their minimum lateral dimension. If any kind of stretchable, sub-wavelength 

waveguide and resonator design is required, then the grating spacing in the waveguide 

is the minimum dimension. If the waveguides are uniform, then the trade-off becomes 

more complex. 

In a ring resonator the minimum lateral dimension is the single coupling gap 

between the bus waveguide and ring, which is generally close to the same width as the 

waveguide. The ring resonator, however, has the largest surface area of these devices. 

Our group has optimized 450 nm thick GSS ring resonators with diameter 30 μm or 

greater in order to minimize bending loss, which have demonstrated sensitivities to 

strain on the order of 0.01% [96, 38].  

The use of ChG Bragg cavity resonators is also well established. However, the 

minimum dimension of a Bragg cavity is the period of the grating, which must be 

precisely patterned in order to get a good quality resonator. Bragg cavity resonators 



 51 

optimized for our material system are the same width as a waveguide. They can either 

be patterned parallel to the waveguide in order to couple the signal in and out, as in a 

ring resonator, or within the waveguide itself. In the first scenario resonance within the 

Bragg cavity is observed as a minimum in the transmission spectra, and in the second 

a maximum. Bragg or similar nanobeam cavities have shown increased sensitivity to 

strain in previous works, on the order of 1E-4 to 1E-7 % depending on the geometry of 

the cavity [162, 163]. 

In order to distinguish between the output signals of multiple ring or Bragg 

cavity resonators with the same bus waveguide, we fabricate the devices to have 

different cavity lengths. If the lengths are varied enough, each cavity will have a 

distinct FSR that can be distinguished on the transmission spectrum. For example, in 

order to fabricate a series of GSS ring resonators with 1 nm differences in FSR at 1550 

nm, it is necessary to change the ring radius in approximately 5 μm increments. For 

Bragg cavity resonators, changing the length of the central cavity by only 

approximately 2.5 μm is sufficient for 1 nm differences in FSR at 1550 nm. 

The need for different radii means that multiplexing ring resonators in our 

application necessitates increasing the width of the strips bearing the sensors, which 

increases their invasiveness in the cell culture platform. This is not the case for Bragg 

cavity resonators. When multiplexing multiple Bragg or ring resonant cavities per 

waveguide, typically more than five devices become difficult to distinguish from the 

output spectra. The higher the Q of the resonators, the more peaks would be 

distinguishable on the device spectra. 

The use of a zero-length cavity resonator requires high-precision fabrication in 

order to generate a single, distinct resonant wavelength peak for each device. In these 
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devices the minimum dimension is both the grating spacing and the cavity length. The 

single resonant peak allows the user to potentially pattern as many zero-length cavities 

that can fit along a given waveguide. Each zero-length cavity can be tuned to operate 

at a given wavelength by changing the period of the cavity to meet the condition 

[164]: 

 a =  
λ𝑜

2×𝑛𝑒𝑓𝑓
 (19) 

5.4.2 Deterministic Buckling 

The 2D geometry shown in Figure 15 is buckled into a 3D device array by 

releasing the whole structure from the substrate and sliding the edge pieces together to 

span a distance, x. Figure 16A shows an overview of the buckling process. For a 

buckle with uniform thickness, this results in a symmetric buckle geometry in which 

the center point of each strip is lifted to a maximum height in the z-direction that 

depends on the buckled strip length and the span of the buckle in x. The shape and 

absolute value of curvature of this buckle shape is shown in Figure 16B. 



 53 

 

Figure 16: The 2D device is delaminated and buckled into 3D. A) An overview of the 

buckling process. B) The shape and absolute value of curvature of a 

symmetric buckled device strip. 

The shape of this buckle follows a nonlinear beam buckling theory [165] that 

assumes that the beam is isotropic, nonlinear, free from initial stress, and undergoes 

only a compressive load in the direction of the buckle span that is less than the 

material’s yield stress. We also assume a weightless beam.  

During large deformation: 

 𝐸𝐼
𝑑2𝛼

𝑑𝑠2
+ 𝐹

𝑑ℎ

𝑑𝑠
= 0 (20) 

In which E is the modulus of the beam, I its cross-sectional moment of inertia, 

α the angle of deflection, s the arc length, h the height of the beam, and F the load 

applied to the beam as show in Figure 17. 
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Figure 17: Schematic of the notations used to describe a beam undergoing large 

deformation nonlinear buckling. 

The buckle profile is defined by: 

 𝑥(𝜑) =
1

𝑘
[2𝐸(𝜑, 𝑝𝑜) − 𝐹(𝜑, 𝑝𝑜)] and ℎ(𝜑) =

2𝑝𝑜

𝑘
[1 − cos𝜑] (21) 

For 0 ≤ 𝜑 ≥ 2𝜋 

Where 𝑘2 = 𝐹/𝐸𝐼 and 𝑝𝑜 = sin(𝛼𝑜/2). In this equation, E and F are elliptical 

integrals. After applying boundary conditions: 

 𝑥(0) = ℎ(0) = 0 and ℎ′(0) = ℎ′(2𝜋) = 0 (22) 

The length (Ltot) of the buckle is calculated as:  

 𝐿𝑡𝑜𝑡 = ∫ √𝑥′(𝜑)2 + ℎ′(𝜑)2𝑑𝜑
2𝜋

0
=

4𝐾(𝑝𝑜)

𝑘
 (23) 

And the span in x: 

 𝐿 =
1

𝑘
[2𝐸(2𝜋, 𝑝𝑜) − 𝐹(2𝜋, 𝑝𝑜)] (24) 

By inputting the desired buckle length and span, we can calculate po and k in 

order to calculate the symmetric buckle shape (Figure 17B). 

If all buckles in our device array experienced the same type of deformation, 

this would lead to large areas within our tissue model that are not interrogated by 
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sensors. In order to get a more uniform device distribution, we can modulate the top 

cladding thickness of each buckle to get asymmetrically buckled device strips. In 

Figure 18 we show a buckle shape that results in thickness variation along the buckle 

from a thickness t to 1.2t. 

 

Figure 18: The derived asymmetric shapes of a buckles with total length 1 cm and 

span 7 mm. The thickness contrast is 1:1.2, with the thinner segment 

closest to x = 0 mm. Half of the strip is 1.2t thickness. 

The total length of these two sections is given by: 

 𝐿𝑡𝑜𝑡 = 𝑙1 + 𝑙2 =
1

𝑘1
𝐹(𝛷, 𝑝1) +

1

𝑘2
[4𝐾(𝑝2) − 𝐹(𝜑, 𝑝2)] (25) 

With height: 

 ℎ(𝜑) = {

2𝑝1

𝑘
[1 − cos𝜑], 0 ≤ 𝜑 ≤ 𝛷

2𝑝1

𝑘
[1 − cos𝛷] +

2𝑝1

𝑘
[cos𝛷 − cos𝜑], 𝛷 ≤ 𝑥 ≤ 2𝜋

 (26) 
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and x-position: 

 

𝑥(𝜑) =

{

1

𝑘1
[2𝐸(𝜑, 𝑝1) − 𝐹(𝜑, 𝑝1)], 0 ≤ 𝜑 ≤ 𝛷

1

𝑘1
[2𝐸(𝜑, 𝑝1) − 𝐹(𝜑, 𝑝1)] +

1

𝑘2
[2[𝐸(𝜑, 𝑝2) − 𝐸(𝛷, 𝑝2)] − [𝐹(𝜑, 𝑝2) − 𝐹(𝛷, 𝑝2)], 𝛷 ≤ 𝑥 ≤ 2𝜋

 (27) 

We can then calculate p1, p2, Φ, k1, and k2 from these equations given the total 

length, segments lengths, and thickness variation desired. 

5.5 Temporal Resolution 

An additional resolution requirement that we want to meet is rapid device 

interrogation that allows us to take minute-by-minute measurements. In tissue model 

studies it is ideal to perform 3 each of biological and technical repeats alongside 

positive and negative controls to demonstrate statistically significant differences 

between sample conditions. In theory this would require us to measure nine or more 

device arrays at a time. Assuming 10 buckles per array, in order to be able to take 

measurements of all devices in all arrays once every hour with a single laser, the 

length of time it takes to scan each device must be less than one minute. For minute-

to-minute measurements, we require measurement times on the order of few seconds. 

The temporal resolution of our measurements is in part determined by the 

scanning speed of our laser source, which must scan over a sufficiently broad 

wavelength range in order to pick up the signals of all the devices along each buckle. 

Two device design considerations that we can leverage to increase measurement speed 

are the design of resonators cavity lengths such that we can minimize the spacing 

between peaks of interest, thereby reducing the range of wavelengths that we need to 
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scan, and reduction of alignment time to each waveguide with the use of a substrate-

bonded fiber bundle that does not require manual alignment to each device.  

Optimization of arrayed wavelength gratings with time division multiplexing 

may also be used to scan multiple waveguides at once [166, 167]. Or, assuming we 

work with a single laser source but multiple waveguides, we can also use programmed 

optical switching and measurement software to cycle between devices and/or device 

arrays. With all of these considerations optimized, we expect that the measurement 

time could be reduced to seconds per waveguide, allowing us to take minute-by-

minutes measurements with this proposed device design.  

5.6 Proof-of-Concept Device Fabrication 

5.6.1 On-Chip Processing 

In order to demonstrate a functional proof-of-concept device with relatively 

simple fabrication, we selected ring resonators patterned in a device array with a 

symmetrically buckled geometry. The GSS ring resonators ranged from 30 to 50 μm 

in diameter and were patterned on SU-8 device strips 200 μm wide and 1 cm long. The 

thickness of the overall device stack was 10 μm, with the sensors patterned 3 μm 

below the neutral axis. 

Basic principles of fabricating these devices were developed in the University 

of Delaware Cleanroom in 120 DuPont Hall prior to the establishment of Dr. Hu’s 

research group at MIT. Here the design and UV lithography patterning conditions of 

the SU-8 cladding layers were optimized using a Karl Suss MA6 mask aligner. The 

GSS resonators were patterned using a single-layer liftoff resist, RD6, with a 

photomask and ABM mask aligner system. However, it was determined that these 
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techniques did not produce devices with sufficiently high quality, and the fabrication  

was instead continued with fabrication facilities at MIT by my collaborator Jerome 

Michon. The optimized processing of these devices is described in more detail in 

Appendix B. 

 

Figure 19: General processing summary for 2D device fabrication. 

Figure 19 shows a schematic of this processing procedure. SU8 cladding layers 

are defined by photomasks using UV lithography, and the GSS is deposited using 

thermal evaporation. These processes are described in more detail in section 4.4.1. 

Low resolution AZ resist protects the glass in the location where the waveguides will 

be patterned, while ICP/RIE using a fluorine etch chemistry removes excess GSS from 

the edges of the SU8. This allows HF to more readily remove the devices from the 

substrate, as will be described in the next section. Higher resolution Ebeam resist is 

then used to define the waveguides, which are again etched with RIE before applying 

the top cladding layer. 



 59 

5.6.2 Device Peel-Off 

Initial device peel-off conditions were optimized at the University of 

Delaware. Initial attempts to get free-standing devices involved patterning device 

arrays on substrates such as glass and silanized silicon. Dissolution of a glass handler 

with HF solutions was difficult to control, as was holding the device on a handler 

while dissolving the glass. Patterning devices on silanized wafers to decrease adhesion 

of the SU8 undercladding caused premature peel-off, as the devices tended to float off 

the substrate during resist development steps. Finally, a procedure which involved 

patterning the devices on oxide-coated wafers was selected. In order to remove the 

final devices from their substrate, the oxide was partially dissolved in HF until the 

corners of the SU8 began to lift off. The sample was the rinsed and the device covered 

with water soluble wave-solder tape, which was then used to peel off the device from 

the substrate. The dissolution of the tape was best in slightly acidified water, with low 

HCl concentration.  

These conditions were further optimized for best reproducibility by 

collaborator Jerome Michon at MIT. In particular the reproducibility of the partial 

dissolution of the oxide was optimized by selecting a lower concentration HF solution, 

12.5% HF. Device cracking during delamination with the water soluble tape was 

reduced by using a multilayer tape stack to minimize stretching of the tape during 

peel-off, which had been straining our devices to their fracture point. This tape stack is 

then used to attach the device to a handler, with device edges adhered to the handler 

with Kapton tape. The tape is dissolved with 5% HCl, and the device buckled on-

handler. Figure 20 shows images of each device buckling step. 
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Figure 20: Images of the procedure for device delamination and buckling. Courtesy 

Jerome Michon. 

With robust fabrication protocols established for these proof-of-concept 

devices, their performance and sensitivity to cell-induced strains was established 

through finite element modeling and strain-tracking experiments in vitro. 
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FINITE ELEMENT MODELING OF DETERMINISTICALLY BUCKLED 

DEVICES 

In order to demonstrate the sensitivity of these deterministically buckled sensor 

arrays to in vitro deformations, finite element models of SU-8 buckles were compared 

to the proof-of-concept fabricated device response to compression between stainless 

steel blocks. Then, to utilize FEM to simulate a relevant in vitro environment, PDMS 

buckles were subjected to expected deformations and stiffness changes in a cardiac 

graft tissue-like material system. COMSOL Multiphysics 4.3b with the structural 

mechanics module was used to perform these modeling experiments. 

6.1 Shape 

In order to interrogate a mm’s thick graft tissue model, four symmetric and 

asymmetric buckles with 1.4 cm lengths and spans of 1 cm were also modeled. Small 

thickness variations in these 1.4 cm long buckles, variations of 1.2t or less, were found 

to be more than adequate for significant displacement of the maximum height of the 

asymmetrical buckles from the center of their span. Furthermore, we selected these 

geometries because greater thickness variations lead to sharp transitions between thin 

and thick buckled regions, the meshing of which was difficult to resolve in COMSOL. 

The buckle thickness selected was also limited by ability of COMSOL to resolve the 

step between thin and thick regions on such high aspect-ratio structures, therefore 20-

24 μm buckle thicknesses were selected for these models even though we had 
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experimentally demonstrated buckles with 10 μm thickness. The four shapes chosen 

are plotted in Fig 21. 

  

Figure 21: The four buckle shapes used in the cardiac graft tissue-model. 

6.2 Device Compression Experiments 

The compression of buckle shapes between two metal blocks was performed 

with 2D modeling. The edge faces of each buckle were fixed to the edge faces of the 

lower block with rigid connector physics in COMSOL. The bottom of the lower block 

and the edge faces of the buckle were constrained in all 3 dimensions and not allowed 

to rotate. The top block made point contact with the highest point of the buckle and its 

motion was constrained in all but the z-direction. The bottom face of the buckle and 

top face of the lower block, and the top face of the buckle and bottom face of the 

upper block were modeled as contact pairs. The mesh on these boundaries was refined 

in order to improve convergence of their contact. In order to compress the buckle, the 

top block was lowered in z by a prescribed displacement. Friction was not applied to 

this model, and all materials were considered linear elastic and isotropic.  
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6.2.1 Symmetric Buckle Compression 

In Figure 22 is shown the results of compressing the symmetric buckle shape 

by different displacements, In Figure 22A is shown the buckle shape before and after 

displacement, and in 22B is the calculated strain of a device 3 μm below the neutral 

axis of the buckle at the midpoint of the buckle at each deformation.  

 

Figure 22: Simulation results used in the calibration experiment. A) The deformed 

(color) shape of the symmetric buckle (original shape in black), displaced 

by a block 0.7 mm in the z-direction. B) The calculated strain at the 

midpoint of the original buckle versus the displacement of the block. 

6.2.2 Symmetric Calibration Test 

These simulation results were compared to experimental results in order to 

determine the strain sensitivity of our devices. In this test, an array of 1 cm long 

symmetrically buckled device strips is fixed to its holder at a 7 mm device span. Each 

strip is 200 μm wide and 10 μm thick. As in the previous chapter, the device response 

to temperature is characterized before and accounted for during the experiment. In this 

experiment we track the resonant peak shift of a device at the top of the buckle. 
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 A motorized stage with a piezoelectric actuator (TRA25CC, Newport) is used 

to lower a metal block over the buckle array until it comes into point contact with the 

top of the buckles. It is then incrementally lowered by the same distances as in the 

simulation studies. Figure 23 shows the device resonant peak shift versus 

displacement, averaged over the devices tested.  

 

Figure 23: Experimentally determined resonant peak shift versus displacement of a 

symmetrically buckled proof-of-concept device. Error bars (~10 pm) are 

too small to be seen.  

One limitation of this technique is that the small variations in the buckle shape 

that result from manually placing it on a holder mean that we have to experimentally 

determine the “0” height at which the block starts compressing the buckle. An 

alternative calibration that accounts for this will be discussed in the next section. From 

these data we can compare the strain determined by the simulation experiments, and 

experimentally determined peak shift as a result of the deformation of the proof-of-

concept device. A linear relationship, Δ𝜆 = 3.2 ⋅ Δ𝜖 − 0.04 𝑛𝑚,  between peak shift 

and strain is observed, plotted in Figure 24.  
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Figure 24: The determined peak shift vs strain of the calibration device. 

6.2.3 Accounting for Variations in Shape 

While the calculated error in these data is on the order of 0.03%, this 

calibration method is further limited by the assumption that the shape of the 

calibration device buckle spans precisely 7 mm. Since the device array is loaded on 

the sample holder by hand, we estimate that the variations in buckle shape contribute 

additional error to the estimate of the strain on the order of 1%.  

An all-optical calibration method was therefore developed that was 

independent of variations in the initial buckle shape. Two aspects of the device 

fabrication and buckling are controlled with high precision. The first is the Ebeam 

patterning of the devices, which allows us to know the spacing between devices along 

a waveguide with sub-micron accuracy. Secondly, we rely on precisely machined 

spacers in order to control the span of the buckle being held on its handler. Therefore, 

the change in span with the substitution of different spacers is also known with great 

accuracy. In this experiment, the change in peak position of at least two resonators 

after changing between one spacer (a) to another (b) is used to calculate the change in 
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strain at the device in response to changes in the buckle span. This result is utilized to 

calculate the buckle length and the devices’ positions along that length.  

First, due to the linear relationships between resonant peak shift and strain, and 

buckle curvature and strain, we can define the following relationship with notation a 

and b designating the two different shapes due to changing the buckle span: 

 
Δ𝜅𝑎

Δ𝜅𝑏
=

Δ𝜆𝑎

Δ𝜆𝑏
 (28) 

This can be substituted into a system of equations that can be solved for each 

buckle’s length, span, and the changes in those lengths and spans at different 

deformations. The system of equations that can be solved using this relationship is: 

 

{
 
 
 
 

 
 
 
 

𝐿1 − 𝐿𝑡𝑜𝑡 = Δ𝑠𝑝𝑎𝑛1 = Δ𝑠𝑝𝑎𝑛2

𝐿1 =
1

𝑘1
[2𝐸(2𝜋, 𝑝1) − 𝐹(2𝜋, 𝑝1)]

𝐿2 =
1

𝑘2
[2𝐸(2𝜋, 𝑝2) − 𝐹(2𝜋, 𝑝2)]

𝐿𝑡𝑜𝑡 =
4𝐾(𝑝1)

𝑘1
=

4𝐾(𝑝2)

𝑘2

Δ𝐿𝑎−𝑏 = ∫ √𝑥1
′(𝑡)2 + ℎ1

′ (𝑡)2𝑑𝑡
𝜙𝑏
𝜙𝑎

= ∫ √𝑥2
′ (𝑡)2 + ℎ2

′ (𝑡)2𝑑𝑡
𝜙𝑏
𝜙𝑎

Δ𝜅𝑎

Δ𝜅𝑏
=

Δ𝜆𝑎

Δ𝜆𝑏

 (29) 

 

6.2.4 Force/Strain Sensitivity Determination. 

The resolution of peak shift vs strain experienced by resonators along the 

device strips is high, however what we aim to study by integration of this device into 

3D cell culture systems is the deformation of a hydrogel which then deforms the 

buckle. Due to the rather extreme modulus mismatch between the hydrogel and our 

device, we do not expect this strain transfer to be near unity. Rather, from the 

geometry of the buckle, as well as the Young’s modulus of the strip/cladding material 
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(Eclad) and of the material in which it is embedded (Egel), we can calculate the 

minimum Young’s modulus that we expect to be able to deform the buckle (Emin,gel): 

 𝐸𝑚𝑖𝑛,𝑔𝑒𝑙 ≥
48

5

𝑅𝑡3

𝐿4
𝐸𝑐𝑙𝑎𝑑 (30) 

The derivation of this equation in in Appendix C. Where R is the bending 

radius, t the thickness, and Ltot the length of the buckle segment. Geometrical 

parameters are illustrated in Figure 25. 

 

Figure 25: Geometric parameters used to calculate the sensitivity of these devices. 

We can also calculate the minimum force detectable by our devices from these 

parameters as well as the minimum detectable peak shift, Δλmin, the strain-optical 

coefficient, α, determined from the calibration study in Section 6.22, and the device 

distance from the neutral plane, y, defined in Section 5.3. 

 Δ𝐹𝑚𝑖𝑛,𝑐𝑙𝑎𝑑 =
𝐸𝑐𝑙𝑎𝑑𝑤𝑡

3

10𝑅
⋅
Δ𝜆𝑚𝑖𝑛

𝛼𝑦
 (31) 

The change in strain in the hydrogel that is detected as a result of this force is 

equal to: 
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 Δ𝜖𝑔𝑒𝑙 =
4

5

𝑡3

𝑦𝐿2
⋅
𝐸𝑐𝑙𝑎𝑑

𝐸𝑔𝑒𝑙
⋅
Δ𝜆

𝛼
 (32) 

Substituting typical geometrical parameters: w = 10 μm, t = 10 μm, y = 3 μm, 

and R = 1 mm, as well as the experimentally determined α = 3.2 nm/%, the minimum 

force detectable on an SU-8 buckle with modulus 4.02 GPa, is 419 nN. For a PDMS 

buckle with typical modulus of 2.6 MPa, the minimum detectable force is 271 pN, an 

impressive sensitivity, higher than almost all other force detection techniques. The 

minimum change in strain in the hydrogel that can be detected from an SU8-clad 

sensor embedded in 1 kPa hydrogel with the same geometric parameters is 0.34% 

strain, while the same value for a PDMS buckle is 2.2x10-4 % strain. 

These analyses show the impressive sensitivity predicted for buckles 

experiencing primarily bending strain, however, some of the expected deformations of 

these buckles cause them to experience changes in length. In the next section, an 

example of buckle deformation in stretched FEM of cardiac graft tissue models is 

utilized to demonstrate a possible real-world application of these devices, and further 

demonstrate their sensitivity to relevant material parameters and deformations. 

6.3 In vitro Cardiac Graft-like Finite Element Model 

Heart disease is the leading cause of death worldwide according to the CDC. A 

major contributor to these statistics is the inability of heart tissue to repair injury 

without the formation of thick scar tissue, which leads to future heart failure. One 

solution to this problem is the development of artificial graft tissues densely populated 

with relevant cell types, such as cardiomyocytes and cardiac fibroblasts, that can be 

placed over the wound to aid healing. The ideal cardiac graft tissue would have tens of 

square centimeters of surface area, approximately 1 cm thickness, and contain an 
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aligned, healthy population of mature cardiac cells [3]. The alignment and 

development of the cells is typically accomplished by tethering the tissue model to 

PDMS posts [168], or through the application of cyclic stretch of 5-10% strain to the 

tissue construct [169, 170]. 

6.3.1 Limitations of Current Graft Tissue Models 

The development of these replacement tissues is severely limited by the 

difficulty of perfusing thick tissue constructs with oxygen and media, which maintains 

cell viability. Lack of active perfusion can lead to cell death in all but the outer 100μm 

of the tissue model [171]. In order to combat these issues, scientists have developed a 

number of perfusion methods [172, 173], some of which incorporate artificial 

vasculature [173, 174]. Often the effectiveness of perfusion can be tested by perfusing 

a factor that increases the contractility of the cell type being studied, which is 

characterized either through its ability to contract or stiffen the tissue model [175, 28], 

or more traditionally by observing changes in cell morphology or expression of 

phenotype-specific genetic markers [176].  

In one study, collagen models of human umbilical veins with varying rat-

derived MSC seeding densities undergoing cyclic or static stretch were compared. 

Overall the difference in tensile strength between ‘overpopulated’ (and therefore 

nutrient-starved) models and those with a lower initial seeding density of MSC’s after 

one week was approximately threefold, as determined by uniaxial tensile testing, in 

which the sample was stretched at a rate of 1%/s until failure [175]. The difference in 

the rate of surface area contraction of floating collagen gels populated with mouse-

derived MSC’s of different fibrillar density was studied by Serpooshan et al [28]. The 
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contraction rate increased by approximately 13%/day with a 3% reduction in fibrillar 

density. Other studies have shown that the combination of both cyclic stretch and the 

perfusion of tissue models with contraction-stimulating factors enhances 

differentiation of cardiac fibroblasts to myofibroblasts [177, 178] or increases strain 

induced by cardiomyocytes [179] better than either cyclic stretch or perfusion alone. 

6.3.2 Experiment Design 

In this work, we aim to analyze the mechanical and sensing response of the 

sensor array via analytical modeling and FEM and verify that the sensor can be 

applied to stiffness gradient detection in cardiac graft tissue models. In our FEMs we 

utilize the COMSOL Multiphysics 4.3b Solid Mechanics module to encase the four 

buckle shapes shown in Figure 21 in rectangular volumes of hydrogel-like material. 

The thin regions of each buckle are swept with a rectangular geometry 20 μm thick by 

20 μm wide. The thicker regions are 24 μm thick. We choose a larger than necessary 

width and thickness in order to enable meshing of the step between the thin and thick 

segments.  

In order to mimic the cyclic strain typically imposed on cardiac graft tissue 

models, the whole gel is strained by 10% in the z-direction. The base of the hydrogel, 

and each end face of the buckle are modeled as fixed constraints. The top face of the 

gel undergoes a prescribed displacement in the z-direction of 10% of the gel height. 

For the purposes of this experiment, the ‘hydrogel’ is modeled as an isotropic, linear 

elastic material. We make this choice because the 10% strain imparted on the material 

is within the linear elastic regime of many hydrogels. Figure 26 shows a model of a 

symmetric buckle undergoing this deformation. The black frames indicate the initial 
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geometry of the buckled strip and hydrogel block, and the colored regions the 

deformed geometry. 

  

Figure 26: Deformation of a symmetric buckle in a 240 Pa hydrogel-like FEM 

stretched by 10%. 

We vary the stiffness of the environment between 240 Pa and 1200 Pa to 

mimic the modulus of a valvular interstitial cell-populated poly(ethylene glycol) tissue 

model from the literature with a tunable modulus ranging from that of damaged (or 

developing) and healthy cardiac tissue [180] and observe the differences in local strain 

experienced along each buckled device strip in each environment. In our first study we 

compare the deformation of the buckle in blocks of different uniform modulus. The 

purpose of the study is to show that the strain variation detected by the sensors can 

provide precise information about the stiffness of the hydrogel matrix the sensors are 
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embedded in. In the second, we impose a radial gradient in x and y on the modulus of 

each environment, with the highest modulus in the exact center of the gel. This design 

is selected to model the effects of the perfusion of growth factor from a central 

vasculature in the gel. In this study we do not model the geometry of the vasculature, 

and instead study of the effects of perfusion from an idealized dimensionless 

vasculature. This locally increases the contractility of local fibroblasts and as a result 

increases the modulus of the gel at the center point. For simplicity, we do not induce a 

gradient due to diffusion of media or oxygen from the outside of the gel block. These 

gradients are defined by an error function and diffusion coefficient determined by 

Kihara, et al. for a collagen hydrogel (2.7x10-6 mm2/s), a typical platform for the 

development of tissue models.  

 𝐸(𝑥, 𝑦) = (𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛) ∗ (1 −
erf (𝑎𝑏𝑠(√(𝑋𝑐−𝑋)2+(𝑌𝑐−𝑌)2

2∗𝑠𝑞𝑟𝑡(𝐷𝑡)
)) + 𝐸𝑚𝑖𝑛 (33) 

In this equation Emax and Emin are equal to 1200 and 240 Pa, respectively, with 

(X¬c, Yc) being the coordinate of the center of the hydrogel. The diffusion times 

chosen are 6, 18.5, and 37.5 hours, in order to increase the maximum distance of 

perfusion from the center by 1 mm increments. 

In a third model we explore using the sensor array to pinpoint the spatial 

displacement of the vasculature  in x. We offset the central point of a radial gradient 

with a diffusion time of 6 hours and compare the deformation of the device strip in 

these environments to its deformation in a uniform modulus environment of 240 Pa. 

The mechanical properties used to define each material in this FEM are shown in 

Table 1. The strain in the PDMS strip as a result of its deformation is calculated along 
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its arc length. The strain profile is then used to determine the displacement of the 

vasculature. 

Table 1: Material parameters used in building a PDMS buckle-in-hydrogel FEM. 

Material PDMS Hydrogel 

Young’s Modulus 2.6 MPa 240-1200 Pa 

Poisson’s Ratio 0.495 0.495 

Density (kg/m3) 0.97 1000 

Some low-grade noise results from the modeling of a highly anisotropic beam 

in a large volume, which cannot be accounted for in the refinement of the mesh. We 

therefore select to smooth this noise with post-processing using weighted adjacent 

point averaging in Origin 2017. The averaging windows are defined as 3.2% the total 

number of points plotted along the arc length. 

6.3.3 Results 

The original and deformed shape of the symmetric buckled strip in a 240 Pa 

environment is shown in Figure 27A. In our first experiment, the strain at each point 

along the deformed structure in 240 to 1200 Pa environments is calculated. The strain 

experienced at points along this buckled strip in different moduli is shown in 27B. The 

regions of maximum relative strain are approximately ¼ and ¾ along the length of the 

buckle, with the second highest relative strain experienced at the midpoint.  
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Figure 27: A) The deformation of a symmetric buckle in 240 Pa environment. B) The 

strain experienced at points along its arc length after deformation in 

different modulus materials. 

Figure 28 shows the strain experienced in different modulus materials at two 

representative points for each of the four buckle shapes. The regions chosen are the 

two points undergoing the largest amount of strain due to this deformation. The 

maximum strain region in each buckle is typically that which is the most aligned with 

the direction of the strain imparted on the hydrogel. The strain in general exhibit a 

sub-linear dependence on the modulus of the hydrogel. The sub-linear dependence can 

be empirically fitted with simple exponential functions with R2 values consistently 

above 0.998. From the curves for the asymmetrical buckles, especially, we observe 

that differences in modulus of 1 Pa lead to changes in strain between 0.006% to 0.011 

% at these points, suggesting that our technique can readily identify changes in 

modulus throughout the hydrogel of less than 1 Pa. 
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Figure 28: The strain experienced at two points along each buckle shape in different 

modulus materials. Insets show the shape of the buckle and the points 

corresponding to each set of deformations. 

To determine the magnitude and position of modulus gradients throughout the 

gel, we compare the deformation of the symmetrically buckled strip in each 

environment. The strain along the buckle deformed in uniform 240 Pa hydrogel is 

subtracted from the strain experienced by the device in each gradient. In Figure 30 is 

plotted the modulus gradient alongside this normalized strain. These data are plotted 

vs the buckle span, X, instead of arc length in order to show the relationship between 
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gradient position and strain. As can be seen in this comparison, the span of the region 

of maximum deformation in the buckle is strongly correlated to the span of the 

modulus gradient. 

 

Figure 30: The gradient magnitude (Top) defined by theoretical diffusion time of 

growth factor, and the change in strain in a symmetric buckle normalized 

to its deformation in uniform 240 Pa material, versus their position in X. 

To determine whether the gel has an offset gradient, we look at the symmetry 

of the strain in the buckle vs X. In Figure 31A is plotted these data, which again are 

normalized to the strain along the buckle deformed in the 240 Pa hydrogel. The 

position of the absolute value of maximum normalized strain is strongly correlated to 
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the offset of the gradient from the center point in the hydrogel. This correlation is well 

defined by an exponential function, shown in Figure 31B. 

 

Figure 31: A) Comparison of gradient position and relative strain along a symmetric 

buckle, normalized to deformation in uniform 240 Pa modulus gel. B) 

The exponential relationship between gradient position and the position 

of maximum magnitude of strain along the buckle. 

6.3.4 Summary 

This experiment successfully demonstrates the application of our 

deterministically buckled sensors and their deformation in 3D in vitro cardiac tissue 

model under tension. Under this type of deformation, the primary deformation of the 

PDMS buckles is tensile strain, and the device may be patterned at the neutral plane 

without significant loss in sensitivity. In fact, the large amounts of strain, on the order 
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of several percent, are too great for normal waveguides. For this device we would 

propose the use of sub-wavelength grating waveguides, so that the waveguides 

themselves can be stretched on the order of the deformation of the buckle.  
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DEVICE INTEGRATION 

The theoretical determination of the devices’ sensitivity to differences in strain 

due to stiffness gradients in in vitro tissue models via finite element modeling 

establishes the validity of this method for local strain detection. Here we verify the 

usefulness of a proof-of-concept device array in real-world applications. 

7.1 Collagen Contraction Experiments 

As discussed previously, the contraction of floating or partially tethered 

collagen gels has had widespread use for decades as a method to characterize the 

forces output by contractile cells such as fibroblasts in response to different physical, 

biological, or chemical cues. Typically gels in these experiments are imaged or 

tethered to force gauges to determine the characteristics of the cell behavior. For our 

experiments, in order to compare the readout of our devices to visible cell contraction, 

a Rat Tail Type I collagen gel system with a high population of neonatal dermal 

human fibroblasts (NDHF) was selected. This cell type was selected for its high 

doubling time (18 hours) and high contractility. Its primary nature makes these cells 

more sensitive to any cytotoxic factors in their environment than immortal cell lines 

such as NIH3T3s. Therefore we also used these cells to test the cytocompatibility of 

the cell culture systems developed for these studies. 

For these studies, populations of 1 million NDHF/mL fibroblasts were cultured 

in 3-4 mg/mL collagen. First, a study showing typical changes in gel volume and 
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metabolic activity was performed over 24 hours. In this study, 1 million/mL NDHF 

was cultured in 3 mg/mL rat tail type I collagen. First, the collagen precursor was 

brought to the correct concentration with 0.002 M sterile Acetic Acid. Sterile 10X 

PBS was added to 10% of the final gel volume to maintain tonicity of the cell culture. 

A 100 μL aliquot of this solution was taken, and the pH slowly increased by the 

addition of sterile 1M NaOH in 0.5 μL increments, until the pH was brought to 7.6-7.8 

according to pH test strips. The gel was observed to make sure this mixture yielded a 

uniform gel. This ratio of NaOH to precursor solution is used to pH the gel at a later 

step. The precursor solution is kept on ice in a sterile tube until needed.  

Early passage (0-6) Primary NDHF from ATCC were maintained with low-

growth serum media, also from ATCC. Media was changed every 2-3 days to maintain 

cell culture pH and oxygenation levels. For this study, cells were lifted from their 

culture flasks with 0.25% Trypsin and incubated for 5-10 minutes. These cells were 

then removed from the flask in Trypsin solution and spun down at 1500 RPM for 3 

minutes. The Trypsin was removed, the pellet broken, and the cells resuspended in 

media. After cells were counted with a hemocytometer, the desired cell population for 

the study was separated and spun down. The leftover cells were passaged into a new 

flask. While the cells were centrifuging, the collagen mixture was brought to the 

proper pH with the calculated amount of 1M NaOH and gently mixed with a pipette. 

Some collagen was pipetted into cell culture wells before adding cells, as a control. 

The excess media was then removed from the cell pellet, and the pellet broken. The 

remaining collagen was gently mixed with this pellet before aliquoting the culture into 

its wells. Gels were incubated for 20 minutes to half an hour to allow gelation to 
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complete. Media was then added to the tops of the gels, and culture continued in the 

incubator. Three repeats of gels with and without cells were studied. 

For the metabolic assay, the cell culture media was mixed in 10:1 ratio with 

prestoBlue. This was done immediately after the gel had formed, and then again at the 

end of a 24 hour study. The media/prestoBlue mixture was then incubated for 2-3 

hours. Three 100 μL volumes of the solution were aliquoted from each well into a 98-

well plate. The remaining solution was removed and replaced with normal media to 

continue the cell culture. A fluorescence plate reader was then used to excite 

fluorescence in the metabolized prestoBlue at 560 nm and read out the resulting signal 

at at 590 nm. 

For the volume study, media was carefully aspirated from the gel, then added 

back slowly until the media formed a meniscus that just reached the top of the well. 

The volume of media was recorded, and the media volume returned to its original 

level.  

The results of both of these studies is shown in Figure 32. No statistically 

significant difference was noted in the control wells, so only data from the cell culture 

is shown. Data is normalized to the control well volume or metabolic activity at the 

start of the study. It can be seen that the volume of the gels decreases by 

approximately 40%, while the metabolic activity more than doubles. Both of these 

changes are statistically significant with p<0.05 according to Student’s TTest.  
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Figure 32: Change in gel volume and metabolic activity of 1 million NDHF cultured 

within a 3D, 3mg/mL collagen gel over 24 h. * indicates statistical 

significance, p<0.05. 

7.2 Environmental Control 

Typical cell culture conditions require a number of environmental controls 

including temperature, humidity, oxygenation and CO2 concentration. Two 

environmental control systems were developed to support 3D cell culture around this 

sensor array. One system enabled use of multiple device arrays at a time on an optical 

benchtop. The other allowed devices to be used within a cell culture incubator. All 

components of both chambers were sterilized by soaking in 70% ethanol for several 

hours followed by overnight exposure to a UV lamp before initiating cell culture. 

7.2.1 Gas Flow 

The maintenance of humidity levels, typically 80% and above, in cell culture 

ensures that cell culture media does not evaporate from the surface of the hydrogel and 

reoxygenates the media. The delivery of 5% CO2 to the mammalian cell culture 

maintains physiological pH to combat the effects of cell metabolism, which acidifies 

the cell environment [181]. The input gas to the cell culture system must be passed 
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through sterile filters in order to remove any airborne bacteria that may infiltrate the 

system. 

In the benchtop cell culture system, a gas flow chamber was attached overtop a 

row of wells with an airtight gasket. These wells are designed to fit over the buckled 

part of the device, leaving the edges partially exposed. This design was selected for 

early iterations of the device arrays, in which edge coupling was used to deliver light 

to each waveguide. Before adding the gas flow chamber, a sterile aeraSeal adhesive 

filter was cut with a sterilized scalpel in a cell culture hood and stuck overtop of the 

wells. The aeraSeal over one well was punctured and the well filled with water to 

serve as a humidification reservoir. The gas flow chamber was screwed to the top of 

this seal, and airflow was initiated using low base pressure on the order of 5 mTorr 

from a cylinder of 5% CO2, 75% N2, 20% O2 cylinder purchased from Keen 

Compressed Gas. In addition to the humidity from the water-filled cell culture well, 

the gas was humidified by pumping it through a sealed glass bottle filled with DI 

water. A second line collected the humidified gas expelled from this bottle and 

delivered it to the gas flow chamber through a sterile syringe filter. The port that 

allowed gas out of the chamber was also sealed with a sterile filter. 

In the second iteration of the cell culture chamber, the cell culture well was 

capped with a sterilized cover slip. The cover slip was selected over the aeraSeal since 

a screwed gasket was not required for this system, and without it the aeraSeal peeled 

off the wells over time. The device in this chamber was interrogated by an optical 

fiber bundle instead of edge coupling. The fibers in the bundle, each less than 1 mm in 

diameter, could be passed through the doors of a cell culture chamber without 

impacting its performance, or the performance of the fibers. A window caulk putty 
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was put around the incubator door where the fibers passed through to ensure an 

airtight seal. Gas flow in cell culture incubators is controlled via a mass flow 

controller that combines pure CO2 with air, that is then passed through sterile filters. 

The incubator is then humidified by a large water reservoir. 

7.2.2 Temperature 

Temperature regulation typically requires 37 ± 0.1 °C for mammalian cell 

types, including the NDHF used in these studies. An additional factor that needs to be 

considered in the use of photonic resonant cavities is their peak shift in response to 

temperature changes, which is on the order of 70-150 pm/°C as demonstrated in 

Chapter 4 of this thesis. In order to account for these fluctuations, we require either 

very high stability in terms of fluctuation in temperature of the cell culture system, or 

a way to calibrate the device response to temperature. 

Two flexible resistive heaters soldered in series were used to maintain the 

temperature of the benchtop environmental control system. One was placed under the 

chamber and the other wrapped around the chamber. A 3216 Eurotherm was attached 

to the input and output leads and the PID optimized to minimize temperature 

fluctuations down to the order of 0.1 °C.  

While maintaining physiological conditions is easier in a dedicated cell culture 

incubator, the temperature fluctuates similarly, on the order of ±0.1 °C, leading to 

visible peak shifts in our devices due to this fluctuation. In order to account for this, an 

additional ring resonator was added to our device design on the unbuckled edge part of 

the device. This ring can be used to perform temperature tracking and account for the 
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peak shifts seen at the other device. In Figure 33 is shown the spectra from a single 

waveguide bearing three resonators with radii of 30, 40, and 45 μm. 

 

Figure 33: Spectrum from a waveguide bearing 3 ring resonators with different radii. 

 Figure 34 shows a comparison of the peak shifts seen at a temperature-

tracking resonator versus an on-buckle resonator. The linear trend between their peak 

shifts can be fit with high accuracy, with an R2 of 0.994, and fit of 𝜆𝑏𝑢𝑐𝑘𝑙𝑒 =

1.2077 ∗  𝜆𝑇−𝑡𝑟𝑎𝑐𝑘𝑖𝑛𝑔 − 326.342 𝑛𝑚. 
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Figure 34: Linear relationship between temperature-tracking and on-buckle resonant 

cavities in a buckled device array 

This relationship can be used to account for the temperature-induced 

wavelength shifts in the in vitro integrated devices. 

7.2.3 Benchtop Cell Culture Chamber 

An overview image of the benchtop culture chamber is shown in Figure 35. 

The base of this chamber is a machined polystyrene buckling stage, which contains 

lateral screws along which the stage is actuated.  
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Figure 35: Benchtop cell culture system. Top Left: The components of the system are 

shown. 1) the base of the well serves as a handler that buckles the device, 

2) wells are fixed over top of the buckles, 3) A gas flow chamber is fixed 

over the wells, and is accessed through sterile syringe filters. Top Right: 

The chamber’s integration with environmental control and the optical 

measurement system is demonstrated. A) A lensed optical fiber 

interrogates the buckled devices via edge-coupling. B) A humidified 5% 

CO2 gas mixture is flowed through the gas flow chamber. C) a resistive 

Kapton heater maintains temperature around the device. Bottom: The 

Kapton heater is replaced with a transparent Minco heater. 

This base can be sealed either by compressing double-sided Kapton tape 

between the two sections of the stage, or by coating the base with PDMS. The cell 

culture wells can then be fit on top of this base with a custom-cut double-sided Kapton 

tape gasket or other liquid-tight seal such as PDMS, on top of which is fixed the 

AeraSeal and gas flow chamber as described previously. The well on an optical 

measurement stage is shown in rightmost image. This image also shows the Kapton 

resistive heater and gas flow inlet and outlets, as well as the optical fiber used to 
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interrogate the edge-coupled devices. A transparent Minco resistive heater may also be 

used to allow imaging of the hydrogel profile as it is contracted. 

Once the temperature control of this system was optimized, a viability 

experiment was performed with 1 million/mL NDHF in 3 mg/mL collagen over 24 h. 

Three sets of three custom cell culture wells were compared under different 

conditions. One was maintained on the benchtop using the resistive heating and 

gas/humidity flow system described previously. One was covered with an AeraSeal 

and placed in a cell culture incubator, a positive control. The third was covered with 

an AeraSeal and placed on the benchtop with no environmental control, a negative 

control. After 24 hours of cell culture in the environmental chambers, gels were 

removed and placed in nunc chambers. Gels were rinsed with 1X PBS and, using 

standard protocols, stained with syto-13, propidium iodide, and Hoescht blue as live, 

dead, and nuclei stains, respectively. Maximum intensity projections of 100 μm z-

stacks were at 10x magnification taken of each gel with an LSM 710 confocal 

microscope. Representative images of the results are shown in Figure 36.  
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Figure 36: Maximum intensity projection of 100 μm z-stacks taken of live/dead 

stained NDHF cultured in 3 mg/mL collagen for 24h. The cell culture 

conditions utilized were: A) a custom benchtop environmental control 

chamber, B) a cell culture incubator, C) no environmental control. 

In order to quantify this, the images taken from each culture condition were 

processed in FIJI, ImageJ. Each of the three color channels of each image were 

processed separately, each auto-thresholded with a triangle filter, converted to black 

and white, binary, 8-bit images. A standard watershed filter was applied to separate 

adjacent cells. Using the analyze particles feature in FIJI, the cell count in the whole 

image was calculated from the blue channel, which displayed the nuclei stain. The cell 

viability was calculated as the percentage of dead cells determined by the ratio of dead 

cells to total nuclei. No significant difference was observed in cell viability from these 

data, however significant differences were observed in the morphology and cell count. 

These data are summarized in Figure 37.  
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Figure 37: The number of cells with a given circularity cultured under each condition. 

Inset shows the cell count per well in the negative and positive control 

wells and the chambers with custom environmental control. The colors of 

the binned data in the circularity plot correspond to the meaning of the 

colors of the bars in the inset. p < 0.03, Student’s TTest. 

From these data we can observe that the cell cultures in both the positive 

control and chambers showed no statistically significant difference in cell count, 

however both had a statistically significantly higher cell count than in the negative 

control. Qualitatively, we observe that the circularity of the cells in the negative 

control is much higher than in the positive control and chambers. Since we observe 

that proliferating cells exhibit a spread morphology in this cell culture system, high 

circularity likely indicates that they are near apoptosis.  

This experiment was followed by a replicate of this study, this time comparing 

the metabolic activity of the cells at the start and finish of the 24 hours (Figure 38). 

Here, we can observe that the metabolic activity in the chambers and positive control 

are not statistically significantly different from one another, while both are statistically 

significantly greater than metabolic activity in the negative control. This correlates 
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well with the first experiment, in which a more spread cell morphology and higher cell 

count were observed in the chambers and positive control. 

 

Figure 38: Metabolic activity study of 1 million/mL NDHF in 3 mg/mL collagen after 

24 hours. Normalized to the metabolic activity in the negative control at 

the start of the study. p < 0.01, Student’s TTest. 

7.2.4 Incubator Integration 

As previously mentioned, this benchtop chamber was designed for the use of 

the device on an optical table on which the device was aligned to distinct lensed 

optical fibers for input and output coupling. In practice, this alignment method was not 

well-suited to these devices. To help ensure that the optical fibers did not interact with 

the Kapton tape holding the device array onto its handler, this setup required that a 

part of the edge platform of the array jut out from the holder with no mechanical 

support. The flexibility of the SU-8 meant that in this configuration the edges of the 

device were effected by the air handling in the lab, making alignment unreliable.  
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In order to overcome this limitation, an array which was interrogated by fiber 

bundles bonded with epoxy to input and output grating couplers was designed (Figure 

39).  

 

Figure 39: Fiber bundle-interrogated array encased in a hydrogel in a glass well.  

Figure 39 shows this modified setup with a single well filled with hydrogel. 

This bundle contains 8 fibers and is therefore capable of interrogating 4 channels at 

once (input and output). One of these devices is a straight waveguide on the edge 

platform of the array only used to align the grating coupler before bonding. Each of 

the other 3 interrogate a waveguide strip. Other fiber bundle configurations could be 

used to interrogate any number of channels. 

This design has the added benefit of being able to be used in a cell culture 

incubator. This greatly reduces the cost and time spent to optimize the environmental 

control around the devices and makes the device usable by any biologist familiar with 

3D cell culture. With the proper laser and switching system, and programs to control 

them, this has the potential to be a ‘plug and play’ platform.  
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With this new versatility in mind, additional design modifications were made 

to improve the usefulness of this system. The device holder could now be 3D printed 

since it did not need to be machined in order to integrate it with an optical 

measurement stage. This allowed us to add an arm to hold the optical fiber bundle so 

as to not put excess strain on the epoxy bond site. Since the device did not need to be 

wrapped in a resistive heater to maintain temperature, the wells were refabricated from 

diced glass slides joined with PDMS, which was baked quickly at a high temperature 

(110 °C) to ensure that the PDMS did not flow into the device well before setting. 

These clear wells allowed qualitative observations in gel contraction to be recorded 

during experiments. 

7.3 Contracting Collagen Experiment 

Issues with reproducibility of the etching of the GSS waveguides on the 

ICP/RIE systems in Boston limited the reproducibility in fabricating working device 

arrays. However here I describe a proof-of-concept experiment utilizing single 

resonators on two separate arrays in order to determine the contraction of NDHF-laden 

collagen over 12 hours.  

7.3.1 Experimental Setup 

In this study, glass/PDMS wells were attached to two device arrays on 3D-

printed holders as in Figure 39. Each array bore a single waveguide that interrogated 

two functioning ring resonators, one off of the buckle intended to function as a 

thermometer, and the other at the highest point on the buckle. Initial attempts to 

characterize the thermo-optic responses of these resonators indicated that the device’s 
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aging behavior had not yet stabilized. An example of the sub-optimum thermo-optic 

response is shown in Figure 40.  

 

Figure 40: Poor thermo-optic response of unstabilized device. Blue line indicates 

expected trend. 

After attaching the well to the device, the array was photo-saturated with a 

broadband lamp for approximately 6 weeks in order to stabilize its index shift. Photo-

saturation was selected because this experiment was performed prior to the aging 

study performed in Chapter 4. After photo-saturation, the index shift with temperature 

was stable over time, however it showed some hysteresis, and the temperature shift in 

the edge and on-buckle devices did not correlate well. We predict that this is due to 

some relaxation effects in the PDMS, which partially covers the edge ‘thermometer’ 

resonator. Instead, we chose to place the devices in the cell culture incubator for 12 

hours to observe the peak shift of the resonator on the buckle due to temperature 

fluctuations. The results of this study are shown in Figure 41A. We observed peaks 
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shifts of less than 40 pm, which from our previous studies of collagen contraction we 

predict would be far less than than the peak shifts due to strain in the gel.  

 

Figure 41: Temperature fluctuations in a device kept in a cell culture incubator for 12 

hours. 

This prediction was verified experimentally. Two device wells were filled 

halfway with a 3.5 mg/mL collagen gel populated. One was populated with 1 

million/mL fibroblasts, and the other studied without cells as a control. Eight-well 

nunc chambers were filled with 3 gels each with and without cells of the same gel 

volume used in the device chambers (250 μL). The collagen gel adhered well to the 

base of the nunc chambers, but not to the base of the device wells. To prevent the gels 

from floating, a scalpel was used to randomly texture the base of the device wells.  

The viscosity of the pre-crosslinked collagen was low enough to flow around 

the sensors, and it formed an opaque gel after 30 minutes of incubation. The 

dimensions of these nunc chambers were close to that of the device wells. After the 

collagen cross-linked, A scalpel was run around the edge of each gel to release it from 
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the sides. This was mostly done to prevent formation of a meniscus, which was more 

difficult to model in COMSOL for our comparison simulation.  

ATTC low-growth fibroblast growth media with 1% PS was added to the 

device and nunc wells. The device wells were placed in one incubator, with the doors 

sealed with extra caulking putty to block any gaps made by the input and output 

optical fibers. These devices were interrogated by a HP816 NIR tunable laser 

controlled with a custom-made labview program. Since we did not want to introduce 

any large temperature fluctuations to the device wells during the study, the gels in the 

nunc chamber were placed in a different incubator. These were used as a semi-

quantitative platform to predict the amount of strain experienced by the sensors in 

contracting gels. At regular timepoints throughout the study, the nunc chambers were 

removed from their incubator, and the gels imaged from the side and top. These 

images were analyzed in imageJ to determine the amount of deformation of the gels.  

Over the time of the study we indeed observe that the peak shift due to strain is 

greater than the noise in the system (Figure 42). From the calibration study described 

in Chapter 6.2.2, we estimate that the total peak shift corresponds to approximately 

0.06% strain in the device over the course of the experiment. 
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Figure 42: Resonant peak shift of device encased in 3.5 mg/mL collagen populated 

with 1 million/mL NDHF. 

Using the deformation measured in the comparison gels, we can compare the 

expected strain to the actual strain in the device. We selected the timepoint at which 

the resonant peak shift indicated 0.03% strain at the device. A FEM was built in 

COMSOL 4.2 in which the symmetric SU8 buckle was embedded in a collagen gel-

like environment. The change in gel geometry observed in the gel in the nunc chamber 

at that timepoint was imparted on the FEM gel. This deformation at this timepoint was 

less than 10%, and thus we approximated the gel as a linear elastic, isotropic material 

as we had in the previous studies. A modulus of 2 kPa was chosen based on previous 

studies quantifying collagen moduli containing similar fibroblast populations and 

collagen concentration [32]. An image showing two of the three gels imaged at this 

timepoint, and the FEM model built from the average deformation in all three images, 

is shown in Figure 43. The strain at the center of the buckle in this system was 

0.016%, approximately half of what was observed. 
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Figure 43: Deformation of a collagen hydrogel tethered to the bottom of its well A) in 

vitro, and B) in a finite element model. In A), the red box indicates the 

original gel geometry, and the blue dotted trapezoid shows the deformed 

gel geometry. 

There are a number of limitations to this proof-of-concept experiment that 

could have led to this higher strain in the buckle. Both the experimental and control 

wells containing devices in this study leaked. The control leak was likely due to 

improper sealing, as the strain in this buckle decreased linearly throughout the whole 

study. The leak in the experimental well likely occurred when the well tipped over 

partway through the study, however it cannot be confirmed that this well was not also 

dehydrating previously. We believe the well tipped over at 17 hours after the start of 

the study, due to some abrupt fluctuations in the device peak shifts at that time. Figure 

42 only shows data previous to that event. Dehydration would have increased the 

modulus of the hydrogel beyond the value predicted and used for the FEM and would 

have more rapidly deformed the gel.  

More optimization and leak tests of these chambers have been performed that 

show excellent stability over 24 hours. More generous application of the PDMS 

sealant or use of silicone gaskets are good options for making these wells. In future 
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experiments with these devices, physically attaching the device holders to the 

incubator shelves would also be advisable. Placement of the temperature tracking 

device farther off the buckle would also ensure that it was not being affected by the 

well adhesive during the experiment, which should allow us to use it as a 

thermometer. We could then open the incubator doors during the experiment to check 

the device and account for the large temperature fluctuations using that calibrated 

thermometer. 

Overall, this proof-of-concept experiment showed deformation of the buckled 

device on the same order of magnitude as that predicted by Finite Element Modeling. 

The initial integration of the devices with the collagen was successful, and the 

measurements and setup were facile to implement and compatible with traditional 3D 

cell culture methods. 
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SUMMARY AND FUTURE WORK 

This work describes the design, fabrication, and integration of polymer or 

deterministically buckled silicone-clad GSS ChGs resonant cavity arrays that may be 

applied in the detection of relevant local cell- to tissue-scale strains in 3D tissue 

models. This is in response to the need for non-destructive, highly strain-sensitive 

platforms to study thick in vitro systems that can pave the way toward the 

development of wound healing therapies. 

8.1 Summary 

The use of chalcogenide glass resonant cavities for strain detection in vitro has 

distinct challenges that were addressed in this work. Firstly, the sub-Tg relaxation of 

chalcogenide glasses negatively impacts the reliability of our devices, as their record 

sensitivity to strain-induced index change also means that they are extremely sensitive 

to aging-induced index changes. In Chapter 4, we addressed this issue with the 

development of a novel, high-precision refractometry technique with which the aging 

mechanisms in the glass was determined with high accuracy. Further, this technique 

was used to compare annealed and photo-saturated devices to a control sample to 

determine the post-processing techniques that best stabilize GSS relaxation before use. 

In Chapter 5, the careful selection of the device array design parameters in 

order to meet our target resolutions is discussed. In particular the development of 

robust fabrication methods to ensure reproducibility and compatibility with our 
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devices’ final application was discussed. We then demonstrate the fabrication of a 

proof-of-concept SU8-clad buckled ring resonator array. 

In Chapter 6, we demonstrate this proof-of-concept device’s sensitivity to 

relevant strains by calibrating the device’s response to compression and proposing 

higher accuracy calibration experiments that would allow us to characterize their strain 

response. A FEM of an idealized silicone-clad device in cardiac graft tissue-like 

environment is also developed in order to demonstrate our device’s sensitivity to 

relevant stiffness caused by perfusion limits in a cyclically strained tissue model. 

The integration of photonic devices in vitro requires precise environmental 

control, in particular the control of humidity, CO2 concentration, and temperature 

around the device array. The device is submerged in a hydrated gel, and thus must be 

kept in a watertight container in order to support cell culture around the device. These 

specific challenges were addressed in Chapter 7, in which environmental control 

systems and device interrogation methods were optimized, and a demonstration of our 

proof-of-concept device as a ‘plug-and-play’ in vitro strain detection method is shown. 

Table 2 provides a visual comparison of the pros and cons of a PDMS-clad 

buckled resonant cavity array versus other best methods of in vitro strain or stiffness 

detection discussed in Chapter 1. It is apparent that the dimensionality, strain 

resolution, measurable volume, and measurement speed of our platform is comparable 

to the best strain or force detection techniques, and the somewhat limited spatial 

resolution of our devices is well within the range of interest for our applications.  
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Table 2: Comparison of methods of tracking in vitro changes in strain or stiffness. 

Table color ranks the characteristics of each method in three groups, with green 

indicating best performance, yellow intermediate, and red the least impressive. 

Additional references provided the values shown [182, 183] 
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Ours 3D 1 nN 10 µm N mm3  seconds 

2-D TFM 
[184] 

2D 1 nN 1 µm Y mm2 minutes-
hours 

3-D TFM 
[185] 

3D 10 nN 1 µm Y < mm3  minutes-
hours 

Collagen 
Contraction 
[159, 23] 

3D 10 µN 1/sample N mm3 seconds 

Micropillars 
[17] 

2D 0.01-100 
nN 

1 µm Y mm2 seconds 

DVC [33] 
(MRI, etc.) 

3D 0.01% 1 µm N mm3-cm3 hours 

8.2 Future Work 

Overall, future work on this project would expand its scope beyond proof-of-

concept and utilize this device array in relevant in vitro applications. The integration 

of device arrays bearing multiple functioning device strips in contracting hydrogels 

with uniform modulus, or with gradient mechanical or chemical properties that direct 

cell migration, would allow us to build maps of local strain in densely interrogated 

tissue models.  

Some other specific aims of this project could be expanded upon. The resonant 

refractometry technique described in Chapter 4 could be utilized for other 

chalcogenide glass materials. It could also be used to compare specific annealing or 
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photo-saturation conditions to find the optimal post-processing treatment for ChG 

devices to reduce their aging-induced wavelength shift.  

In order to expand the amenability of these devices to integration, the 

fabrication of an ‘array of arrays’ in which multiple groups of devices are accessed 

through the same cluster of grating couplers, or through arrayed waveguide gratings, 

would enable the user to perform such studies with necessary biological repeats and 

controls. Furthermore, these devices could find use embedded in other material 

systems. For example liquids for the study of fluid flow and dental filling materials or 

implant cements for the study of mechanical stress in fillings and implant joints. The 

flexibility of these devices, both literally and in terms of their adaptability to various in 

vitro applications and beyond, makes our technique a significant addition to the host 

of tools that already exist for 3D mapping the mechanical properties and deformations 

of soft and biologically relevant materials. 
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FABRICATION SUMMARY 

A silicon wafer with 3 μm oxide was cleaned, and the undercladding of 2 μm 

SU8 2002 was spin coated and then soft baked with a ramped bake of 1 minute at 

60°C, 1 minute at 95°C, followed by an additional minute at 60°C. The resist is then 

patterned with a photomask and exposed at 100 mJ/cm2 with an MA-4 

photolithography system, and post-exposure baked with a ramped bake of 1 minute at 

60°C, 2 minutes at 95°C, and then an additional minute at 60°C. 

In order to later be able to align the Ebeam patterning of the waveguides to the 

thick, insulating SU-8 undercladding, droplets of 100 nm diameter gold nanoparticles 

were then deposited on the corners of the SU-8 undercladding layer. GSS is then 

deposited to 450 nm thickness via thermal evaporation with a PVD system dedicated 

to chalcogenide glasses. Deposition occurs at a base pressure of 5x10-6 Torr, with 

deposition rate 10-15 Å/s. These deposition conditions have been used extensively in 

our research group in order to achieve high quality thin film devices. 

Ebeam lithography and fluorine-based ICP etching is used to define the 

waveguides. To improve adhesion of the Ebeam resist to the glass, the chip was 

exposed to 1 minute of oxygen plasma at 100W, 100 Torr. For efficient write times 

and compatibility with the device stack, SU8-2000.2 was initially chosen as the 

Ebeam resist used to define the location of the waveguide, however after extensive 

optimization, it was verified that this technique was not reproducible. The final 
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lithography process modified an established positive Ebeam resist (ZEP 520A) 

protocol. Prior to Ebeam resist deposition, a negative resist AZ P4110 was deposited 

at 1.2 μm thick, baked at 95°C for one minute, and patterned with the mask aligner at 

110 mJ/cm2. This resist could be applied as either a liftoff resist before glass 

deposition, or a protective resist during RIE. Here I describe its use as a protective 

layer for an RIE etch step.  

In this step, the lower resolution AZ resist is patterned to protect bulk regions 

of glass where the waveguides are later defined with Ebeam resist. The glass around 

the edges of the patterned undercladding is left exposed and then removed with RIE. 

The following RIE conditions for GSS on a Cobra ICP system were optimized for low 

sidewall roughness of the waveguides: CHF3/Ar 15/35 sccm, 5 mTorr, 300 W ICP 

power, 60 W HF power. The excess AZ resist was removed with acetone, and high-

resolution ZEP 520A Ebeam resist is deposited, baked at 180°C, and then patterned 

with 2000 µC/cm2 exposure dose to define the device location. After RIE of the 

exposed glass, the ZEP was stripped with NMP and the device cladding layers were 

patterned in SU-8 2002 as previously described. Figure 21 shows a schematic of this 

processing procedure.  
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DERIVATION OF SENSITIVITY RELATIONSHIP 

The strain energy (Ws) over the buckle segment defined in Figure 21 can be 

calculated as: 

 𝑊𝑆 = ∫
1

2
𝐸𝑐𝑙𝑎𝑑 (

𝑥

𝑅
)
2

𝐿𝑤𝑑𝑥
𝑡

0
=

𝐸𝑏𝐿𝑤𝑡
3

24𝑅2
  (C.1) 

Here Eclad is the modulus of the device cladding material, x the span of the buckled 

strip, R the radius of curvature of the segment, L the length of the segment, and w with 

width of the strip. The force applied to one end of the buckle that gives it its radius of 

curvature is: 

 𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
𝑑𝑊𝑆

𝑑𝐿𝑎
=

𝑑𝑊𝑆

𝑑𝑅
⋅
𝑑𝑅

𝑑𝐿𝐴
 (C.2) 

Where dLA/dR, the change in span of the buckle, can be calculated as: 

 𝐿𝐴 = 2𝑅 sin (
𝜃

2
) = 2𝑅 sin (

𝐿

2𝑅
) (C.3) 

 
𝑑𝐿𝐴

𝑑𝑅
= −

𝐿

𝑅
cos (

𝐿

2𝑅
) + 2 sin (

𝐿

2𝑅
) (C.4) 

Substituting C.4 and the derivative of C.1 into C.2: 

 𝐹𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =
−𝐸𝑏𝐿𝑤𝑡

3

12𝑅3[−
𝐿

𝑅
cos(

𝐿

2𝑅
)+2sin(

𝐿

2𝑅
)]

 (C.5) 

In order to determine the minimum detectable force that changes the radius of 

curvature of the buckled strip. First, we can rewrite equation (17) to solve for the 

bending radius: 

 𝑅 =
𝑦
 (C.6) 
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Which can be related to the relationship between peak shift and bending strain 

experimentally determined in Section 6.2.2: 

 Δ휀 =
Δ𝜆

𝛼
→ Δ𝑅 =

𝑦

Δ
=

𝑦𝛼

Δ𝜆
  (C.7) 

Selecting a system in which L≈LA≈1 mm for simplicity, the force on the buckle can be 

approximated: 

 𝐹 ≈
𝐸𝑏𝑤𝑡

3

𝐿2
 (C.8) 

As can C.4: 

 
𝑑𝐿𝐴

𝑑𝑅
≈ −𝐿3/12𝑅3 (C.9) 

And the change in F with radius: 

 
𝑑𝐹

𝑑𝑅
≈ −

𝐸𝑏𝑤𝑡
3

10𝑅3
 (C.10) 

The force applied to the buckle as a result of a change in curvature (𝜅 =
1

𝑅
) is then: 

 Δ𝐹𝑏𝑒𝑛𝑑 =
𝑑𝐹

𝑑𝜅
⋅ Δ𝜅 =

𝑑𝐹

𝑑𝑅
⋅ (−𝑅2) ⋅ Δ𝜅 =

𝐸𝑏𝑤𝑡
3

10𝑅
⋅
Δ𝜆

𝛼𝛿
 (C.11) 

And finally to an increase in strain in the matrix: 

Δ𝜖𝑚𝑎𝑡𝑟𝑖𝑥 =
Δ𝐹𝑏𝑢𝑐𝑘𝑙𝑒
𝐴 ⋅ 𝐸𝑚

=
4

5

𝑡3

𝛿𝐿2
⋅
𝐸𝑏𝑢𝑐𝑘𝑙𝑒
𝐸𝑚𝑎𝑡𝑟𝑖𝑥

⋅
Δ𝜆

𝛼
(I. 16) 

In order to determine the minimum modulus of gel that can efficiently transfer force to 

the = buckle as the gel experiences strain 𝜖𝑚𝑎𝑡𝑟𝑖𝑥 = Δ𝐿𝐴/𝐿𝐴 we can calculate: 

 Δ𝐹𝑏𝑢𝑐𝑘𝑙𝑒 =
𝑑𝐹

𝑑𝑅
⋅
𝑑𝑅

𝑑𝐿𝐴
⋅ 𝐿𝐴𝜖𝑚𝑎𝑡𝑟𝑖𝑥 ≈ −

6𝐸𝑏𝑤𝑡
3

5𝐿2
⋅ 𝜖𝑚𝑎𝑡𝑟𝑖𝑥 (C.11) 

The force transferred from the gel to the buckle is: 

 Δ𝐹𝑚𝑎𝑡𝑟𝑖𝑥 = 𝐴 ⋅ 𝐸𝑚𝑎𝑡𝑟𝑖𝑥 ⋅ 𝜖𝑚𝑎𝑡𝑟𝑖𝑥 (C.12) 

Where A, the area of the gel under the buckle is: 
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 𝐴 = 𝑤 ⋅ 𝑅 [1 − cos (
𝐿

2𝑅
)] ≈ 𝑤𝐿2/8𝑅 (C.13) 

And the modulus of the gel capable of transferring force to the buckle is: 

 𝐸𝑚𝑎𝑡𝑟𝑖𝑥 ≥
48

5

𝑅𝑡3

𝐿4
𝐸𝑏𝑢𝑐𝑘𝑙𝑒 (C.14) 

 


