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Abstract 

Glugla, David J. (Ph.D., Electrical, Computer, and Energy Engineering) 

Metrology and fabrication of volume-structured optical and mechanical features in 

photopolymers  

Thesis directed by Professor Robert R. McLeod 

 

The ability to exert three-dimensional control over the intrinsic mechanical and optical 

properties of a solid are desirable in the fields of diffractive optical elements, shape 

programmable materials, and regenerative medicine. Although volume photostructuring in two-

stage polymers has demonstrated the ability to produce such features, quantitative metrology of 

the photostructured elements remains a significant obstacle towards the widespread adoption of 

this patterning technique. Current methods to characterize photostructured features provide only 

qualitative information or fail to capture the entire material response. This inadequate 

characterization impedes the broader adoption of photostructuring to fabricate complex 

mechanical and optical devices. 

In this thesis, I overcome the problem of quantitative metrology in photostructuring by 

developing techniques to measure the resulting mechanical and optical features. To do this, I first 

categorize the photostructuring process into two distinct groups: 1) local reactions that are 

confined to the exposed region, and 2) reactions that induce mass transport through e.g. 

diffusion. For local reactions, I demonstrate the suitability of bulk metrology on uniform samples 

to characterize and infer the properties of in-situ photostructured elements. For reactions that 

induce mass transport, bulk metrology is no longer adequate, and in-situ metrology is required. 

To measure photostructuring in these materials, I develop a new technique using quantitative 

phase imaging and confocal reflection microscopy that provides complete characterization of the 
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material response. The knowledge gained from these metrology techniques is then applied to 

fabricate novel mechanical and optical devices such as self-folding origami structures and high 

diffraction efficiency, large-aperture Fresnel lenses. Finally, by exploring a novel multiple-

exposure method, I demonstrate how the presented metrology enables the development and 

understanding of new photostructuring techniques. This new patterning technique enhances the 

dynamic range of the photostructuring process beyond the single-exposure limit and extends the 

range of current photostructuring materials.  
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Figure I-1. (a) Self-actuated origami structure fabricated through mechanical photostructuring. 

Mechanical patterning programs the sheet to fold into a waterbomb base upon immersion 

in a solvent. A final exposure polymerizes the solvent and creates a permanent, rigid 

structure that can support up to 1500 times its own weight. (b) Fresnel lens fabricated 

through photostructuring the refractive index of a polymer. (c) The fabricated Fresnel 

lens used to magnify an object. ........................................................................................... 2 

Figure I-2. The general process for photostructuring in a material where the photochemical 

reaction is confined (a-e) and in a material where photostructuring induces mass transport 

(f-j). (a-e) Two-stage material utilizing a tethered stage-2 monomer. (b-c) A patterned 

photoexposure locally polymerizes the stage-2 chemistry and results in a spatially non-

uniform material. (c-d) Because tethering of the stage-2 chemistry inhibits diffusion, their 

concentration distribution remains unchanged. (e) Because the concentration distribution 

of stage-2 monomer remains unaltered in this material, a final uniform flood cure will 

polymerize the remaining stage-2 monomers, resulting in a bulk, uniform material. (f) A 

two-stage material utilizing an untethered stage-2 monomer. (g) A patterned 

photoexposure polymerizes the local stage-2 monomer. (h) Diffusion re-equilibrates the 

unreacted monomers and the stage-1 matrix swells out of the region of exposure, 

resulting in (i) a spatially non-uniform concentration of the stage-2 material. (j) A final 

flood cure polymerizes the remaining unreacted monomer and freezes the non-uniform 

stage-2 concentration, resulting in a material with spatially-varying properties. ............... 5 

Figure II-1. The overall scheme depicting the different material states accessible to the two-stage 

photopolymer, and their application for creating self-folding SPMs. (a,b) The initial 

stage-1 material (blue) is composed of a rubbery and loosely crosslinked thiol-acrylate 

matrix with excess unreacted acrylate groups. (c,d) After exposure to UV light, the excess 

unreacted acrylates in the stage-1 material react to form a rigid, high-crosslink stage-2 

matrix (red). Addition of a photoabsorber in the material allows for a gradient between 

stage 1 and 2 to be formed within the thickness of the material. (e,f)  Upon immersion in 

N-vinyl-2-pyrrolidone (NVP), the stage-1 material swells (yellow). This swelling can be 

combined with the gradient-patterned material to create a self-folding hinge. (g,h) After 

folding, the swollen material is exposed to UV light, causing the NVP and unreacted 

acrylates to polymerize, resulting in a rigid, permanently swollen matrix (green). ......... 21 

Figure II-2. All exposures were performed using an intensity of 5 𝑚𝑤/𝑐𝑚2 at 365 nm. By 

controlling the applied irradiation dose at a single intensity, mechanical properties of the 

polymer may be set anywhere between those of the stage-1 (low dose) and -2 (high dose) 

networks. (a) The crosslink density of the stage-2 network is roughly an order of 

magnitude larger than at stage 1. (b) Upon immersion in a solvent, the maximum 

difference in swelling strain between the stage-1 and -2 networks is about 16%. (c) The 

glass transition temperature of the stage-1 network is well below room temperature, 

whereas the stage-2 network possesses a glass transition well above room temperature. 

(d) The tensile modulus of both the unswollen and swollen network (in NVP) is at least 

an order of magnitude larger in stage 2 as compared to stage 1. ...................................... 23 
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Figure II-3. The scheme used to induce bending in the two-stage polymer. (a-b) A strip 

fabricated with absorber is irradiated by 365 nm light, creating a gradient (c) in the 

crosslink density and modulus through the thickness of the material. (d-e) Upon 

immersion in a solvent (N-vinyl-2-pyrrolidone), the gradient in crosslink density causes 

the strip to differentially swell, inducing bending. (f) Side-view of the bent strips after 

removal from the solvent. ................................................................................................. 26 

Figure II-4. (a) The radius of curvature (ROC) for 6.4 x 1.6 x 0.13 mm strips as a function of 

exposure dose at 5 mW/cm2, 365 nm light. The error in ROC measurements becomes 

large as ROC ≫ strip length. (Inset) Estimated ROC using the Euler-Bernoulli composite 

beam model. (b-d) The simulated bending moment, bending stiffness, and neutral axis vs. 

front exposure dose using the Euler-Bernoulli composite beam model. (e) The radius of 

curvature increases by up to 33% after the final uniform exposure to polymerize the 

NVP................................................................................................................................... 31 

Figure II-5. (a) The masks used to create the waterbomb base structure. Creasing and folding the 

waterbomb base involves 3 main processing steps: creating the stiff panels, programming 

the mountain and valley folds, and folding the final structure. (b) Hardening of the panels 

is performed using large exposure doses applied to each side of the sheet through the 

panel mask. (c) Mountain and valley folds are created by applying either the “cross” or 

“X” mask to a single side and using a small exposure dose. Both types of folds may be 

programmed into the same sheet by applying the two masks to different sides. (d 1-2) 

Folding of the creased structure occurs upon immersion into a solvent. (d 3-4) A final 

uniform cure applied to each side of the structure is used to polymerize the solvent and 

make the final structure permanent. .................................................................................. 33 

Figure II-6. (a) The unswollen two-stage polymer sheet that has been programmed with the 

waterbomb base crease pattern. (b) If solvent is allowed to evaporate from the folded 

structure, it will return to a flat sheet. Due to the bistability of the waterbomb base, 

folding the creased pattern produces 2 different structures. (c,d) The two different 

bistable states of the waterbomb base are shown along with the experimentally achieved 

folded structure. If a uniform light exposure is applied to the folded structure immediately 

after swelling, the structure’s rigidity increases and is capable of supporting an external 

load whose maximum weight depends on the selected bistable structure. The structure in 

(c) is capable of supporting a maximum load up to 1140 times its own weight while the 

structure in (d) is capable of supporting up to 1500 times its own weight. ...................... 36 

Figure III-1. The shape of 3D phase structures written into a material using either two-photon 

polymerization or a thresholded single-photon polymerization response can be measured 

using the ascending scan method. The focus of the exposure beam is shifted by an 

amount Δz between each exposure until the substrate no longer truncates the resulting 

phase structure. Phase imaging can then be used to measure the differential optical path 

length between adjacent structures. Because these thin phase slices are assumed to be 

uniform in z, the spatial frequency content of each slice falls entirely within the CTF of 

the imaging system. Therefore, measuring each of the differential slices in the 3D 

structure allows one to reconstruct the entire voxel.......................................................... 44 
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refractive index of 1.5. (c-d) Measurement geometry for imaging perpendicular and 
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Figure III-3. (a-b) 2D image of the normalized refractive index distribution seen by the 

instrument from Figure III-2(a). The insets show the cross-sections along the respective 

lines. (c-d) Overlap of the object’s Fourier transform with the CTF (line) of the ideal 

imaging system from Figure III-2(b). The Fourier transform amplitude shown has been 

scaled by taking the square root and then normalizing the amplitude in order to show the 

structure more clearly. (e-f) The resulting reconstructed object using only the Fourier 

components that overlap with the CTF of the imaging system. The insets compare the 

ideal cross-sections seen by the microscope along the respective lines with the actual 
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Figure III-4. The confocal reflection microscope (660 nm path) is used to position and measure 

the sample thickness, while the co-aligned 405 nm laser is used to expose the 
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 CHAPTER I 

INTRODUCTION 

A. Motivation 

Three-dimensional photostructuring of solid polymers offers a means to integrate diverse 

mechanical, optical, and chemical functionality into a single material. This capability is desirable 

in a number of fields where gradient properties are necessary, including shape programmable 

materials (SPMs) [1–3], photonics [4–10], biology [11], and regenerative medicine [12,13]. For 

example, control over the 3D refractive index within a polymer volume has been used to 

implement holographic data storage [5,14], optical interconnects/couplers for on-chip 

waveguides [6,15], custom 2D phase elements [16], and diffractive optical elements (DOEs) for 

augmented reality and solar concentration [4,8,17]. 3D structuring of volume mechanical 

properties has also enabled self-actuated origami [1], cell scaffolds that mimic in-vivo 

environmental conditions [12], and non-planar, twisted microfluidic devices [3]. However, 

widespread adoption of volume photostructuring in solid polymers remains limited due to the 

lack of in-situ, quantitative metrology, which in turn limits the types of features that can be 

produced. In this work, I extend the understanding of volume photostructuring in solid polymers 

by first overcoming the metrology problem. To do this, I develop metrology techniques that both 

probe the material with the appropriate resolution, and enable characterization of in-situ features. 

This knowledge allows me to 1) extend and enhance current photostructuring techniques in 

photopolymers, and 2) apply these new structuring techniques to fabricate novel 3D analog 

mechanical and photonic devices such as self-actuated origami structures and flat, gradient-index 

Fresnel lenses (Figure I-1). 
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Figure I-1. (a) Self-actuated origami structure fabricated through mechanical photostructuring. 

Mechanical patterning programs the sheet to fold into a waterbomb base upon immersion in a 

solvent. A final exposure polymerizes the solvent and creates a permanent, rigid structure that can 

support up to 1500 times its own weight. (b) Fresnel lens fabricated through photostructuring the 

refractive index of a polymer. (c) The fabricated Fresnel lens used to magnify an object. 

In order to understand the requirements for metrology of volume-structured polymers, the 

remainder of this chapter first introduces the physical mechanisms involved in volume 
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photostructuring. This information then defines the requirements necessary to perform 

quantitative metrology in these structured materials. In light of these requirements, I discuss 

strategies for performing quantitative metrology in photostructured polymers. Finally, I outline 

how this metrology will assist in extending current photostructuring methods, and in fabricating 

novel mechanical and photonic structures. 

B. Volume photostructuring 

Volume photostructuring occurs through the following sequence of events [18]: 1) 

incident photons are absorbed by the material, 2) the absorbed energy induces a photo-triggered 

event in the material, and 3) the photoinduced event changes the material’s properties. Although 

light absorption can trigger a variety of phenomena, ranging from photochemical reactions to 

melting, the end-result is a change in the material properties. Therefore, I categorize the 

photostructuring process into two distinct groups. The first consists of purely local reactions that 

are confined to the exposed region. The second category includes events that induce mass 

transport, e.g. diffusion, and are thus nonlocal. Figure I-2(a-d) details the first category of local 

structuring. In this example, a photoreactive chemical species (red) is incorporated into the solid 

polymer network during formulation. Upon irradiation, the species reacts with other nearby 

reactive groups on the network and the effects of the reaction remain confined to the exposed 

area. In the case of the second category, the mobile, photoreactive species is able to diffuse 

through the solid network [Figure I-2(f-i) - red circles]. Concentration gradients initiated by 

photostructuring will drive transport of reactive and unreactive species. In this case, any region 

of the material including those not illuminated can be influenced by the diffusion of these 

species.  
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The distinction between immobile and mobile events in the above discussion highlights 

the need to determine a material’s underlying photostructuring mechanism before choosing the 

appropriate metrology technique. For example, the response of materials with purely local 

reactions does not depend on the size or shape of the material or illumination. Therefore, the 

photoresponse of these materials can be characterized through metrology of bulk materials. Here, 

‘bulk’ refers to homogeneous materials whose dimensions are at least an order of magnitude 

larger than the in-situ structure, yet still possess the same properties. The measured properties 

from this bulk material can then be used to directly infer the properties of the in-situ structure. 

However, in the presence of diffusion or other transport mechanisms, the profile and scale of 

illumination can dramatically modify the photo-response. In this case, properties must instead be 

measured in-situ.  

In this thesis, I will use a class of photo-responsive materials referred to as two-stage 

photopolymers. As fully described next, these encompass a class of materials including a solid 

matrix, which may or may not be chemically functionalized or swollen with a reactive or 

unreactive liquid. These degrees of freedom in the chemical formulation enable a number of 

useful approaches to three-dimensional gradient photostructuring of mechanical and optical 

properties. 
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Figure I-2. The general process for photostructuring in a material where the photochemical 

reaction is confined (a-e) and in a material where photostructuring induces mass transport (f-j). (a-

e) Two-stage material utilizing a tethered stage-2 monomer. (b-c) A patterned photoexposure 
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locally polymerizes the stage-2 chemistry and results in a spatially non-uniform material. (c-d) 

Because tethering of the stage-2 chemistry inhibits diffusion, their concentration distribution 

remains unchanged. (e) Because the concentration distribution of stage-2 monomer remains 

unaltered in this material, a final uniform flood cure will polymerize the remaining stage-2 

monomers, resulting in a bulk, uniform material. (f) A two-stage material utilizing an untethered 

stage-2 monomer. (g) A patterned photoexposure polymerizes the local stage-2 monomer. (h) 

Diffusion re-equilibrates the unreacted monomers and the stage-1 matrix swells out of the region 

of exposure, resulting in (i) a spatially non-uniform concentration of the stage-2 material. (j) A 

final flood cure polymerizes the remaining unreacted monomer and freezes the non-uniform stage-

2 concentration, resulting in a material with spatially-varying properties.  

C. Two-stage photopolymers 

The model photopolymer in this work is a two-stage system that incorporates two 

orthogonal reactive chemistries. The stage-1 chemistry polymerizes to form a loosely-

crosslinked polymer network that hosts the remaining second-stage reactive species. This stage-2 

chemistry is later initiated during photostructuring either to form its own interpenetrating 

network, or to attach to the stage-1 matrix. In order to explore both local and nonlocal 

photostructuring, I use different versions of the two-stage photopolymer. The first system utilizes 

a tethered photostructuring mechanism that alters the mechanical properties of the polymer 

network, while the second system is swollen with a mobile, reactive monomer whose diffusion 

alters the optical properties of the material.  

The first of the two-stage photopolymer systems uses a stage-1 reaction where the 

second-stage species is directly tethered into the initial network [similar to Figure I-2(a)]. This 

restricts any long range mobility, yet enables the stage-2 reaction to directly modify the stage-1 

network [Figure I-2(b-d)]. In this case, illumination causes the stage-2 species to 

homopolymerize and generate additional crosslinks within the exposed region. Because all of the 

stage-2 species are immobile, uniformly exposing the entire material will polymerize all 

remaining stage-2 species and wash out any features created by prior exposures [Figure I-2(e)]. I 

will show below that this is not the case for materials that allow transport between exposures. 
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Examples of the properties that can be structured in this type of photopolymer system are 

demonstrated in the work by Nair et al. [19,20]. In their work, they used a tethered 

multifunctional acrylate in the second-stage chemistry to increase the crosslink density, modulus 

and glass transition temperature (Tg) of the network. Because this second-stage was 

photoinitiated, they were able to control both the location and extent of the reaction, which 

allowed them to pattern analog mechanical properties into the material. In this work, I will 

advance the capability of this material by developing photo-controlled folding of mechanically 

robust origami. 

The second two-stage photopolymer system uses an untethered stage-2 monomer that is 

able to diffuse within the network [Figure I-2(f)]. During photostructuring, these stage-2 

monomers form entangled chains or interpenetrating networks within the host [Figure I-2(g)]. 

Following the initial reaction, the unreacted stage-2 monomer re-equilibrates through diffusion 

[Figure I-2(h-i)]. This re-equilibration results in an overall increased concentration of the stage-2 

species in the exposed region and a decrease in concentration elsewhere. Thus, photostructuring 

in this material not only creates concentration gradients of the stage-2 species, but it also 

influences future exposures. In contrast to the previous tethered system, a uniform flood 

exposure applied after photostructuring and re-equilibration [Figure I-2(i)] will result in a 

permanent concentration gradient rather than a uniform material [Figure I-2(j)]. The ability of 

this photopolymer system to create permanent concentration gradients has motivated use in 

holography and diffractive optics. Because the stage-1 and stage-2 components possess different 

refractive indices, increasing the local concentration of one relative to the other will produce a 

subsequent Δn according to the Lorentz-Lorenz mixing rule [21]. Thus, control over 

concentration gradients provides the ability to make complex phase structures and DOEs. A 
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number of commercial photopolymers such as Covestro’s Bayfol HX, and Akonia’s DRED 

material utilize this system for such applications [14,17,22].  

D. Requirements for the metrology of photostructured features 

In light of the photostructuring mechanisms and materials discussed above, quantitative 

metrology of photostructured features requires: 1) noninvasive, direct measurement of the 

property of interest, and 2) the ability to resolve the entire feature. Here non-invasive means 

quantifying the desired property without affecting the state of the system. By “direct”, I mean 

that the ideal technique would measure the desired property within the 3D host without the 

addition of a label, e.g. a fluorophore. Such labels may influence the chemistry of the system or, 

more commonly, introduce additional uncertainty related to the fidelity and calibration of the 

labeling process itself.  

The second condition is a common flaw in many 3D characterization methods, as I will 

show in later chapters. Specifically, the metrology system must be capable of resolving 3D 

spatial plus temporal variations of the material with sufficient sampling density and resolution. If 

a portion of the material response falls outside the instrument’s measurement capability, the 

measurements are not quantitative and thus cannot be predictive for materials development or 

design of applications. 

 It is important to note that the above requirements are not solely dependent on the final 

photostructured feature, but that they are also influenced by the photostructuring mechanism. As 

previously discussed, photopolymers that use a tethered stage-2 species are amenable to bulk 

characterization techniques because the material obeys both spatial and temporal invariance to 

photostructuring, i.e. diffusion does not re-equilibrate reacted species and the material remains 
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static after the photostructuring process. Furthermore, because modern photopatterning 

techniques can precisely control the light exposure profile down to the micrometer and 

nanometer scales, the 3D volume of exposure can be accurately known. Therefore, 

characterization curves measuring bulk properties of uniformly reacted materials vs. exposure 

time and optical intensity can be used to directly infer the in-situ properties of the photostructed 

features. This strategy is amenable for the measurement of mechanical properties because 

established metrology techniques to measure Young’s modulus, Tg, and crosslink density lack 

micrometer-scale resolution and are instead designed to measure bulk properties [23,24]. Despite 

efforts to improve the resolution of these techniques through, e.g. nanoindentation and atomic 

force microscopy, these techniques are still limited to surface features and are susceptible to 

errors resulting from defects in the probe [25]. In the following chapter, I will demonstrate the 

power of combining bulk metrology with the optical exposure profile to predict the in-situ 

properties of photostructured features. Using this predictive capability then allows me to extend 

the field of smart materials by fabricating novel, single layer shape programmable structures that 

use gradient, photostructured mechanical features to fold into complex shapes. 

In contrast, materials whose response depends on mass transport must be characterized 

under illumination conditions representative of the intended use. Because diffusion of unreacted 

species occurs between each exposure, measurement of the material properties must be 

performed in-situ. In the case of photostructured optical elements, 2D imaging techniques such 

as digital holographic microscopy or quantitative phase imaging through the Transport of 

Intensity technique offer the ability to acquire rapid, micron-scale resolution images of phase 

features. However, as I will later demonstrate, no imaging techniques that use standard 

transmission imaging systems can completely measure arbitrary 3D structures due to the finite 
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coherent transfer function of the instrument. Optical tomography attempts to circumvent this 

issue by rotating the sample in order to improve the overlap of the object spatial frequency 

content with the coherent transfer function of the imaging system. However, implementation of 

such systems is non-trivial and requires specific sample geometry in order to both fit inside of 

the system and to avoid issues with total internal reflections off sample interfaces. I will 

overcome this problem of insufficient sampling and enable the quantitative characterization of 

arbitrary photostructures by using phase imaging techniques in a manner that guarantees overlap 

between the imaging system coherent transfer function and the entirety of the object spatial 

frequency content. Leveraging the high resolution and 2D imaging provided by phase imaging, I 

then investigate the in-situ development of photostructured features within a diffusive 

environment. This information then enables me to predict optical properties of photostructured 

features resulting from arbitrary 3D exposures. This quantitative characterization will also allow 

me to extend the current library of photostructuring techniques by demonstrating a multiple 

exposure process that improves the dynamic range of the photostructuring process. 

E. Outline of the thesis 

Chapter II demonstrates the use of bulk metrology, combined with chemical and 

mechanical modeling to predict the resulting 3D gradient in crosslink density, modulus, and 

swelling ratio within a mechanical two-stage photopolymer. This information is applied to 

design and fabricate a new self-actuated origami structure that uses its mechanically distinct 

polymerization states, and the ability to blend their associated properties, to mimic the supple 

folds and rigid panels found in traditional origami crease patterns. Additionally, the 3D swelling 

ratio of the folds is manipulated to enable directed, self-folding through differential absorption of 

an external solvent. Chapter III demonstrates the use of a quantitative phase imaging technique 
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to perform a comprehensive measurement of 2D in-situ, micron-scale refractive index profiles 

written into a two-stage holographic photopolymer. Because this metrology captures the entire 

material response, characterization of 2D structures is shown to enable the prediction of 

embedded 3D features without the need to perform tomographic measurements. Assisted by this 

characterization technique, chapter IV reveals a new multiple-exposure method to create phase 

structures that exceed the classical dynamic range in holographic photopolymers, and 

demonstrates a new method to perform in-situ diffusivity measurements. Then, in chapter V the 

characterization from chapters III and IV is used to fabricate a high-efficiency, large aperture 

Fresnel lens diffractive optical element within the two-stage photopolymer. Finally, chapter VI 

discusses future opportunities for applying the aforementioned metrology techniques to study the 

fundamental limitations of photostructuring in two-stage photopolymers.  
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 CHAPTER II 

SELF-FOLDING ORIGAMI THROUGH MECHANICAL 

PHOTOSTRUCTURING OF A TWO-STAGE PHOTOPOLYMER1 

A. Chapter Overview 

This chapter develops a characterization and photopatterning scheme to understand and 

control the 3D mechanical properties of a two-stage photopolymer [1]. In this material, the stage-

2 chemistry is tethered into the backbone of the stage-1 network. Photostructuring induces 

crosslinking among the stage-2 species and increases the crosslink density of the network. 

Critically, this tethering scheme inhibits diffusion of unreacted stage-2 chemistry, which enables 

bulk metrology, i.e. characterization performed on homogeneous samples, to characterize the in-

situ mechanical changes resulting from the stage-2 reaction. Informed by this characterization, I 

apply mechanical models to predict the material response to arbitrary, patterned optical 

exposures. With the ability to predict and control the 3D mechanical properties such as crosslink 

density, the local glass transition temperature, and swelling ratio, I then fabricate novel shape 

programmable structures for self-actuated origami.  

B. Introduction 

1. Shape-programmable materials and self-actuated origami 

Shape-programmed materials (SPMs) have recently gained popularity as a means for 

assembling complex 3D structures from 2D sheets [26–29].  The ability to autonomously morph 

from a 2D sheet into a 3D structure has been used in a myriad of fields including photovoltaics 

and energy storage [30,31], microfluidic devices [3], cell encapsulants and scaffolds [32–37], 

surgery [38], sensing [39], porous structures and membranes [40,41], mechanical 

                                                 
1 Adapted with permission from ACS Appl. Mater. Interfaces 8, 29658-29667 (2016). Copyright 

(2016) American Chemical Society. (Bibliography reference: [1]) 
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metamaterials [42], robotics [43], and nanooptics [44,45].  At its core, shape-programming 

involves an initial processing step in which select regions of a sheet are modified to controllably 

deform upon exposure to an external stimulus at a later time [26].  Polymers are a promising 

materials system for shape programming due to their wide range of chemical and mechanical 

properties, large actuation strains in comparison to other active materials [46], and sensitivity to 

a variety of external stimuli [26,47].  A common approach towards the patterning of polymer 

SPMs is to create a sheet out of multiple discrete polymer segments, allowing for regions with 

dramatically different properties and responses to stimuli. Examples include bilayer [37,48], 

trilayer [49–51], and hinged structures [52,53] whose constituent elements exhibit different 

mechanical responses to heat, solvent, and pH stimuli. Recent work has also demonstrated the 

ability to spatially modify and program the mechanical and chemical properties of a single-layer, 

homogeneous polymer film. For example, light absorption within a layer of uncrosslinked SU-8 

was exploited to induce a differential crosslink density throughout the thickness of the film. 

Upon removal of the remaining unreacted material, the differential crosslink density caused the 

film to undergo stress-induced bending [54].  Other optically patterned properties in single-layer 

films include differential porosity [2], alignment of liquid crystal networks [55,56], shape 

memory internal stresses [57], and network relaxation [50,58].  Because these SPMs are 

fabricated as homogeneous films whose properties are modified by a subsequent optical 

exposure, they can avoid the complex fabrication steps associated with multilayer material 

deposition, thereby presenting an attractive means for fabricating complex self-folding 3D 

structures via simple processing steps. 

A popular method for coordinating the stimulus-induced deformations in SPMs utilizes 

basic origami principles such as creasing and folding, and has been successfully applied to 
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construct 3D devices such as self-folding robots [59]. Creasing occurs during the programming 

stage of SPMs, and results in a pattern of folding hinges and rigid panels. The hinges are 

characterized by a localized change in the material’s mechanical and/or chemical properties such 

that, upon application of an external stimulus, they selectively undergo directed folding to form 

the desired 3D structure. Crease panels are those regions that do not respond to the applied 

stimulus and instead serve to constrain and channel the motion provided by the folding hinges. 

Recent examples of programmed crease patterns in single-layer SPMs include patterned 

relaxation of a polymer network via addition-fragmentation chain-transfer (AFT) [58], 

differential crosslinking to control swelling [3], mechanical fixing of shape memory 

polymers [60,61], and patterned deposition of an infrared-absorptive dye onto a shape memory 

polymer [62]. Although the above methods all successfully demonstrate the ability to make 

folded structures from initially homogenous sheets, many of these techniques require precise 

control over the applied stimulus in order to produce controlled bending. For example, thermal 

triggering of shape memory polymer crease patterns requires that the glass transition temperature 

be exceeded only within the creased hinges, otherwise the entire structure deforms. Techniques 

using AFT processes have not yet demonstrated the ability to incorporate rigid panels alongside 

flexible hinges, thereby limiting the types of achievable origami structures. For example, the 

Miura-ori pattern and tessellated waterbomb base, which exhibit negative Poisson’s ratio and 

reduced degrees of freedom, are two of the most common origami structures used in engineering 

applications [63].  However, without the constraints imposed on the folds by rigid panels, the 

structures lose these unique mechanical properties. Finally, the inability of some of the 

aforementioned programming techniques to harden the flexible hinges after folding limits the 
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ultimate rigidity and stability of the final product, thereby restricting its use as a load-bearing 

structure. 

2. Objective 

Using a two-stage photopolymer system, I combine bulk characterization and mechanical 

modeling to understand and tune the 3D mechanical properties in order to create a single-layer, 

2D SPM capable of folding into permanent, 3D, load-bearing, origami structures. This 

characterization provides the necessary information to accurately program latent crease pattern 

hinges and panels into the initial loosely crosslinked and rubbery stage-1 material via a series of 

optical exposures controlled by photomasks. The first exposure step creates the rigid, stage-2 

panels by applying a large optical exposure dose to both sides of the material, while the 

unexposed hinges remain flexible and rubbery. A second photomask exposure applied to the 

bottom and top side of the photoabsorptive sheet programs mountain and valley folds 

respectively by creating a depth-wise gradient in the crosslink density of the hinges. Upon 

immersion of the sheet into a polymerizable solvent, these patterned hinges undergo nonuniform 

swelling, causing the mountain and valley folds to actuate, and the sheet to transform into the 

programmed 3D structure. After swelling, a final, uniform exposure polymerizes both the 

monomeric solvent and unreacted stage-1 material, and permanently fixes the shape. This last 

exposure increases the final modulus and glass transition temperature of the hinges by more than 

an order of magnitude compared to the stage-1 material, thereby forming a rigid, permanent 

structure capable of supporting external loads 1500 times its own weight.  
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C. Experimental Conditions and Techniques 

The following section discusses the chemical formulation of the two-stage photopolymer 

and describes the experimental procedures to characterize its bulk mechanical and chemical 

properties. Also included are descriptions of the bulk folding tests for later use in fabricating 

self-folding directional hinges.  

1. Two-stage polymer chemical formulation 

The two-stage polymer was adopted from the procedure developed by Nair et al [19,20].  

The thiol monomer, trimethylolpropane tri(3-mercaptopropionate) (Thiocure® TMPMP) was 

donated by Bruno Bock. The acrylate monomers were hexafunctional aliphatic urethane acrylate 

oligomers (Ebecryl® 1290) and difunctional tricyclodecane dimethanol diacrylate (TCDDA), 

donated by Allnex and Sartomer respectively. The UV photoinitiator DMPA (2,2-dimethoxy-2-

phenylacetophenone) was donated by Ciba Specialty Chemicals, and the UV absorber, Tinuvin 

328 was purchased from CIBA. The base used to catalyze the thiol-Michael reaction, triethyl 

amine (TEA), was purchased from Sigma-Aldrich. In order to provide a large difference in 

mechanical properties between stages 1 and 2, samples were fabricated with a 2:1 ratio of 

acrylate to thiol functional groups, and a 1:1 ratio of hexacrylate to diacrylate functional groups. 

In all samples, 2.5 wt% of TEA and 1 wt% of DMPA were added to initiate the stage-1 and 

stage-2 reactions, respectively. To create the stage-1 network, the photoinitiator and thiol were 

mixed first, and then added to the acrylates. Mixing during each step was performed in a heated 

(65°𝐶) water bath. After mixing finished, TEA was then added as the catalyst for the stage-1 

thiol-Michael polymerization. Sheet thickness was controlled by casting the material between 

two silanated (RainX) glass plates with 127 or 254 𝜇𝑚 spacers. Additionally, a small amount of 

the material was cast between salt plates and monitored via Fourier-Transform Infrared 
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Spectroscopy (FTIR) to ensure full thiol group conversion. Upon completion of the thiol-

Michael reaction, the polymer sheet was delaminated from the plates and cut into various 

geometries for testing. For the creation of the self-actuating folds and bends, 0.5 wt% of Tinuvin 

328 was added to attenuate light intensity through the 127 𝜇𝑚-thick sample. N-vinyl-2-

pyrrolidone (NVP) (Acros Organics) mixed with 2 wt% of the photoinitiator 2, 4, 6-

trimethylbenzoyldiphenylphosphine oxide (TPO) was used as the photopolymerizable solvent to 

swell and fold the creased materials. 

2. Optical exposure conditions 

After completion of the thiol-Michael stage-1 reaction, samples were delaminated from 

the glass plates and exposed directly to 365 nm light at 5 mW/cm2 using an EXFOS Acticure 

4000, 100 W high pressure mercury lamp equipped with a 365 nm bandpass filter. The relative 

stage-2 conversion was controlled by adjusting the exposure time, with longer exposure times 

resulting in higher stage-2 acrylate conversions. All irradiated samples were stored in the dark 

for at least 3 hours to allow any ongoing dark polymerization to terminate. 

For the later demonstrations of fixing the shape of the folded structures via 

polymerization of the in-swollen NVP + TPO solution, 11 𝑚𝑊/𝑐𝑚2 of 365 nm light was used 

to uniformly expose the material from each side. Exposure times of 90s for each side were used 

in all cases. 

3. Fourier transform infrared spectroscopy 

 FTIR spectroscopy was used to monitor the homopolymerization of the remaining 

unreacted acrylates during stage-2 curing. A Thermo Scientific Nicolet 6700 FTIR spectrometer 

was fitted with a specialty mount for simultaneous UV irradiation, which allowed for monitoring 
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of the acrylate peak at 814 cm-1, and concurrent irradiation of the sample with 365 nm light at 5 

mW/cm2. Optically transparent samples were prepared between two salt (NaCl) plates and 

allowed to cure at ambient temperature via the thiol-Michael reaction for 24 hours. Completion 

of the thiol-Michael stage-1 reaction was determined by ensuring that no remaining thiol peak 

around 2550 cm-1 was present. Final conversion of the remaining unreacted acrylates (𝑐𝑎𝑐𝑟𝑦𝑙𝑎𝑡𝑒) 

was monitored by integrating the peak over the range 790-830 cm-1 for various exposure times 

and intensities. The area of the acrylate peak after completion of the stage-1 reaction was given 

by 𝐴𝑖𝑛𝑖𝑡𝑖𝑎𝑙. 𝐴𝑓𝑖𝑛𝑎𝑙 was the area under the acrylate peak after completion of the stage-2 

photoinitiated acrylate homopolymerization [see equation (2.1)].  

 1 
final

acrylate

initial

A
c

A
 (2.1) 

4. Swelling strain vs. dose 

Bulk swelling measurements were performed by immersing 127 𝜇𝑚-thick, 6.35 mm-

radius discs of the optically thin two-stage polymer into NVP. Uniform crosslink density was 

achieved by preparing the polymer discs without photoabsorber. Once the samples reached 

equilibrium swelling strain after 24 hours, they were removed from the solvent and patted dry to 

remove any excess surface liquid. Pictures of the new, swollen discs were taken, and their 

corresponding radii were computed using ImageJ software and the ThreePointCircularROI 

plugin developed by Gabriel Landini [64]. 

5. Tensile testing 

The tensile modulus of the polymer strips vs. optical exposure dose was measured using a 

TA Instruments Q800 DMA. Strips without photoabsorber were cut into rectangles measuring 
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6.35 × 12.7 × 0.127 𝑚𝑚, exposed with 5 𝑚𝑊/𝑐𝑚2, 365 nm light, and then strained at a rate of 

800 𝜇𝑚/min at room temperature (23 ℃) in order to obtain the elastic stress-strain curve. When 

measuring the swollen modulus, strips prepared without photoabsorber were first irradiated with 

5 𝑚𝑊/𝑐𝑚2, 365 nm light, and then set aside for at least 3 hours to allow dark polymerization to 

terminate. The samples were then immersed in the NVP solvent for 24 hours. Immediately prior 

to measuring the stress-strain curve, samples were removed from the solvent and patted dry. 

6. Crosslink density and glass transition temperature 

 To measure the crosslink density and glass transition temperature (𝑇𝑔) of the material as a 

function of optical exposure dose, unswollen, stage-1 samples prepared without photoabsorber, 

with dimensions of 10 × 6 × 0.25 mm were first exposed with 365 nm light at 5 𝑚𝑊/𝑐𝑚2, and 

then stored in the dark for at least 3 hours. Measurements were obtained using a TA Instruments 

Q800 DMA. The sample temperature was ramped at 3℃/min from −20℃ to 180℃ with a 

frequency of 1 𝐻𝑧 and strain of 0.0125% in tension. The 𝑇𝑔 was assigned as the maximum of 

the tan 𝛿 curve after a single temperature scan, and the crosslink density (𝜌𝑐𝑟𝑜𝑠𝑠𝑙𝑖𝑛𝑘) for each 

sample was calculated using equation (2.2) [65]: 

 
'
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RT
  (2.2) 

where 𝑅 is the gas constant and 𝐸′ is the storage modulus at temperatures 𝑇 = 𝑇𝑔 + 50℃. 

A similar method was used to determine the final 𝑇𝑔 of strips that were swollen with the 

NVP/TPO solution and then uniformly exposed with 365 nm light. In this case, the stage-1 

material was swollen in the NVP/TPO solution for 24 hours and then exposed on both sides with 
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11 𝑚𝑊/𝑐𝑚2 light at a dose of 990 𝑚𝐽/𝑐𝑚2. The 𝑇𝑔 was measured using the same Q800 DMA 

and testing parameters as before. 

7. Bend radius of curvature 

Two-stage polymer containing 0.5 wt% Tinuvin 328 was cut into strips measuring 6.35 ×

1.6 × 0.127 mm. Each strip was exposed for different amounts of time using 365 nm light at 5 

𝑚𝑊/𝑐𝑚2. After exposure, strips were stored in the dark for 3 hours to allow for completion of 

dark polymerization prior to immersion in the NVP solvent. Measurements of the bend radius of 

curvature were taken after 24 hours of swelling. Images of the strips were captured and the bend 

radius was analyzed using ImageJ software and the ThreePointCircularROI plugin [64].  

D. Characterizing and Tuning the Mechanical Properties 

1. Design of the two-stage photopolymer 

The two-stage polymer uses orthogonal polymerization reactions to produce a material 

with two sets of distinct mechanical properties (Figure II-1).  
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Figure II-1. The overall scheme depicting the different material states accessible to the two-stage 

photopolymer, and their application for creating self-folding SPMs. (a,b) The initial stage-1 

material (blue) is composed of a rubbery and loosely crosslinked thiol-acrylate matrix with excess 

unreacted acrylate groups. (c,d) After exposure to UV light, the excess unreacted acrylates in the 

stage-1 material react to form a rigid, high-crosslink stage-2 matrix (red). Addition of a 

photoabsorber in the material allows for a gradient between stage 1 and 2 to be formed within the 

thickness of the material. (e,f)  Upon immersion in N-vinyl-2-pyrrolidone (NVP), the stage-1 

material swells (yellow). This swelling can be combined with the gradient-patterned material to 

create a self-folding hinge. (g,h) After folding, the swollen material is exposed to UV light, causing 

the NVP and unreacted acrylates to polymerize, resulting in a rigid, permanently swollen matrix 

(green). 

The stage-1 network is designed to have a low modulus and crosslink density, while the 

photoinitiated stage-2 reaction is designed to produce a network with a modulus and crosslink 

density at least an order of magnitude higher than the stage-1 network. Polymerization of the 

stage-1 network uses a thiol-Michael base-catalyzed polymerization reaction, while stage 2 is 

induced via a photoinitiated chain-growth acrylate homopolymerization. The use of 

photoinitiator to trigger the stage-2 reaction allows for control over both the location and extent 

of stage-2 properties within the material. In order to produce a wide dynamic range for the 

mechanical properties between stage 1 and 2, the initial stage-1 network is fabricated using a 2:1 

ratio of acrylate to thiol functional groups, which provides the large excess concentration of 

acrylates needed in the stage-2 reaction (Figure II-1b). The acrylate mixture is a 1:1 ratio by 

functional group of low viscosity diacrylates and high viscosity hexacrylates to both facilitate 

mixing of the initial thiol-acrylate solution and enable higher acrylate conversions during the 

stage-2 reaction. 

2. Characterizing the mechanical properties 

Because the tethered nature of the stage-2 chemistry prevents diffusive mass-transport 

after a patterned exposure, the material response is invariant to the size or location of the 

exposed region. Thus, bulk mechanical metrology is sufficient to characterize the material 
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response. The following describes the results of bulk mechanical testing on the two-stage 

polymer using the techniques outlined in the previous section. Because a continuum between 

stage-1 and -2 properties can be achieved by varying the total optical exposure, the mechanical 

properties are also measured for a range of intermediate stage-1 and -2 states (Figure II-2). 

Understanding this continuum and its dependence on the applied exposure allows for the design 

and control of gradient properties within the material.  

Due to the relatively low concentration of thiol functional groups, the stage-1 material 

forms a flexible, loosely crosslinked network (4 × 10−3𝑚𝑜𝑙/𝑐𝑚3) with a 𝑇𝑔 well below room 

temperature (−8 ℃), and a modulus of around 4 MPa (Figure II-2a,c,d). Because of the low 

crosslink density, the stage-1 sheet can readily absorb NVP, and exhibits swelling strains of up to 

26% (Figure II-2a-b), which are necessary to induce sharp folds.    
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Figure II-2. All exposures were performed using an intensity of 5 𝑚𝑤/𝑐𝑚2 at 365 nm. By 

controlling the applied irradiation dose at a single intensity, mechanical properties of the polymer 

may be set anywhere between those of the stage-1 (low dose) and -2 (high dose) networks. (a) The 

crosslink density of the stage-2 network is roughly an order of magnitude larger than at stage 1. 

(b) Upon immersion in a solvent, the maximum difference in swelling strain between the stage-1 

and -2 networks is about 16%. (c) The glass transition temperature of the stage-1 network is well 

below room temperature, whereas the stage-2 network possesses a glass transition well above room 

temperature. (d) The tensile modulus of both the unswollen and swollen network (in NVP) is at 

least an order of magnitude larger in stage 2 as compared to stage 1. 

The second-stage reaction of the material is accessed via irradiation with UV light, which 

triggers a chain-growth homopolymerization of the remaining unreacted acrylate groups from the 

stage-1 reaction. Maximum conversion of the residual acrylate bonds, as measured via FTIR, 

peaks at ~70% and is attributed to the decreased acrylate mobility resulting from the onset of 



24 

 

 

vitrification and increased network crosslink density [20,66].  At the point of maximum 

conversion, the crosslink density increases by an order of magnitude compared to the stage-1 

network (Figure II-2a), resulting in a 𝑇𝑔 much greater than room temperature, and a tensile 

modulus that is roughly two orders of magnitude higher (Figure II-2c-d). The increased crosslink 

density also reduces the amount of solvent uptake, restricting the sheet to undergo only 10% 

swelling strain when immersed in the NVP solvent (Figure II-2b). 

Because the two-stage photopolymer utilizes a chain-growth polymerization mechanism, 

the extent of conversion, and thus increase in tensile modulus, crosslink density, and glass 

transition temperature, monotonically increases with the number of generated radicals. However, 

the number of these generated radicals is often nonlinearly dependent on the exposure intensity. 

Thus, instead of interpolating the intermediate mechanical properties between stages 1 and 2, 

varying exposure times are used to directly access the intermediate states, which are shown in 

Figure II-2. In all cases, after exposure the samples are stored in the dark at ambient conditions 

until dark polymerization terminates. 

The above characterization provides the ability to structure the two-stage polymer with 

arbitrary mechanical properties ranging between the stage-1 and -2 extrema. The only 

requirement is adequate control over the amplitude and profile of the optical exposure. This 

characterization will be combined with the intuition from mechanical models to create the folds 

necessary for complex 3D folded structures via self-actuated origami. 

Lastly, solvent evaporation imposes a significant limitation on self-folding structures that 

utilize swelling-induced actuation. Due to evaporation, the folded, swollen structures are 

vulnerable to a wide range of environmental conditions such as heat and vacuum. In order to 
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combat this weakness, the solvent used in the proposed material system is chosen to be a 

polymerizable monomer/photoinitiator solution consisting of NVP and TPO, such that a uniform 

light exposure applied immediately after folding polymerizes the monomer. This polymerization 

step permanently secures the now polymerized solvent within the structure while concurrently 

mechanically reinforcing the swollen hinges. To quantify this stiffening effect in the hinge 

regions, initially unexposed polymer strips were swollen in the NVP/TPO solution and then 

exposed with 11 𝑚𝑊/𝑐𝑚2, 365 nm light using doses of 990 𝑚𝐽/𝑐𝑚2 on each side. 

Photopolymerization of the solvent increases the tensile modulus of the swollen strip to ~790 

MPa, and the 𝑇𝑔 of the material to 130 ℃, which is well above the maximum 𝑇𝑔 of either the 

stage-1 or stage-2 networks (Figure II-2c). Through this stiffening process, rigid, permanent, 

folded 3D structures may be formed. 

3. Bending the two-stage polymer 

Bending of a two-stage polymer strip is achieved by inducing a depth-wise gradient in the 

mechanical properties via a single-sided optical exposure (Figure II-3a-c). Immersion of the 

sheet in a favorable solvent then causes the material to undergo differential swelling and bending 

(Figure II-3d-f). However, achieving the sharpest fold requires control over the polymer’s 

internal mechanical properties, and a model to understand the optimal patterning of stage-1 and -

2 properties. This section first discusses a mechanical model that provides insight into the 

optimal distribution of stage-1 and stage-2 properties. Then a method is developed, based on the 

prior mechanical characterization data, and informed by kinetic theory, to predict the 

development of mechanical properties in response to an arbitrary optical exposure. Using these 

two tools, the optimal exposure conditions are generated to produce the sharpest folds.  
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Figure II-3. The scheme used to induce bending in the two-stage polymer. (a-b) A strip fabricated 

with absorber is irradiated by 365 nm light, creating a gradient (c) in the crosslink density and 

modulus through the thickness of the material. (d-e) Upon immersion in a solvent (N-vinyl-2-

pyrrolidone), the gradient in crosslink density causes the strip to differentially swell, inducing 

bending. (f) Side-view of the bent strips after removal from the solvent. 

A qualitative understanding of the factors that control the bending seen in Figure II-3 is 

given by the composite beam theory [67]. Because the length to thickness ratio of the samples is 

50, the strips are considered slender, and a simple Euler-Bernoulli model is applicable. Under 
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these assumptions, the bend radius at the center of a thin composite beam subject to differential 

axial expansion across its thickness is given by: 
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where 𝜌 is the radius of curvature (ROC), 𝑧 is the coordinate along the thickness direction, ℎ is the 

total thickness of the strip, 𝐸 is swollen tensile modulus, 𝜖 is the swelling strain, and 𝑧𝑁 is the 

location of the neutral axis. The numerator in the equation above represents the bending moment 

created by the differential swelling, while the denominator characterizes the bending stiffness. 

As shown previously, the tensile modulus and the swelling strain depend on the exposure 

dose (Figure II-2). Due to the Beer-Lambert law, the incident light intensity undergoes a smooth, 

exponential decay as it passes through the material, resulting in a depth-dependent dose. 

Additionally, processes such as saturation of the material response, and a polymerization rate that 

is sublinear with intensity further alter the resulting distribution of mechanical properties 

throughout the strip. Thus, a direct mapping between the mechanical properties and the applied 

dose without accounting for the light intensity cannot be used. To obtain a more accurate estimate 

of the distribution of material properties across the thickness of the strip, and to improve the bend 

ROC prediction, the data shown in Figure II-2 is mapped to an “effective dose” (𝐷𝑒𝑓𝑓_𝑐𝑎𝑙) that 

accounts for the sublinear dependence of the polymerization rate on intensity. This sublinear 
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dependence with intensity arises from the dominance of bimolecular termination during the 

polymerization reaction, whereby the polymerization rate scales with the square root of the light 

intensity (see appendix VIII A). Thus, 𝐷𝑒𝑓𝑓_𝑐𝑎𝑙 = 𝑡√𝐼 is the product of the exposure time (𝑡) and 

square root of the light intensity (𝐼). The effective dose as a function of depth within the strip, 

𝐷𝑒𝑓𝑓_𝑠𝑡𝑟𝑖𝑝(𝑧), is then calculated by first using the Beer-Lambert law to determine the depth-wise 

intensity profile (𝐼(𝑧)) and then multiplying by the exposure time. Interpolation of the mapped 

data from Figure II-2 using 𝐷𝑒𝑓𝑓_𝑠𝑡𝑟𝑖𝑝(𝑧) then yields the resulting material properties as a function 

of depth within the strip: 
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where 𝐼0 is the incident light intensity at the illuminated surface of the strip, 𝐴(𝑧) is the depth-

dependent material absorbance, 𝜖 is the molar absorptivity of the material, and 𝑐 is the 

concentration of absorber. For the 𝑧 = 127 𝜇𝑚-thick strip, 𝐴(𝑧 = 127𝜇𝑚) = 2.3 at 365 nm. 

Note that the z-coordinate is zero at the illuminated surface. 

Experimental results for the bend ROC vs. applied dose at the front surface of an isolated 

6.35 × 12.7 × 0.127 mm strip are shown in Figure II-4a. The incident light intensity was 

5 𝑚𝑊/𝑐𝑚2 for all samples. ROC results predicted by the simple beam theory outlined above are 

also shown in the inset of Figure II-4a. The beam theory qualitatively matches the experimental 

measurements, and, aside from differences in ROC values, provides insight into the interplay 
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between bending stiffness and bending moment, and their effect on the resulting ROC. The 

computed bending stiffness, bending moment, and location of the neutral axis as a function of 

applied exposure dose are shown in Figure II-4b-d, while the associated depth profiles of the tensile 

modulus and swelling strain at select doses are shown in appendix VIII A. Whereas the tensile 

modulus, and therefore bending stiffness, increase monotonically with the exposure dose, the 

bending moment and the location of the neutral axis exhibit a more complex relationship with the 

exposure dose. However, regardless of the applied dose, the location of the neutral axis experiences 

only small shifts and remains below 𝑧 < ℎ/2 = 63.5 𝜇𝑚. Small doses below 100 𝑚𝐽/𝑐𝑚2 are 

insufficient to significantly convert the top surface to stage 2. For these conditions, the difference 

in swelling strain and tensile modulus about the neutral axis of the strip is small. Thus, the ensuing 

bending moment is too weak relative to the bending stiffness to deform the beam, resulting in a 

large ROC. As the exposure dose increases to 100 𝑚𝐽/𝑐𝑚2, the front surface is converted to stage 

2, however, the back remains at stage 1 due to attenuation of the incident light by the absorber. 

Initially, this difference in both the swelling strain and tensile modulus about the neutral axis 

causes the bending moment to grow faster than the bending stiffness, thereby decreasing the ROC. 

Beyond doses of 100 𝑚𝐽/𝑐𝑚2, the neutral axis is slightly shifted towards the illuminated surface, 

indicating an increased difference in tensile modulus between the front and back sides, and even 

greater conversion of the front surface towards stage 2. This difference in the mechanical 

properties of the strip about the neutral axis leads to a peak in the bending moment around a dose 

of 200 𝑚𝐽/𝑐𝑚2. However, due to continued conversion, the difference in the product of the tensile 

modulus and swelling strain about the neutral axis decreases, causing the bending moment to 

experience a small drop, which, combined with the increase in bending stiffness results in an 

increase of the ROC. Due to the significant attenuation of light intensity at the back surface of the 
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strip, conversion of the back surface towards stage 2 is slow and the difference in swelling strain 

and tensile modulus about the neutral axis remains relatively unchanged over the dose range of 

interest, causing the bending moment to plateau. For an infinite dose, the material would eventually 

convert to stage 2 and the uniformity in material properties throughout the depth would cause both 

the neutral axis to shift to the middle of the strip, and the bending moment to fall back to 0.  

Overall, the smallest ROC predicted using the simplified beam model and the given 

experimental parameters is 1.4 mm, or ~11 times the strip thickness, which equates to a factor of 

1.4 smaller than the minimum measured ROC (2.0 mm) for the chosen material and strip 

dimensions. Using a more sophisticated nonlinear finite element model with a Neo-Hookean 

constitutive material model yields a slightly better prediction of ROC vs. applied dose than the 

simple Euler-Bernoulli model, however, the same qualitative trend in the ROC is observed (see 

appendix VIII B). Thus, by using the bulk mechanical characterization data in conjunction with 

the mechanical modelling, the appropriate exposure conditions to achieve either significant or 

minimal bending in a hinge can be prescribed. 
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Figure II-4. (a) The radius of curvature (ROC) for 6.4 x 1.6 x 0.13 mm strips as a function of 

exposure dose at 5 mW/cm2, 365 nm light. The error in ROC measurements becomes large as 
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ROC ≫ strip length. (Inset) Estimated ROC using the Euler-Bernoulli composite beam model. (b-

d) The simulated bending moment, bending stiffness, and neutral axis vs. front exposure dose 

using the Euler-Bernoulli composite beam model. (e) The radius of curvature increases by up to 

33% after the final uniform exposure to polymerize the NVP. 

After bending the strip, a final, uniform exposure polymerizes the monomeric solvent and 

fixes the shape of the bent structure. As shown in Figure II-4e, shrinkage resulting from 

polymerization of the NVP solvent and remaining unreacted stage-1 acrylates causes the resulting 

bend radius to increase by up to 33%. However, this shrinkage can be compensated in the initial 

design of the hinges. 

E. Folding 3D Structures 

1. Waterbomb base folding process 

Unlike bending, where the entire sheet is subject to the swelling response, folding occurs 

via localized bending of flexible hinges surrounded by stiff panels. In origami, a crease pattern is 

imposed into an otherwise rigid sheet, creating the flexibility required for the folding hinges while 

maintaining stiff panels for mechanical strength of the final folded object. In order to demonstrate 

the capability to accurately pattern folds into the two-stage polymer, a waterbomb base crease 

pattern utilizing both mountain and valley origami folds is programmed into a 25.4 × 25.4 ×

0.127 mm sheet of the material using the process outlined in Figure II-5. 
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Figure II-5. (a) The masks used to create the waterbomb base structure. Creasing and folding the 

waterbomb base involves 3 main processing steps: creating the stiff panels, programming the 

mountain and valley folds, and folding the final structure. (b) Hardening of the panels is performed 

using large exposure doses applied to each side of the sheet through the panel mask. (c) Mountain 

and valley folds are created by applying either the “cross” or “X” mask to a single side and using 

a small exposure dose. Both types of folds may be programmed into the same sheet by applying 

the two masks to different sides. (d 1-2) Folding of the creased structure occurs upon immersion 

into a solvent. (d 3-4) A final uniform cure applied to each side of the structure is used to 

polymerize the solvent and make the final structure permanent.  

 

The folded structure is created using 3 sequential exposure steps that 1) define the stiff 

panels, 2) define the mountain and valley folds, and (after swelling and folding) 3) lock-in the 

permanent shape of the folded structure. Each exposure dose is informed by the characterization 
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and modelling developed in the previous section. Stiff panels with a high modulus and crosslink 

density throughout their thickness are programmed via high-dose, photomask exposures applied 

from both sides of the material (Figure II-5b 1-4). The resulting sheet possesses two mechanically 

distinct regions featuring the stiffened, rigid panels (stage-2 material) and flexible hinges (stage-1 

material) (Figure II-5c 1). Mountain or valley folds are then created via small-dose, single-sided 

mask-exposures applied to select hinges (Figure II-5c 2-4). The small exposure dose establishes a 

gradient in the mechanical properties that causes nonuniform swelling of the hinge, leading to 

directed bending/folding. Because these folds remain latent until triggered by solvent, 

programming of both the mountain and valley folds may be performed on the same 2D surface 

through masked exposures applied to either side of the sheet. Control over both the width of the 

hinge and the mechanical gradient is possible by adjusting the mask and exposure dose 

respectively. After patterning the creases, immersion into a monomeric solvent (NVP) initiates the 

latent crease program and causes the structure to autonomously fold (Figure II-5d 1-3). A final 

uniform optical exposure applied to the front and back of the structure polymerizes both the 

remaining unreacted stage-1 acrylates as well as the NVP solvent, thereby stiffening the hinges 

and raising the modulus of the entire structure (Figure II-5d 4). Due to polymerization of the 

solvent within the material, evaporation does not occur, and the structure’s shape becomes 

permanent.  

An example of the pre-programmed, unfolded waterbomb base is shown in Figure II-6a. 

The panels were exposed using 365 nm light from each side with a dose of 3000 𝑚𝐽/𝑐𝑚2 at an 

intensity of 5 𝑚𝑤/𝑐𝑚2, while the mountain and valley folds were each exposed to 500 𝑚𝐽/𝑐𝑚2 

on a single side. Optimal hinge width to achieve the sharpest folds was 1.4 mm. Although the pre-

programmed sheet exhibits weak bending in the hinges due to polymerization-induced shrinkage 
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from stage 1 to stage 2, the material remains sufficiently flexible to be pressed against the exposure 

mask during all programming steps. The folded structure, prior to the final uniform exposure step, 

is shown in (Figure II-6c-d).  In contrast to the isolated bend structures measured in the previous 

section, the bend radii exhibited by the hinges in the waterbomb base are as small as 0.5 mm. This 

difference in bending is found to be primarily caused by assistance from swelling-induced buckling 

in the unexposed vertex at the center of the sheet (see appendix VIII C). As the vertex swells, it is 

constrained by the rigid panels and is forced to buckle along the hinges. Such buckling assists the 

folding process in each hinge and promotes a tighter bend radius than that which is normally 

achieved in an isolated hinge. This assisted folding is made possible by the interaction between 

the stiff panels and the flexible material at the vertex. For entirely flexible materials with no stiff 

regions, such buckling does not occur, and the structure will not fold as tightly. 
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Figure II-6. (a) The unswollen two-stage polymer sheet that has been programmed with the 

waterbomb base crease pattern. (b) If solvent is allowed to evaporate from the folded structure, it 

will return to a flat sheet. Due to the bistability of the waterbomb base, folding the creased pattern 

produces 2 different structures. (c,d) The two different bistable states of the waterbomb base are 

shown along with the experimentally achieved folded structure. If a uniform light exposure is 

applied to the folded structure immediately after swelling, the structure’s rigidity increases and is 

capable of supporting an external load whose maximum weight depends on the selected bistable 

structure. The structure in (c) is capable of supporting a maximum load up to 1140 times its own 

weight while the structure in (d) is capable of supporting up to 1500 times its own weight. 

2. Final exposure to lock the shape of the waterbomb base 

Evaporation of the NVP solvent causes the folded waterbomb base to eventually return to 

a flat sheet (Figure II-6b). However, a uniform flood exposure applied immediately after the 

structure is removed from the NVP bath, before evaporation can occur, causes polymerization of 

the swollen NVP and locks in the shape of the structure while concurrently reinforcing the hinges. 

Although some polymerization shrinkage causes the hinges to open and the panel edges to curl, 

the final shape remains comparable to the initial folded structure. This post-swelling 
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photopolymerization step thus acts as a trigger to allow solvent to either evaporate and enable 

reversible folding, or to polymerize and create a permanent structure.  

Evaporation of the NVP solvent causes the folded waterbomb base to eventually return to 

a flat sheet (Figure II-6b). However, a uniform flood exposure applied immediately after the 

structure is removed from the NVP bath, before evaporation can occur, causes polymerization of 

the swollen NVP and locks in the shape of the structure while concurrently reinforcing the hinges. 

Although some polymerization shrinkage causes the hinges to open and the panel edges to curl, 

the final shape remains comparable to the initial folded structure. This post-swelling 

photopolymerization step thus acts as a trigger to allow solvent to either evaporate and enable 

reversible folding, or to polymerize and create a permanent structure.  

Due to the extra post-swelling polymerization step, the tensile modulus and 𝑇𝑔 of the 

polymer structure’s hinges greatly increase, reaching values as high as 790 MPa and 130 ℃ 

respectively, thereby allowing the structure to support an external load. This was demonstrated by 

applying a series of increasing weights to the structure, with the maximum loading weights shown 

in Figure II-6c-d. The maximum recoverable loading of the flood-cured, 0.134 g waterbomb base 

is 203 g, which is ~1500 times its own weight. It is important to note that the geometry of the 

waterbomb base crease pattern allows for two different stable structures [68] (Figure II-6c-d) 

which arise from the single degree of freedom allowed by the flexible, unpatterned material at the 

vertex of the mountain and valley folds in the center of the square sheet. Due to their final 

geometries, the maximum supportable load of these two bistable structures is different. The 

structure in Figure II-6c, which is only supported by 4 narrow points, can bear up to 1140 times 



38 

 

 

its weight, while the alternate structure in Figure II-6d, which is instead supported by the edges of 

the polymer sheet, can support up to 1500 times its own weight. 

F. Conclusion 

By designing a two-stage photopolymer that incorporated tethered stage-2 chemistry, I 

demonstrated the ability to predict and control its 3D mechanical properties through bulk 

metrology and photopatterning. Critically, the validity of this technique was enabled by the 

unique nature of the tethered stage-2 chemistry, which prevented diffusion-induced hysteresis 

and provided spatio-temporal invariance in the material response. Assisted by this 

characterization, I utilized 3 distinct patterning modalities within the photopolymer that are 

amenable to the creation of permanent, rigid origami structures: 1) uniform patterning in depth to 

produce stiff, rigid panels, 2) strong gradients in depth to create directed self-folding hinges, and 

3) permanent fixation of the final structure’s shape via a uniform optical exposure. The latent 

nature of the crease pattern allowed all processing to be performed on the 2D sheet using mask 

lithography, while actuation occured at a later time through application of an external stimulus. 

Using these steps, I demonstrated the ability to fabricate a self-folding, permanent, rigid 

waterbomb base capable of supporting loads up to 1,500 times its own weight. I also observed 

that constrained swelling imposed by the rigid panels on the unpatterned regions could be used to 

assist the bending of hinges and enhance the overall folding of the programmed crease pattern. In 

the waterbomb base structure, constrained swelling of the central unpatterned vertex allowed for 

bend radii that were a factor of 3 smaller than isolated bends created on individual strips. In 

summary, the combination of a two-stage polymer and facile optical programming demonstrated 

herein enables stiff panels separated by mountain and valley creases that undergo folding and 

final hardening in response to simple, delayed external stimuli. These features enable complex 
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patterns of sharp folds in otherwise flat sheets to create mechanically and environmentally robust 

final parts, avoiding the common issues of precise stimulus control, pliable final state, and 

impermanent shape. 

In the following chapters, I will explore systems that incorporate untethered stage-2 

chemistry and are subject to diffusion-based mass transport. Through this diffusion, unique 

avenues for amplifying the material’s stage-2 properties will be made accessible, however, bulk 

metrology can no longer accurately characterize the material response. Therefore, I will present 

the development and application of in-situ metrology for characterizing and unlocking the full 

potential of such diffusion-based two-stage photopolymers. 
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 CHAPTER III 

IN-SITU METROLOGY OF REFRACTIVE INDEX STRUCTURES THROUGH 

QUANTITATIVE PHASE IMAGING1 

A. Chapter Overview 

In the previous chapter, tethering the stage-2 species to the stage-1 network eliminated 

their diffusive mobility and provided both spatial and temporal invariance in the material 

response under patterned optical exposures. Thus, bulk metrology could accurately characterize 

and predict the in-situ material properties of a photostructured feature. However, when the stage-

2 chemistry is untethered from the matrix, as in the case of two-chemistry holographic 

photopolymers, mass transport through diffusion now couples each photopatterned structure to 

the surrounding network. In this situation, the assumption of spatial and temporal invariance is 

no longer valid, and bulk metrology will fail to accurately characterize the material properties of 

internal photostructured features. In this chapter, I develop an in-situ imaging technique to 

characterize features written into diffusive, two-stage holographic photopolymers [69]. Unlike 

previous methods that ignore the complete spatial frequency spectrum of the structure 

(holography) or only measure the optical path length (quantitative phase imaging), this technique 

combines confocal reflection microscopy and quantitative phase imaging to completely resolve 

the spatial frequency spectrum and Δn of 2D photostructured phase elements. Using the 

characterization data from this technique, I can then predict the Δn of arbitrary in-situ 

photopatterned phase structures. This technique will then be used in chapter IV to explore new 

photostructuring methods to amplify the Δn response in holographic two-stage photopolymers. 

                                                 
1 Adapted with permission from Opt. Express 26, 1851-1869 (2018). Copyright (2018) Optical 

Society of America. (Bibliography reference: [69]) 
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B. Introduction 

Direct laser writing (DLW) optical lithography is a common technique used to create 

micron-scale three-dimensional (3D) refractive index structures deeply buried within a 

photosensitive medium [6,70,71]. The primary applications of DLW have been 3D routed 

waveguides for interconnects to integrated optoelectronic circuits [6,72–75], 3D diffractive optics 

that provide greater control over the multidimensional coherence function than their 2D 

counterparts [4], and 3D optical data storage that extends the capacity of traditional surface 

recording [76,77]. Proper design for such applications demands the ability to understand this 

light/matter interaction, which includes characterizing the optical properties of both the focused 

writing beam and photosensitive material, and measuring the magnitude and shape of the resulting 

index response.  

Inorganic photosensitive materials such as photorefractive crystals or photosensitive glass 

offer the ability to create non-volatile embedded refractive index structures through a post-

processing thermal treatment, while offering reasonable one-photon sensitivity for DLW and 

holographic patterning [10,78,79]. Alternatively, the refractive index of most transparent 

amorphous or crystalline inorganic material can be modified at the focus of a sufficiently high 

intensity femtosecond pulse train [9,80]. However, the mechanism by which these structures are 

formed is often complex [81] and inhibits the ability to accurately predict the shape and magnitude 

of the index response without performing extensive metrology. The lack of such predictive models 

limits the ability to design single-mode waveguides, control the scattering profile of volumetric 

diffractive optics, or predict the data storage density of an optical disk. 

In contrast to their inorganic counterparts, organic materials such as polymers provide 

synthetic routes to a vast range of optical and mechanical properties. Typically, absorption of 
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single or multiple photons by a photoinitiator molecule generates radicals or cations, which initiate 

monomer conversion to polymer. DLW lithography has been used to locally induce this monomer 

polymerization and form refractive index structures through the resulting material densification. 

However, formulations consisting of a single monomer species generally have minimal index 

response, as the initial localized polymerization is followed by a uniform bulk cure to render the 

material environmentally stable. To circumvent this issue, formulations typically mix high and low 

refractive index components whose fractional composition, and thus refractive index, is modified 

via mass transport when exposed to patterned illumination, but left nominally unchanged by the 

uniform post-processing cure [14]. The high photo-sensitivity of these two-component 

photopolymers, and their ease of processing, have led to applications in holography, 3D data 

storage [22], self-written waveguides [5,82], and laser direct-write lithography of 

waveguides [75,83,84]. Although the holographic community has invested significant effort both 

into developing a rational design for the material and understanding the index response to 

sinusoidal illumination [85–89], little has been done to quantitatively predict how these two-

component photopolymer materials respond to arbitrary intensity patterns including the focus of a 

DLW system.  

Thus, accurate measurements of the gradient index profile of both inorganic and organic 

photosensitive materials in response to single- or multi-photon absorption at a stationary or 

continuously moving laser focus is critical to enable a wide range of optical applications. This is 

an open problem fundamentally because quantitative metrology of weak (index contrast ~10-3) and 

small (feature width ~wavelength) buried 3D phase objects is a challenging task. In particular, all 

3D optical metrology methods have a finite coherent transfer function (CTF) which will fail to 

accurately measure the peak or profile of the index response unless the object spatial frequency 
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spectrum is completely within the instrument CTF. For example, Bragg diffraction from 

holograms written by two-beam interference and analyzed with Kogelnik’s coupled wave 

theory [90] only measures the first harmonic of the periodic illumination, losing information about 

the higher orders and their contribution to the peak index. Digital holographic microscopy [91,92] 

and diffraction-based phase retrieval [93,94] have been applied to reconstruct buried waveguide 

profiles, however, in the case of perpendicular-write waveguides, the methods are constrained by 

poor overlap of the microscope CTF with the waveguide spatial frequency spectrum. Thus, further 

preparation of the sample, either via cross-sectioning, or the use of additional assumptions about 

the shape of the waveguide is required to measure the full index profile.  

Alternatively, a method similar to that of the ascending scan technique used to measure the 

relationship between the writing beam focus and the 3D voxel shape of solidified two-photon 

polymerized structures [95] can be used to improve the overlap of the CTF and the waveguide’s 

spatial frequency spectrum. The writing beam focus begins within the substrate, and a series of 

phase structures are created, shifting the focus upwards from the substrate by an amount Δz 

between each structure (Figure III-1). Because the substrate effectively truncates the focus spot in 

the z-dimension, measuring the differential optical path length (OPL) between each structure 

provides, thin, 2D slices that can be used to reconstruct the full 3D phase profile. Since each 

differential 2D slice is considered uniform in depth, all spatial frequency content collapses onto 

the 0zf   plane and falls within the CTF of a high NA microscope. Unfortunately for small voxels, 

the signal-to-noise ratio for the differential OPL between each z-shifted voxel is typically lower 

than the sensitivity of the phase imaging system, restricting the applicability of this scan to large, 

or strong phase structures. However, by adapting this technique to instead use thick, uniform 2D 

phase slices to study the material’s light-induced index response over a range of different exposure 
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conditions, I gain enough information to generate a predictive model for arbitrary 3D exposure 

conditions.  

 

Figure III-1. The shape of 3D phase structures written into a material using either two-photon 

polymerization or a thresholded single-photon polymerization response can be measured using the 

ascending scan method. The focus of the exposure beam is shifted by an amount Δz between each 

exposure until the substrate no longer truncates the resulting phase structure. Phase imaging can 

then be used to measure the differential optical path length between adjacent structures. Because 

these thin phase slices are assumed to be uniform in z, the spatial frequency content of each slice 

falls entirely within the CTF of the imaging system. Therefore, measuring each of the differential 

slices in the 3D structure allows one to reconstruct the entire voxel.  

 

As demonstrated in the following section, incomplete overlap between the object spatial 

frequency spectrum and the imaging system’s CTF prevents accurate reconstruction of many 3D 

refractive index structures such as embedded waveguides. Therefore, I propose to fully 

characterize the index response of photosensitive materials by creating refractive index structures 

in a geometry that guarantees CTF overlap. I then apply this predictive model to the design of 

structures such as buried waveguides, whose complete spectrum does not overlap with the CTF, 

and is not accessible outside the material. The problem of CTF overlap is solved by imaging a 

transverse slice of a waveguide with a high NA transmission microscope. Although techniques 

such as refractive near-field scanning [96] have been used to probe the entire 2D refractive index 
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profile of waveguides using this geometry, they require point-by-point scanning over the entire 

waveguide face, which is inconveniently slow for the multi-parameter materials characterization 

scheme proposed here. Full field, intensity-based phase imaging schemes such as iterative phase 

retrieval [93], digital holographic microscopy [97], and the transport of intensity equation 

(TIE) [98] offer significantly faster and simpler measurements. Unfortunately, iterative phase 

retrieval is sensitive to support constraints and does not always guarantee convergence to a global 

solution, whereas digital holographic microscopy is subject to coherent noise artifacts. In contrast, 

TIE-based phase retrieval, developed by Teague [99], provides a direct and unique measurement 

of the transmitted phase, which is equal in the Born approximation to 2D integrated optical path 

length. However, to calculate refractive index from transmitted phase requires additional 3D 

information about the structure. For example, although previous work combined TIE-based phase 

imaging with diffraction tomography to estimate both the shape and refractive index of buried 

waveguides [98], the CTF of the imaging system used in this geometry was again insufficiently 

matched to the spatial frequency spectrum of the object, preventing a direct, quantitative measure 

of peak index or shape. 

In this chapter, I demonstrate rapid and complete quantitative characterization of isolated 

index structures written by direct-write lithography using a combination of TIE-based quantitative 

phase imaging and confocal reflection microscopy. By aligning the CTF of the transmission 

microscope with the spatial frequency spectrum of thin 2D test structures, I am able to measure 

the relevant spatial frequency response of the material and use this to unambiguously reconstruct 

the complete Δn profile without the need to perform tomographic measurements. The validity of 

this technique is demonstrated by fully characterizing the direct-write index response of a high 

performance holographic photopolymer. Counter to the predictions of radical photochemistry, the 
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material is shown to behave linearly with intensity over a wide range of exposure intensities and 

times. Furthermore, the index response is found to fall on a single master curve, which provides a 

unique functional translation between integrated exposure dose and index response. I then show 

that this function can be used to predict the size and shape of written waveguides, including the 

nearly binary structures that can be created using the sharp saturation of the response function. 

This technique is experimentally simple and applicable to any photosensitive material with single- 

or multi-photon response, enabling the rational design and optimization of writing systems, 

materials, and 3D optical devices, including waveguides, volume computer generated holograms, 

and data storage systems.  

C. Theory and Experimental Details 

1. Overlap between the object spatial frequency spectrum and the imaging CTF 

To illustrate the impact of mismatch between the object spectrum and the CTF, consider 

an ideal phase imaging system [Figure III-2(a)] operating in transmission. Independent of the 

specific imaging method, an instrument with a finite signal-to-noise ratio can only measure the 

fraction of the object spectrum within the CTF [Figure III-2(b)]. Now let this system be used to 

examine a buried waveguide written by moving the focus perpendicular [Figure III-2(c)] or parallel 

[Figure III-2(d)] to the axis of the focus. For purposes of illustration, the circularly-symmetric 

waveguide refractive index profile in both cases is chosen to be of similar shape as one 

demonstrated later in this chapter. 
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Figure III-2. (a) Transmission microscope used to image the phase object. (b) Example of an ideal 

CTF for the transmission microscope configuration used in all of the following experiments, 

operating under coherent illumination with a 0.3 NA in a material with a refractive index of 1.5. 

(c-d) Measurement geometry for imaging perpendicular and parallel-write waveguides 

respectively. 

 As shown in Figure III-3(c), the spatial frequency spectrum of the perpendicular-write 

waveguide poorly overlaps the CTF, particularly in the z-direction, independent of the microscope 

NA. An ideal reflection microscope has even worse overlap, particularly with structures written 

via laser direct-write lithography [100]. Conversely, the microscope CTF can effectively overlap 

the spectrum of a waveguide written by moving parallel to the axis of the focus [Figure III-3(d)] 

if the diffraction-limited spot size is smaller than the smallest written feature size. Crucially, the 

delta-function spectrum of a waveguide that is invariant in the z direction fits within the z-axis 

singularity of the transmission microscope CTF. Assuming an ideal reconstruction wherein the 

CTF is constant, the measured waveguide in the former case has little resemblance to the object, 

appearing to have a uniform cross section in z and a peak amplitude of only 15% of the actual 

structure [Figure III-3(e)]. Conversely, the latter geometry perfectly reconstructs both the profile 

and the peak refractive index [Figure III-3(f)]. Therefore, in order to accurately reconstruct the 
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object, the CTF of the imaging system must fully overlap the spatial frequency spectrum of the 

object.  

 

Figure III-3. (a-b) 2D image of the normalized refractive index distribution seen by the instrument 

from Figure III-2(a). The insets show the cross-sections along the respective lines. (c-d) Overlap 

of the object’s Fourier transform with the CTF (line) of the ideal imaging system from Figure 
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III-2(b). The Fourier transform amplitude shown has been scaled by taking the square root and 

then normalizing the amplitude in order to show the structure more clearly. (e-f) The resulting 

reconstructed object using only the Fourier components that overlap with the CTF of the imaging 

system. The insets compare the ideal cross-sections seen by the microscope along the respective 

lines with the actual object cross-sections (black squares). 

2. Two-component photopolymer formulation 

The two-component holographic photopolymer used in this chapter is a gel consisting of a 

low refractive index, optically transparent, flexible matrix polymer swollen with a liquid 

photoreactive writing chemistry that consists of a photoinitiator and a high refractive index writing 

monomer [14]. Photons absorbed by the photoinitiator begin polymerization of the monomer, 

creating a local concentration of high refractive index polymer within the matrix. After re-

equilibration of the unreacted monomer via diffusion, and the matrix via swelling, the resulting 

concentration variations of the low-refractive index matrix and high-refractive index polymer yield 

a difference in the refractive index (Δn), given by the volume-fraction weighted average of the 

constituent refractive indices [21]. A final uniform cure polymerizes all remaining monomer, 

preventing further mass transport, and resulting in minimal change to the bulk refractive index. 

Depending on the end-application, different chemical formulations have been developed to address 

the required material properties. Covestro and DuPont have both developed high dynamic range 

photopolymers with Δn’s ranging from >0.03 to 0.06 for the Bayfol HX and OmniDex 

formulations respectively [101,102]. These high Δn’s allow for the production of thin, volume 

holograms [7]. However, the high Δn typically comes at the expense of increased shrinkage (1.4% 

for the Bayfol HX [101]), which is unsuitable for multiplexed holographic data storage. Using 

their DRED formulation, Akonia Holographics has demonstrated a low-shrinkage version of a 

two-component photopolymer (<0.1%) for holographic data storage with a zero-to-peak Δn as 

high as 0.015 [103]. Although predictive models have been developed to describe the formation 



50 

 

 

of periodic holographic phase structures within such materials [104], to the best of our knowledge, 

little work has been done to model the material response when writing isolated phase structures 

such as waveguides. 

The writing monomer used in the model two-component photopolymer is 

phosphorothioyltris(oxybenzene-4,1-diylcarbamoyloxyethane-2,1-diyl) triacrylate, and was 

synthesized following a procedure reported in various Covestro patent literature [105]. First, 

0.0207g (0.09 mmol) of 2,6-di-tert-butyl-4-methylphenol and 57 mL of Desmodur RFE (27% 

solution of tris(p-isocyanatophenyl) thiophosphate in ethyl acetate, 38.9 mmol) were added to a 

dried 100 mL round bottom flask with a magnetic stir bar. The reaction was started by adding 13.5 

g (116.3 mmol) of 2-hydroxyethyl acrylate to the flask dropwise, and was performed at 60 C  with 

a reflux condenser overnight. The product was collected by cooling and subsequent removal of 

ethyl acetate in vacuum to obtain a waxy semicrystalline solid. In order to form the photoreactive 

component of the photopolymer, a 1:10 molar ratio of photoinitiator TPO (2,4,6-

Trimethylbenzoyl-diphenyl-phosphineoxide) to the writing monomer was used. 

The crosslinked matrix of the two-component photopolymer system is a flexible 

polyurethane with a glass transition temperature (Tg) of -45 C , and consists of a 1:1 molar ratio of 

isocyanate (Desmodur N3900) and alcohol (polycaprolactone-block-polytetrahydrofuran-block-

polycaprolactone). In the following experiments, formulations with overall weight fractions of 

10% and 30% of the photoreactive components were used. Test samples were fabricated by mixing 

the matrix and photoreactive components at 60 C , prior to gelation of the polyurethane, degassing 

the resin, and then casting between a 1 mm glass microscope slide and a 150 μm glass coverslip. 

Sample thickness was set using spacers ranging between 13 and 25 μm. Polymerization of the 

urethane matrix occurred overnight in an oven at 60 C . 
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3. Exposure and confocal reflection system 

The optical layout shown in Figure III-4 is used to fabricate the sample phase elements for 

TIE-based imaging and analysis. The sample is mounted on a 5-axis stage that controls both tip/tilt 

and xyz motion, while a confocal reflection microscope operating at 660 nm is used to align the 

sample and provide a non-contact method for precisely measuring the thickness of the sandwiched 

photopolymer layer. The confocal beam is co-aligned with a second laser at 405 nm central 

wavelength that is used to expose the photopolymer. Because the chosen photoinitiator is 

minimally absorptive at 660 nm, the confocal imaging system will not initiate significant 

polymerization and can therefore make optical path length measurements at the direct site of the 

exposure. The known refractive index of the photopolymer at this wavelength, measured with a 

Metricon Model 2010 prism coupler, is used with the optical path length measurement to calculate 

the thickness of the sample. When performing quantitative phase imaging of a 2D profile, this 

thickness measurement is necessary for determining the actual Δn from the measured optical path 

length. A 0.66 NA objective is used in conjunction with a 10 μm pinhole to give a confocal axial 

resolution of ~2 μm within the material [106] and a thickness uncertainty of ±2.5%. Sufficient 

signal-to-noise in the confocal reflection measurement is obtained for a refractive index difference 

of ~0.01 between the polymer and the protective substrate. 

At each location, the thickness of the sample is measured by the procedure above, then the 

405 nm light beam exposes a series of 2D, isolated gradient index structures into the material using 

a range of intensities and exposure times. Each structure extends uniformly through the entire 

thickness of the polymer film. The small size of the structures and high stiffness of the glass 

coverslip relative to the rubbery polymer are presumed to prevent change of thickness due to 

polymerization shrinkage or swelling of the matrix. Before exposure, the 0.66 NA objective is 
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replaced with a 0.13 NA, 4× Nikon objective operating at an effective NA of 0.023 to provide a 

focused spot 1/exp(2) intensity diameter of ~18 μm. The total beam power is controlled using both 

the driving current and a variable ND filter in order to achieve a large range of intensities. Exposure 

time is controlled using a Uniblitz VS14 shutter with a minimum equivalent exposure time of 4.5 

ms. Three points are written for each exposure condition to provide error bars. 

 

Figure III-4. The confocal reflection microscope (660 nm path) is used to position and measure 

the sample thickness, while the co-aligned 405 nm laser is used to expose the photopolymer and 

create phase structures (inset shows an example differential interference phase contrast microscopy 

image). The 660 nm laser is a 100 mW Coherent OBIS LX diode laser, and the 405 nm laser is a 

Power Technology Incorporated IQu2A105/8983 105 mW laser. 

4. Phase imaging 

The refractive index contrast between the written phase structures and the base matrix is 

measured using a non-interferometric phase imaging technique based on the solution of the 

transport of intensity (TIE) equation 
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where  I , 0r z  is the in-focus image intensity distribution perpendicular to the optical 

axis (ẑ), and 0 is the wavelength of the incident light (vacuum). The optical path length along the 

optical axis is 0nL,k  where 0 02 /k   , n is the refractive index of the material, and L is the 
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thickness of the structure. In order to solve the TIE, a series of Fourier transforms   are applied 

as shown in Eq. (3.2) and (3.3) [107,108]:   
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and ,x yf f   are the spatial frequency components of the image. Aside from the wavelength of light, 

only knowledge of the axial intensity derivative is required. Because the axial intensity derivative 

can be estimated with a series of defocused images, and the TIE does not suffer from strict 

coherence requirements of the illumination source, this technique offers a simple method for direct 

phase measurements [109,110]. In the following experiments, imaging to determine the axial 

intensity derivative is performed with a conventional brightfield microscope equipped with a 633 

nm line filter, a 20×, 0.5 NA objective, and a condenser operating at 0.3 NA to broaden the linear 

spatial frequency response range of the TIE [111]. The axial derivative is approximated via a 

second-order central difference approximation using a pair of symmetrically defocused images 

about the in-focus image plane. The detector noise in this approximation sets a limit on the 

minimum defocus distance, while the error associated with the second-order finite difference 

approximation imposes a competing limit on the maximum defocus distance [112,113]. Although 

a variety of techniques exist to reduce this noise, most commonly by acquiring larger sets of 

defocused images, a single pair is found to be sufficient [114–116]. The optimal defocus distance 

that minimizes the noise from both the axial intensity derivative approximation and that associated 

with the nonlinear error from the TIE approximation occurs at the distance where the peak Δn 
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begins to decrease. A defocus distance of ±3 μm around the object plane using a piezo actuator 

provides the best experimental results for the given setup (Figure III-5).  

 

Figure III-5. The reconstructed Δn vs. defocus distance used in the TIE reconstruction algorithm. 

As the defocus distance increases beyond 3 µm, the TIE algorithm suffers from error due to 

discarded higher-order terms. 

Additionally, because fast Fourier transforms are used to solve the TIE, periodic boundary 

conditions are assumed. While the addition of an aperture at the image plane can be used to bypass 

this assumption [117], the imaged phase structures in the following experiments are sufficiently 

isolated that the phase difference falls to 0 at all of the boundaries, thereby satisfying the required 

boundary condition. Finally, because the depth of field of the writing illumination is significantly 

larger than the thickness of the sample, and the absorption of the sample is insignificant over these 

thicknesses, the index of refraction of the written phase elements is uniform throughout the 

thickness of the sample. In other words, I measure here the response of the polymer to a stationary 

focus. One could also translate the focus through the thin sample of photosensitive material to 

simulate the continuous translation of a waveguide writing experiment. In either case, the index 

distribution is invariant in the axial direction and the object spatial frequency distribution is thus 
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confined to the plane 0zf  . This guarantees no loss of information outside of the transmission 

microscope CTF as long as the NA of the objective used for TIE is much greater than that used for 

writing (Figure III-3).  

With this geometry, the only 3D knowledge required to translate the phase measurement 

to the complete 3D refractive index profile is the precise thickness of the sample, which is provided 

by the integrated confocal reflection microscope. An example of the calculated refractive index 

structure for a Gaussian exposure is shown in Figure III-6.  

 
Figure III-6. (a-c) Example brightfield images required for solving the TIE, including two 

symmetrically defocused images (a,c) and one in-focus image (b). (d) The 2D reconstructed Δn  

using the images from (a-c) along with representative (e) cross-sections taken along the x- and y-

axes. 

Verification of the TIE algorithm was performed by characterizing the measured height 

profile of a fused silica microlens array (Suss MicroOptics) using both the TIE algorithm and 

atomic force microscopy (AFM) as seen in Figure III-7. The quoted radius of curvature (ROC) for 

the microlenses is 42 µm with a pitch of 30 µm. The ROC measured using the TIE was 41 µm 
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while the ROC obtained using AFM was 43 µm. The height of the lenses agreed within 100 nm 

for the two different measurement techniques. 

 
Figure III-7. (a) Brightfield microscope image showing the region of the microlens array used to 

test the TIE algorithm. (b) Reconstructed thickness profile of the boxed region in (a). The blue 

line shows the cross-section used in (c). (c) Cross section of a single microlens obtained through 

the TIE algorithm and atomic force microscopy. The radius of curvature agrees with the 

manufacturer quoted value of 42 µm. 

D. Results and Discussion 

1. Single-exposure material response 

In order to completely quantify the Δn response of the two-component photopolymer, a 

series of isolated, Gaussian-shaped photoexposures are applied to the material using the 405 nm 

wavelength excitation source. Varying the exposure time and writing intensity provides control 

over the Δn modulation, which is measured using confocal reflection microscopy and the TIE as 
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discussed above. The concentration of writing monomer within the material is also varied between 

10 and 30 wt% to measure the effect of the formulation on the Δn response to exposure. While the 

method measures the complete index profile, Figure III-8 shows just the index at the peak of each 

exposure as a function of time, intensity and formulation. 

 
Figure III-8. (a) Differential interference contrast microscopy image of a subset of the measured 

phase structures. (b-e) The peak Δn response for the model two-component photopolymer over a 

range of different exposure intensities, exposure times, and monomer loadings as measured by 
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TIE-based quantitative phase imaging in conjunction with confocal reflection microscopy. (b) 

The Δn vs. exposure time for 10 wt% monomer loading. (c) The Δn vs. exposure time for 30 

wt% monomer loading. (d) The Δn vs. exposure dose for 10 wt% writing monomer. (e) The Δn 

vs. exposure dose for 30 wt% writing monomer. Each symbol corresponds to 3 isolated 

exposures, each of which has been measured by the method described in the text. Error bars 

show the total spread of the three measurements. 

The figure illustrates how a very large number of exposure conditions and material 

formulations can be rapidly evaluated, enabling a complete material characterization. For the 

model material, the measured data [Figure III-8(b-c)] reveal an inhibition period at low exposure 

times and intensities, consistent with the initial consumption of oxygen by the radical initiating 

species  [118,119]. After this induction period, the materials respond monotonically with exposure 

time, exhibiting greater slope for higher intensity and monomer concentration. At large exposure 

times and intensities, the index response saturates. The saturation Δn of the 10 wt% monomer 

formulation of 37 10 is half that of the 30 wt% monomer formulation at 21.4 10 , indicating the 

material sensitivity and maximum obtainable Δn are limited by the initial monomer concentration. 

To support this hypothesis, photoinitiator consumption has been calculated to be negligible over 

the given exposure times and intensities (Figure III-9). The plot shows that photoinitator is not 

significantly consumed before saturation of the Δn. Therefore, finite monomer concentration limits 

the total achievable Δn for a single exposure. 
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Figure III-9. Plot showing the photoinitator concentration vs. exposure time for different exposure 

intensities. The time required to reach saturation of Δn is plotted as circles. Saturation is reached 

well before a significant fraction of photoinitiator is consumed. The molar absorptivity of TPO at 

405 nm is 235 L/(mol cm), and the concentration is 3.2 mmol/L. 

Finally, the panels in Figure III-8(d-e) show that the raw data can be collapsed to a single 

master curve for both materials in which index response depends only on the product of intensity 

and exposure time. One possible explanation for the deviation from this fit at low intensity 

exposures in the 10 wt% monomer loading is the in-diffusion of new inhibiting oxygen species. 

However, in the general case, this linear, reciprocal behavior is contrary to the expected behavior 

of neat acrylate monomers and radical initiators, which should exhibit sublinear (typically square 

root) intensity dependence due to bimolecular termination. Although some bulk and holographic 

characterization of such polymers has found reciprocal behavior [85,120], common models based 

on pseudo steady-state analysis and bimolecular termination assume a sub-linear behavior [121]. 

Such sub-linear behavior dramatically limits confinement of structures written by a focused 

beam [122], while conversely, the completely linear behavior shown here drastically simplifies the 

design of complex 3D index structures.  
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The linear, integrating response of the material is further demonstrated in Figure III-10, 

where a series of phase structures was created with the focused 405 nm Gaussian beam for various 

exposure times. For each structure, the first exposure was immediately followed by three additional 

exposures of the same duration and intensity. The TIE/confocal reflection measurement was used 

to measure the resulting Δn profile, shown in Figure III-10(a). As shown in Figure III-10(c), the 

material responds only to total dose, again falling on a single master curve. The shape of the 

structure, characterized in Figure III-10(b,d) through the full width at half maximum (FWHM), 

also depends only on the total exposure dose and is invariant to the total number of exposures. 

These results demonstrate that the material integrates optical exposure dose with no hysteresis 

such that a designer can fabricate overlapping phase structures without considering the order in 

which they are exposed. This behavior is expected to hold as long as subsequent exposures occur 

before significant diffusion of the writing monomer occurs. 
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Figure III-10. (a-b) The Δn response and FWHM for a series of phase structures that are exposed 

up to 4 times immediately after the initial exposure. For low doses below the saturation limit, the 

Δn continues to increase until the final saturation Δn is reached. Continued growth of the 

structure terminates due to consumption of all local monomer. (c-d) The Δn response and 

FWHM for the same structures plotted against the total exposure dose. 

2. Predicting phase structure profile with the material response master curve 

The previous sections demonstrated TIE phase recovery and confocal reflection 

microscopy of laser direct-write lithography samples oriented such that the object spatial 

frequency spectrum was fully within the microscope CTF. This enables quantitative, rapid, and 

complete characterization of photosensitive material response to intensity, exposure time, material 

formulation, and multiple exposures. For the model material used here, which is linear and 

integrating, the peak index response Δn was shown to fall on a single master curve as a function 
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of total dose. While particularly convenient, multivariable response models could be developed 

for other materials using the methods presented.    

Since the complete spatial frequency spectrum of buried waveguides cannot be accessed 

by any instrument that is outside the material, I suggest that the appropriate design flow for laser 

direct-write lithography of 3D phase structures is to first generate the material response model as 

shown above. Then, the model can be applied to predict the material index response to known 

exposure conditions that are used to write buried structures whose profile cannot be directly 

measured. To show that such an approach is valid, here I apply this technique to predict the size 

and shape of waveguide profiles written in the end-face geometry used above, such that the 

prediction can be compared to a quantitative measurement.  

Here I use the material with 30 wt% monomer loading because of its larger saturation index 

and single response curve for all exposure conditions. This reference curve, is extracted from the 

peak index response data in Figure III-8(e), smoothed using a Gaussian filter, and then interpolated 

using the piecewise cubic hermite interpolating polynomial (PCHIP) method in MATLAB [Figure 

III-11(a)]. Given an arbitrary exposure profile and peak intensity, the curve predicts the amplitude 

and shape of the resulting phase element without the need for additional tomographic 

reconstruction of the individual structure. To demonstrate this, a series of 2D Gaussian exposures 

was performed in the photopolymer loaded with 30 wt% writing monomer, and the predicted 

transverse index profiles of the structures were compared to the measured Δn profile using 

TIE/confocal reflection microscopy [Figure III-11(b-d)]. Both the peak Δn and FWHM predictions 

agree with the measured values over doses spanning 25 to 570 mJ/cm2. At small doses, the 

predicted FWHM deviates, in part due to the low signal-to-noise ratio associated with the TIE for 

weak phase elements. 
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The proposed method accurately predicts the complete profile of the waveguide, even far 

into the saturation regime of the material. Specifically, the relatively sharp transition between the 

proportional and saturated dose response of the model material enables the formation of nearly 

binary channel waveguides that would support tightly confined modes, as shown in Figure 

III-11(b). This in turn would enable the use of beam shaping methods originally suggested for 

femtosecond lithography of glasses with nearly binary response [123]. Design of such buried, 

shaped structures in response to shaped foci or multiple-passes is made possible by the 

characterization method described here.  

 
Figure III-11. (a) The phenomenological fit to Δn data acquired at different doses. (b) Cross-

sections of the normalized exposure profile, the expected Δn predicted using the curve from (a), 

and the measured Δn using the TIE/confocal reflection system. (c) The measured vs. the 

predicted FWHM for a cross section along the y-axis. (d) The measured vs. the predicted FWHM 

for a cross-section along the x-axis. 
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E. Conclusion 

By ensuring overlap between the CTF of the imaging system and the written phase 

structure, I have demonstrated the ability to completely characterize the refractive index change 

resulting from a DLW exposure within a diffusive two-component photopolymer. Using this 

information about the material response, I was then able to predict both the resulting amplitude 

and shape of the refractive index perturbation that developed in response to an arbitrary exposure 

dose profile. This technique overcomes the limitations and experimental difficulty of conventional 

tomography and enables the ability to design and fabricate known 3D phase structures within a 

photosensitive material. This technique is applicable for any transparent, photosensitive material 

that produces a localized change in the refractive index, regardless of diffusion effects, proving 

useful for both evaluating the phase response, and fabricating isolated waveguide structures in a 

variety of photosensitive materials. 
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 CHAPTER IV  

ENHANCING THE ΔN DYNAMIC RANGE OF TWO-STAGE 

PHOTOPOLYMERS THROUGH MULTIPLE EXPOSURES1 

A. Chapter Overview 

In the previous chapter, confocal reflection microscopy and quantitative phase imaging 

(QPI) were applied to study the in-situ response of diffusive two-stage photopolymers to single 

direct-write exposures. Here, I apply this same metrology to demonstrate a new photostructuring 

technique that extends the Δn dynamic range of current diffusive two-stage holographic 

photopolymers without requiring any alteration to the underlying chemical formulation [124]. I 

then adapt the QPI + confocal reflection metrology to enable the novel measurement of in-situ, 

dynamic processes such as diffusion within the photopolymer. This metrology enables me to 

explore and understand the fundamental limits to this new photostructuring technique. 

The above photostructuring technique utilizes multiple-exposures to exploit monomer in-

diffusion from unexposed regions, yielding structures in the model photopolymer with Δn’s up to 

4 times larger than those obtained through single exposures. In order to understand the physical 

constraints behind this technique, I use QPI + confocal reflection microscopy to measure 

monomer diffusivity during re-equilibration following one and two exposures. Through this 

extension of the metrology, I show that, similar to the mechanical two-stage photopolymer 

introduced in chapter II, multifunctional stage-2 monomers increase the local crosslink density of 

the stage-1 network, thereby impeding re-equilibration of monomer, and subsequently, the 

ultimate achievable Δn. 

                                                 
1 Adapted with permission from Opt. Lett. 43, 1866-1869 (2018). Copyright (2018) Optical 

Society of America. (Bibliography reference: [124]) 
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B. Introduction 

Direct laser writing (DLW) into photosensitive media is a common technique for fabricating 

embedded phase structures such as waveguides [6,125] and aperiodic volume optics [4]. Because the 

achievable refractive index contrast (Δn) within these materials limits features such as the minimum 

waveguide bend radius, or the diffraction efficiency and overall size of diffractive structures, considerable 

effort has gone towards the development of such photosensitive materials with increased dynamic range. 

Two-component photopolymers are a popular material platform for DLW of phase structures due to their 

high achievable Δn, ease of processing, and wide range of optical and mechanical properties [14,86]. In 

these materials, Δn is created through a photo-induced concentration gradient between typically high-

refractive index photopolymerizable monomeric species and the low-refractive index binder/matrix. 

However, the primary focus on the development of these materials has been directed towards applications 

such as holography, data storage, and displays for augmented reality, with characterization of the total 

dynamic range based on M/# measurements [22] and the formula limit [14]. These metrics specify the total 

Δn that can be achieved using sinusoidal exposure patterns while under the assumption that only the local 

monomer concentration can be polymerized. However, in making this assumption, any additional 

contribution to the Δn from diffusion of external monomer into the exposed region is lost. Although 

reasonable for large area exposures and materials with low monomer diffusivity, structures such as 

waveguides, whose diameters are on the order of 10’s of microns, can leverage this in-diffusion from the 

unexposed bulk to achieve considerably higher Δn’s through multiple patterning steps. 

 With the advent of two-photon polymerization and the ability to fabricate micron-scale 3D 

embedded optical elements through DLW, increased effort has been invested towards characterizing the 

total achievable Δn and shape of these isolated structures within a photosensitive material [98,126,69]. 

Additionally, techniques such as quantitative phase imaging have been applied towards measuring the in-
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diffusion of monomer into the exposed region [127]. However, all of these studies were limited to 

investigating the results of single-exposures, neglecting the replenishment of the writing monomer through 

post-exposure diffusion. Other investigations into the effects of multiple exposures on the resulting 

refractive index profile either provide only qualitative evidence of increased Δn via phase contrast 

microscopy [128], or only consider the total accumulated dose, ignoring the effects of in-diffusion of 

monomer [93]. Thus, the primary methodology for increasing the total dynamic range of two-component 

photopolymers has been optimization of the material chemistry [17,22,85]. This is typically difficult and/or 

penalized by other performance metrics such as shrinkage. 

In order to extend the dynamic range of two-component photopolymers for the fabrication of 

isolated, micron-scale phase structures, I quantitatively explore the use of subsequent time-delayed photo-

exposures in conjunction with diffusion-assisted monomer replenishment after each exposure. I show that 

the total dynamic range can be increased by as much as 4 times the single-exposure limit in the 

demonstration photopolymer. Furthermore, this technique can be used to infer the maximum Δn achievable 

within a given two-component photopolymer, allowing for rapid screening to determine the most effective 

combinations of monomer and matrix components. This multi-write technique should be beneficial in 

extending the utility of already-available two-component photopolymers, allowing for the fabrication of a 

wider range of waveguide devices and isolated optical structures.  

C. Experimental Details 

1. Two-component photopolymer formulation 

The two-component photopolymer used in the following experiments was prepared according to a 

previously reported procedure [69]. Briefly, the photo-active chemistry consists of a 1:10 molar ratio of the 

photoinitiator TPO (2,4,6-trimethylbenzoyl-diphenyl-phosphineoxide) to a synthesized triacrylate writing 

monomer [phosphorothioyltris(oxybenzene-4,1-diylcarbamoyloxyethane-2,1-diyl)triacrylate]. This 
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photoactive component was then combined in different weight fractions with the polyurethane matrix, 

which contained a 1:1 molar ratio of trifunctional polyisocyanate (Desmodur N3900) and difunctional 

polyol (polycaprolactone-block-polytetrahydrofuran-block-polycaprolactone). The material was cast 

between a microscope slide and coverslip, with the layer thickness set by 25 µm spacers. 

2. Exposure and confocal reflection system 

The experimental setup shown in Figure IV-1 was used to expose the photopolymer samples. Two 

lasers with wavelengths at 405 nm and 660 nm are co-aligned and focused onto the sample, which is 

mounted on a 5-axis motorized stage. Only the 405 nm laser has sufficient spectral overlap with the 

photoinitiator absorption spectrum to induce significant polymerization, allowing the 660 nm beam to be 

used in a confocal reflection modality. During the exposure step, a Nikon objective, operating at an NA of 

0.023 provides a focused spot with a 1/exp(2) diameter of 18 μm. Because the material absorbance is 0.04 

for 25 μm-thick samples with 30 wt% of the writing monomer, and the Rayleigh range of the focused spot 

is 10 times larger than the thickness of the sample, the exposure profile is considered uniform throughout 

the polymer thickness. A Uniblitz VS14 shutter controls the exposure time. 

 

Figure IV-1. The confocal reflection microscope (660 nm path) is used to position and measure 

the sample thickness, while the co-aligned 405 nm laser is used to expose the photopolymer and 

create phase structures (inset shows an example differential interference contrast microscopy 

image). The 660 nm laser is a 100 mW Coherent OBIS LX diode laser, and the 405 nm laser is a 

Power Technology Incorporated IQu2A105/8983 105 mW laser. 
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3. Quantitative phase imaging 

Measurement of the refractive index profile of the written phase structures is performed using 

quantitative phase imaging (QPI) based on the transport of intensity equation (TIE), which is further 

described in the previous chapter [69]. The axial intensity derivative used to solve the TIE was computed 

using brightfield images defocused by ±3µm about the in-focus image plane [Figure IV-2(a) inset]. In order 

to calculate Δn from the optical path length measured using TIE, the confocal reflection microscope is used 

to locally measure the thickness of the polymer layer. In this case, the Nikon objective is swapped with a 

0.66 NA Leica objective. A pinhole with a diameter of 1 Airy unit is used to achieve an axial resolution of 

3 µm. The confocal reflection signal is fit to measure thickness with an uncertainty of ±2.5%. The 

unexposed polymer refractive index required to calculate the physical thickness from the confocal reflection 

signal is measured using a Metricon Model 2010 prism coupler. 

D. Results and Discussion 

1. Multi-write photostructuring 

The multi-write technique was performed as follows: grids of spots were exposed into samples of 

photopolymer containing 10, 20, and 30 weight percent (wt%) of the writing chemistry. Each spot in the 

grid extended uniformly through the thickness of the sample and was patterned with 316 mW/cm2 light at 

a sufficient dose to consume the local monomer and saturate the photopolymer’s Δn response. In this case, 

the dose per exposure was 253 mJ/cm2 for the 10 wt% samples, and 111 mJ/cm2 for the 20 and 30 wt% 

samples. After each exposure, monomer and photoinitiator were allowed to diffuse from outside the 

exposed region for 2 hours before re-exposure. Up to 11 consecutive exposures were performed on a given 

spot under the same exposure conditions. Despite the long diffusion times, heating the polymer can improve 

monomer mobility and increase diffusivity. Figure IV-2(a) shows the peak Δn of the resulting refractive 
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index structure as a function of exposure number, while a selection of the corresponding cross-sections is 

given by Figure IV-2(b). Each data point represents the average of three separate structures.  

 

Figure IV-2. (a) The peak Δn as a function of exposure number for the photopolymer with 10, 

20, and 30 wt% of the writing chemistry. The dose for each exposure was 253 mJ/cm2 for the 10 

wt% samples, and 111 mJ/cm2 for the 20 and 30 wt% samples. Exposure intensity was 316 

mW/cm2. Each exposure occured two hours after the previous. The inset shows the defocused 

brightfield images of one of the exposed structures. (b) The Δn cross-sections at select exposure 

numbers as measured through QPI. 

In the photopolymer formulations, up to a 4× amplification of the measured Δn beyond the single-

exposure saturation limit was achieved, with peak Δn’s reaching up to ~0.03. Although the single-exposure 
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saturation Δn increases monotonically with the initial monomer concentration [Figure IV-2(a)], the 

maximum Δn achieved through the multi-write scheme does not exhibit a clear trend with the initial 

monomer loading. In general, the gain with subsequent exposures falls more rapidly at the highest monomer 

loadings, resulting in an overall lower multiple-exposure response. 

2. Measuring monomer diffusivity 

I consider two hypotheses to explain this trend. Because Δn in holographic photopolymers is 

primarily due to the transport of species with contrasting refractive indices, the reduced limit on the 

maximum additional Δn between each new exposure indicates decreasing capability for mass transport. 

This decrease could be due to reduced mobility, or a solubility limit. To test the first hypothesis, QPI was 

used to measure the monomer diffusion time into the exposed region. To obtain an estimate for this 

diffusivity, the photopolymer is initially patterned using a single exposure dose, such that a large fraction 

of the local monomer is converted into polymer [see the 𝑡 =  0 min profiles in Figure IV-3(a,b)]. Due to 

the resulting concentration gradient, new monomer diffuses into the exposed region [𝑡 >  0 min profile in 

Figure IV-3(a)]. During this diffusion, a delayed, identical exposure converts any replenished monomer to 

polymer. This new polymer adds to that from the initial 𝑡 =  0 min exposure to generate the corresponding 

𝑡 >  0 min profiles in Figure IV-3(b). After this last exposure, monomer is allowed to re-equilibrate before 

performing QPI. Since concentration is directly proportional to Δn for dilute solutions under the Lorentz-

Lorenz model, QPI enables direct measurement of diffusion [21]. Here, Δn obtained for the 𝑡 =  0 min 

delay acts as the baseline, i.e. no in-diffused monomer between the first and final exposure. The Δn profiles 

obtained for 𝑡 >  0 min exposure delays are compared to this baseline to determine the concentration of 

in-diffused monomer. Then, monomer diffusivity is determined by fitting the time-dependent profile to a 

circularly symmetric 2D Fickian diffusion model. For a photopolymer with initial conditions given by (4.1)

, (4.2), and (4.3), where the initial spatial concentration of monomer within the circularly-symmetric 
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exposure region bounded by 𝑟 ≤  𝑎 is given by 𝐶(𝑟 <  𝑎)  =  𝑓 (𝑟) at time 𝑡 =  0, the solution to 

Fick’s law is given by (4.4). The concentration of monomer at the boundary of the exposed region is 

assumed to remain constant at 𝐶 =  𝐶𝑜 and the initial distribution of monomer f (r) is a saturated Gaussian, 

which is dependent on the exposure beam waist ωo, the measured Δn, and the saturation level Δnsat. From 

this solution, the average monomer diffusivity D into the exposed region can be determined. 

 0 0C C , r a, t    (4.1)
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where nr  are the zeros of the Bessel functions of the first and second kind ( 1J  and 2J ). Here, D is assumed 

to be uniform across the exposed structure, and the technique provides an effective diffusivity after an 

arbitrary number of delayed writes. This allows comparisons of monomer diffusion times into the exposed 

region during each step of the multi-exposure process, providing insight into the change of the local 

polymer network due to writing monomer polymerization.  

In this work, the average diffusivity after a single initial exposure and two initial exposures 

(separated in time by 2 hours) into a sample with 30 wt% monomer has been measured [Figure IV-3(c)]. 
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After a single pre-exposure, the measured monomer diffusivity is 1.9 µm2/s, and does not decrease within 

the uncertainty of the measurement after the second pre-exposure. Thus, a decreasing monomer solubility 

in the exposed structure is not responsible for the diminishing ability to achieve additional Δn between 

multiple exposures. Rather, Figure IV-3(c) reveals that even after equilibration of monomer, the additional 

Δn achieved after consecutive writes decreases relative to the first exposure. This indicates that the 

monomer solubility within the exposed region decreases after each successive exposure, and therefore 

constrains the maximum refractive index obtained from multiple exposures. 

 

Figure IV-3. (a, b) Theoretical profiles computed using (4.4) and the measured diffusivity that serve to 

demonstrate the measurement of monomer diffusion time. After the bleaching exposure at time t = 0, 

monomer is locally depleted and converted to polymer. Replacement monomer then diffuses from the 

surrounding unexposed region. Performing a second delayed exposure polymerizes and immobilizes the 
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in-diffused monomer. After re-equilibration of the remaining monomer, this excess of high-refractive index 

species results in a Δn that can be measured using phase imaging. (c) The resulting fits to extract the 

monomer diffusivity in a sample with 30 wt% writing chemistry after a single pre-exposure and two pre-

exposures. The black dashed lines represent the confidence interval for the diffusivity fit. Error bars were 

taken for 3 different trials. 

3. Limitations to the multi-write process 

To further investigate solubility of the monomer as a function of repeat exposures, I plot the data 

of Figure IV-2(a) as the total refractive index of each spot by adding Δn to the measured background index 

in Figure. IV-4(a). This background refractive index is measured by preparing unexposed samples of the 

photopolymer with 0, 10, 20, 30, and 40 wt% of the writing chemistry, and then performing prism coupling 

at 632.8 nm. Assuming that the exposed structures are sufficiently small and isolated, such that the in-

diffusion of monomer during fabrication does not significantly deplete the surrounding monomer 

concentration, the total refractive index of the exposed spots is determined by adding the measured Δn of 

the structure to the corresponding refractive index of the background. This shows that increasing the 

concentration of writing monomer enables a greater single-exposure Δn, but simultaneously constrains the 

maximum multiple-exposure Δn due to a limit on the maximum absolute refractive index, and thus 

photopolymer concentration. I attribute this maximum achievable photopolymer concentration, and its 

dependence on exposure conditions, to the crosslinked interpenetrating network (IPN) formed by the multi-

functional acrylate. Further support that the maximum refractive index is locally limited by monomer 

solubility is given in Figure. IV-4(b), where the peak Δn at each initial monomer loading is plotted against 

exposure dose and number. This illustrates that the maximum multiple-exposure Δn is reduced as the 

individual dose is decreased, and thus solubility in the IPN is not simply given by local polymer 

concentration [12]. This hypothesis accounts for the absence of flat-topped, saturation features in the multi-

exposure cross-sections shown in Figure IV-2(b). The non-uniform intensity profile of the Gaussian 
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exposure beam creates a spatially varying dose, resulting in different kinetics and a non-uniform crosslink 

density over the multiple exposures.  

 

Figure. IV-4. (a) The background refractive index of the photopolymer and its fit to the Lorentz-Lorenz 

model, added to the measured Δn to show the absolute index of each exposure. Red diamonds show the 

maximum refractive index from multiple exposures, while the maximum refractive indices obtained after 
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a single exposure are plotted as yellow x’s. (b) The Δn for materials with different initial monomer loadings 

plotted against exposure number and the dose per exposure. The exposure intensity was 316 mW/cm2. 

E. Conclusion 

In conclusion, these results reveal new insight that the total achievable Δn for small, isolated 

structures depends on an interplay of the single or multiple exposure conditions, and wt% of writing 

chemistry in the formulation. While it is well known that the potential refractive index change per exposure 

increases with monomer loading, I find competing effects of increased background refractive index and 

finite monomer solubility. Within these constraints, I have demonstrated a new multiple-exposure 

photostructuring technique that provides the ability to achieve a four-fold enhanced refractive index contrast 

above the single-exposure saturation limit within two-component photopolymers without altering the initial 

material formulation. Lastly, the measurement technique enables the study of quantities such as monomer 

diffusivity and solubility as a function of exposure conditions. Understanding the evolution of these limits 

to material response will aid in the formulation of high Δn photopolymers.  
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 CHAPTER V 

HIGH EFFICIENCY FRESNEL LENS IN A TWO-STAGE PHOTOPOLYMER 

 

A. Chapter Overview 

In this chapter, I fabricate a large 16 mm-diameter, Fresnel lens diffractive optical element 

(DOE) in a two-stage photopolymer and demonstrate that micron-scale characterization and 

control of the photopolymer Δn response is necessary to realize such DOEs with diffraction 

efficiencies near 100%. High (2.5 μm) resolution, large area, grayscale patterning of the Fresnel 

lens is performed using projection-lithography and a dithered binary chrome mask. Prior material 

characterization informs the correct exposure dose and the proper scaling of the grayscale 

amplitudes in order to compensate for nonlinearity in the photopolymer Δn response. The 

comprehensive characterization of the material response provided by quantitative phase imaging, 

coupled with precise grayscale photopatterning, enables the fabrication of high-efficiency DOEs 

in two-component photopolymers. 

B. Introduction 

 DOEs incorporate complex optical functionality into thin (~10 − 100 μm) material layers 

by using microscopic phase features to diffract light. Such elements facilitate the manufacture of 

lightweight optics for use in solar energy concentrators [129], custom vision optics [130,131], 

integrated photonics [132], security [133], and heads-up displays [134]. Although most 

commercial techniques to fabricate DOEs utilize surface relief patterns to diffract light, such 

features are exposed and are susceptible to contamination and degradation from dust and scratches. 

Furthermore, the majority of photolithographic processes and materials used to create these surface 

reliefs are optimized for high-contrast binary features. These techniques must then approximate 

analog features using binary multi-level structures that require multiple deposition and etching 
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steps [135]. While techniques such as diamond turning or grayscale patterning of hybrid sol-gel 

glasses have been developed to create analog features, the resulting surface relief structures are 

still susceptible to scratching and contamination [136–138]. Diffusive two-stage photopolymers 

overcome these difficulties because their internal refractive index can be directly modulated 

through photopatterning, and the resulting diffractive phase structures are buried within the 

material [139,140]. With this feature, the overall element can be completely flat and shielded from 

scratches or dust by laminating protective layers to the surface. Additionally, because the Δn 

growth in these materials occurs through a self-developing polymerization mechanism, they are 

amenable to single-step development and bypass the issues and complexity associated with multi-

step etching. 

 Previous research into the fabrication of two-stage photopolymer DOEs has already 

demonstrated the fabrication of arbitrary phase elements such as Fresnel lenses [139]. However, 

little work has explored the fabrication of Fresnel lens DOEs with high diffraction efficiency and 

large (>10 mm) diameters. Realizing such a DOE requires both large-area, high resolution 

grayscale photopatterning, and knowledge of the micron-scale material response. To overcome the 

first problem, I use a dithering technique to create large (25 mm diameter), pseudo-grayscale, 

micron-resolution patterns within a binary chrome mask. Material response data collected by QPI 

informs the grayscale mask design in order to account for nonlinear scaling in the photopolymer’s 

dose response. Using projection lithography with the grayscale mask, I demonstrate the single-

shot creation of 16 mm-diameter lenses with diffraction efficiencies of ~90% in the first order, and 

prove the necessity of complete knowledge of the material’s Δn response in the design and 

manufacture of custom DOE’s. 
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C. Fresnel Lens Design Theory 

 The following section reviews the theory behind Fresnel lenses and explores the 

constraints imposed by the material response and patterning optics on the overall design space. 

This information will guide the design and fabrication of the grayscale mask and the projection 

system for performing the optical exposure. 

1. Fresnel lenses 

Unlike conventional lenses where refraction is the dominant mechanism used to bend 

incident light rays, a Fresnel lens DOE is composed of an array of microscopic annular rings that 

bend and focus light through diffraction. The difference between the two elements is shown in 

Figure V-1, where a monochromatic planar wavefront is incident upon both a refractive asphere 

[Figure V-1(a)], and the equivalent diffractive Fresnel lens [Figure V-1(b)]. Because the 

curvature of the asphere varies much less rapidly than the wavelength of the incident light, 

refraction dominates, and the incident wavefronts are deformed at the lens surfaces according to 

Snell’s law. Conversely, because the Fresnel lens contains features whose sizes are on the order 

of the wavelength of light, diffraction dominates the wavefront propagation. Because of this, the 

incident wavefronts are spatially divided by the lens, but re-align with neighboring wavefronts of 

similar integer 2π phase multiples to form new, converging wavefronts. 
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Figure V-1. (a) The refractive lens bends incident wavefronts according to Snell’s law. Blue and 

red lines represent wavefronts whose phases are shifted by 2π radians or λ. Rays drawn normal to 

the wavefront demonstrate the focusing of light due to the refractive lens. (b) A diffractive 

(Fresnel) lens contains features that are on the order of the wavelength of the incident light. The 

incident wavefront undergoes spatial division by these structures, but re-aligns with neighboring 

wavefronts of similar integer 2π phase multiples to form new, converging wavefronts. 

The phase profile of a first-order Fresnel lens is obtained from an equivalent refractive 

lens [Figure V-2(a)] by removing any material whose optical path length (OPL) contributes a 

positive integer multiple of a wavelength (λ) [Figure V-2(b)]. The remaining material, whose 

blazed sections contribute ≤ 1λ to the OPL of an incident wavefront, form the body of the 

Fresnel lens [Figure V-2(c)]. The smooth blazed profiles in conjunction with the ≤ 1λ OPL 

modulation allow first-order Fresnel lenses to achieve 100% diffraction efficiency into the 

designed focus point. 
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Figure V-2. (a) The desired phase profile of a ‘thick’ aspherical positive lens. (b) The profile of a 

Fresnel lens is obtained by removing the unnecessary material that contributes integer multiples 

of a wavelength to the OPL. (c) The resulting profile achieves similar optical functionality as the 

original lens, while requiring a fraction of the material.  

Following the procedure discussed above, I design a first-order, positive-power Fresnel 

lens by considering the mathematical description of an equivalent refractive lens. The lens is 

designed to deform an incident, planar wavefront such that it converges to an arbitrary focus a 

distance f from the plane of incidence (Figure V-3). The necessary change in the optical path 

length (ΔOPL) is then given by [equation (5.1)]. 
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Figure V-3. In order to focus an incident planar wavefront, the DOE or refractive lens must apply 

a spatially varying OPL that produces the wavefront shown in red. 

  2 2

0( )      OPL r D f f r f    (5.1) 

Equation (5.1) is then shifted in order to maximize the on-axis ΔOPL and minimize the OPL at 

the edge of the wavefront[OPL(rmax)]. This shift is expressed by equation (5.2), which is then 

simplified to equation (5.3). 

    2 2 2 2( ) ( ) ( )        max max maxOPL r OPL r OPL r f r f f r f   (5.2) 
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1 1
( ) ( )

 
        

OPL r n r d r r   (5.3) 

where Φ is the lens power (Φ = 1/f), rmax is the maximum radius of the lens, λ is the 

wavelength of light, n(r) is the spatially varying refractive index, and d is the thickness of the 

lens. As before, the blazed Fresnel zones are obtained by removing any OPL that contributes an 

integer multiple of 1λ to the incident wavefront. This operation is performed using the modulo 

operator as seen in equation (5.4). 
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The resulting equation contains the mathematical description of the blazed features that allow the 

first-order Fresnel lens to achieve 100% diffraction efficiency at the designed focus point. It is 

important to note that deviations of the OPL from this ideal profile from incorrect fabrication 

conditions will result in the appearance of additional diffractive orders, which manifest as 

positive and negative focal lengths. 

In this paper, the gradient OPL of the Fresnel lens is obtained through modulating the 

refractive index of the two-component photopolymer instead of the thickness, thereby allowing 

the physical profile of the lens to remain flat.  

2. Required pixel resolution 

Before proceeding further, it is necessary to discuss how the practical constraints 

imposed on the fabrication process by physical optics and the two-stage photopolymer’s material 

response will affect resulting the Fresnel lens. Crucially, the Fresnel profile requires a smooth 

OPL variation within each blaze in order to achieve 100% diffraction efficiency. However, the 

mask and optical system used to project the grayscale photopattern have finite resolution. If there 

are N grayscale levels to pattern across the width of a blazed ring, then the blaze can be 

approximated by discretized N-level phase structure whose diffraction efficiency η is given 

by [141]:  

 

2
sin( / )

/






 
  
 

N

N
  (5.5) 

In the limit that the projection system resolves each pixel of the original grayscale mask, then 

there are N levels to approximate each blaze, with a reset of ~1 pixel. Therefore, in order to limit 
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the reset error to no more than 10%, there must be at least 10 pixels per ring. According to 

equation (5.5), the maximum attainable diffraction efficiency for structures with 10 pixels is 

97%. However, from Figure V-2(c), the width of the blazed rings in the Fresnel lens vary with 

radial position. Therefore, it is also necessary to determine the minimum pixel resolution 

necessary to maintain a density of 10 pixels in the outermost ring. The width ( ) r of the pth ring 

for a positive lens is given by equation (5.6): 

 ( ) /  pr f r  (5.6) 

 and 

 
2 2 pr fp ,  (5.7) 

where f is the lens focal length, λ is the wavelength of light, and rp is the radial location of the 

pth ring [142]. As seen by equation (5.6), the width of each blaze is therefore inversely 

proportional to the radial distance from the center of the lens. Increasing either the power or 

diameter of the lens also increases the number of blazes, and the required patterning resolution.  

Given the requirement of < 10% error in the patterned blaze, the maximum diffraction 

efficiency was calculated to be 97%. While this is sufficient for ideal systems that assume perfect 

mapping of the grayscale image to Δn within the photopolymer, future work will incorporate the 

response function of both the projection system and the material Δn response in determining the 

actual patterned structure. Then diffraction efficiency can be calculated by simulating the real 

profile of the developed Fresnel lens.  

3. Design space 

The above section provided the required pixel density to contain the discretization error 

of the grayscale ramp to ≤ 10%. I now use this constraint to explore the range of Fresnel lens 
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widths and powers that can be obtained. I also investigate their relationship to fabrication 

constraints such as the patterning resolution, depth of focus of the exposure system, thickness of 

the photopolymer, and Δn of the photopolymer. The lenses are designed to operate at a 

wavelength of 532 nm, which is both near the maximum sensitivity of the photopic human eye, 

and readily available using diode-pumped solid-state lasers. 

Here, I first analyze the optical patterning constraints, as they will then establish the 

required Δn and thickness of the photopolymer. Figure V-4(a) demonstrates the minimum 

necessary pixel diameter that must be written by the exposure system into the photopolymer in 

order to maintain at least 10 pixels or phase steps in the outer ring of the Fresnel lens, and is 

calculated using equation (5.6). Each contour represents the Fresnel lens power and radius that 

can be achieved using the given pixel resolution, and assuming sufficient OPL to obtain 1λ of 

delay. As either the lens power or radius increases, the outer blazed rings become thinner and 

require a greater resolution in order to maintain the 10-pixel density. Given this constraint on 

resolution, Figure V-4(b) then lists the depth of focus of the exposure system (2zDOF), assuming 

an incident Gaussian beam, and the relationship: 2zDOF = 2πω0
2/λ, where ω0 is the pixel 

radius [143]. Importantly, these two parameters (ω0 and zDOF) also serve to constrain the set of 

allowed photopolymers. In order to support the desired resolution, the material thickness must be 

≤ 2zDOF while still achieving an OPL of at least 1λ. This leads to the plot shown in Figure 

V-4(c), where, given the required material thickness (established by 2zDOF) and pixel size, the 

necessary Δn range that the material must support to achieve 1λ of OPL is shown. 
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Figure V-4. Contour maps of the Fresnel lens design space that specify the required resolution, 

thickness or depth of focus, and Δn in order to manufacture a Fresnel lens of a given optical power 

and radius. (a) The maximum resolution required for both the patterning system and material 

response in order to have at least 10 pixels in the outermost ring. (b) The maximum thickness of 

the polymer, and depth of focus of the patterning system, as dictated by the pixel resolution from 

(a). (c)  The necessary Δn, to provide one wave of delay within the thickness given by (b). 

D. Experimental Details 

1. Constraining the design space through prior characterization 

Here, the importance of the prior characterization of the two-stage photopolymer Δn 

response is demonstrated, as it can now be used in conjunction with Figure V-4 to establish both 

the range of lenses than can be fabricated, and the requirements on the exposure system’s 
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resolution and depth of focus. The 30 wt% photopolymer characterized in chapter III is selected 

because it supports the largest single-exposure Δn range of the tested materials. The measured 

Δn vs dose response is shown in Figure V-5. 

 

Figure V-5. Δn vs dose response curve for the 30 wt%  two-stage photopolymer (presented in 

chapter III). 

From Figure V-5, the maximum Δn that the photopolymer can support is ~0.014. With 

this constraint, the curves in Figure V-4 show the range of lenses that can be produced, along 

with the required resolution and depth of focus in the patterning system. The data provided by 

the Δn characterization can be further exploited to simplify the optical exposure conditions. By 

restricting the Δn range of the two-stage photopolymer to 0.011, the nonlinear dose response 

caused by Δn saturation is avoided, and the material operates within the linear range of the Δn vs 

dose response. With this restriction on Δn, the lenses that can now be fabricated are shown to the 

left of the 0.011 contour in Figure V-4(c), assuming a minimum patterning resolution of 4 μm. 

Lastly, the characterization data also reveals the need for an initial uniform pre-exposure in order 
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to react dissolved oxygen species and eliminate the initial nonlinear threshold at the low end of 

the dose range. In this chapter, I will demonstrate the fabrication of a 16 mm, 1 diopter lens. 

2. Design of the grayscale mask 

Here I describe the design of the mask for performing high-resolution, large area, 

grayscale photopatterning. Digital micromirror devices (DMDs) and spatial light modulators 

provide both the grayscale capability and the ability for dynamic mask generation. However, 

these devices are limited in both pixel size (~10 μm) and number, with average values of 

~1920 × 1080 pixels. Although demagnification optics can improve the patterned resolution, 

the limited number of pixels constrain the size of the patterned field. Techniques have been 

developed to overcome this limitation by stitching multiple exposures into a larger pattern [144]. 

However, for patterning a Fresnel lens, this requires translation stages accurate to within ~1/10th 

of a pixel, or ~1 μm over 16 mm of travel and assumes that the nonlocal material response due 

to diffusion will not affect neighboring patterns. A cheaper alternative involves the use of silver-

halide film transparencies, which can support grayscale patterns with resolutions up to 40k dots 

per inch (dpi). Unfortunately, the silver halide film has a nonlinear dose response curve and is 

sensitive to errors in the applied dose during the mask writing process. The risk of these errors in 

the final mask are undesirable when fabricating Fresnel lenses that require accurate grayscale 

patterning. Because chrome masks use a binary development process, they are immune to such 

errors, and are able to support resolutions down to ~1 μm over 4 × 4" areas. To obtain grayscale 

features in such a binary device, I employ a dithering scheme where transparent and occluded 

pixels are juxtaposed in different ratios as shown in Figure V-6. By applying a small defocus to 

the optical projector, the individual pixel resolution can then be blurred, resulting in a smooth 

grayscale pattern.  
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The chrome mask is fabricated by Digidat Inc with pixel sizes of 2.5 μm over a 1 × 1" 

area. Dramatic simplification in the mask design is achieved by exploiting the two-stage 

photopolymer reciprocity between exposure time and intensity. This property was determined in 

chapter III, and is unexpected given typical radical initiation kinetics. However, without this 

behavior, the mask transmittance function would have to be designed for a specific exposure 

time and illumination intensity. Conversely, due to reciprocity, the material requires only that the 

transmittance be proportional to the desired Δn. Using this information, the desired Fresnel lens 

profile is computed using equation (5.4) and normalized by λ. The computed phase profile is 

then dithered using the Matlab function “dither”, and its binary profile is shown in (Figure V-6) 

at various magnifications.  
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Figure V-6. The dithered bitmap used to create the pseudo-grayscale chrome mask. Pixel 

resolution is 2.5 μm. Each of the three regions shows an increasingly magnified view of the mask. 

3. Optical exposure system 

An optical projector was constructed to perform non-contact imaging of the mask onto 

the material and is shown in Figure V-7. The illumination optics consist of a 405 nm LED 

(Thorlabs M405L2) configured for Köhler illumination at the plane of the mask. To achieve this 

illumination condition, the collector lens reimages the LED source onto the aperture 

stop/entrance pupil of the condenser lens, which is located one focal length from the condenser. 
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Because the source LED and condenser pupil are at conjugate planes, the LED is defocused at 

the plane of the mask, and spatial variations in illumination intensity arising from the physical 

shape of the LED are greatly reduced. Using this technique, the illumination at the mask is 

uniform over a circle of at least 25 mm diameter. Additionally, by adjusting the diameter of the 

condenser aperture stop, the numerical aperture (NA) of the illumination optics can be adjusted 

to match the NA of the later 1x mask projection optics. Independent control over the field of 

illumination is realized by positioning the field stop a distance of 2f from the condenser such that 

it is reimaged onto the mask. Thus, independent control over both the field and the NA of the 

illumination optics is provided. 

The 1x imaging system to project the grayscale mask into the sample uses two Nikon 

Nikkor 58 mm f/1.2 lenses in a 4f configuration to create the 1x relay. An iris placed one focal 

length between the two lenses controls the resolution and depth of focus of the projector. This is 

adjusted to match the NA of the projector with that of the illumination optics in order to achieve 

the highest contrast and realize the appropriate patterning resolution and depth of focus. 

 

Figure V-7. A schematic of the projector used to pattern the two-stage photopolymers. The system 

consists of three primary components: 1) the illumination system, 2) a 1x projector, and 3) a 3.4x 
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imaging relay for alignment of the mask and sample. The illumination arm is configured for Köhler 

illumination in order to provide a uniform beam to illuminate the mask, while simultaneously 

offering independent control over its field and NA. The camera in the final imaging path is a 

Thorlabs DCC1545M CMOS camera.  

The secondary 3.4x relay enables alignment of the mask and sample planes. This imaging 

system is first aligned to the illumination system by translating the camera and lenses along the 

optical axis until the field stop and detector plane are conjugate. A blank sample filled with 

immersion oil and spacers of the appropriate thickness is then positioned at the sample plane and 

brought into focus at the detector. While the sample is still mounted, the mask is brought into 

focus at the camera. Some small defocus can be applied to the mask at this point in order to 

appropriately blur the dithered pixels. With each of the planes now conjugate, the blank is 

removed and the real photopolymer sample is mounted. Back-reflections off the back surface of 

the sample are minimized by attaching an ND filter with index-matching oil (Cargille immersion 

oil Type A). The optical precure to consume dissolved oxygen is performed by removing the 

mask using a kinematic base. Exposure time is controlled through TTL modulation of the LED 

current using a MyDaq and the included arbitrary waveform generation software. After exposure, 

the sample is cleaned of oil and placed in an oven at 60°C. The heat increases monomer 

diffusivity and shortens the time to re-equilibrate the monomer.  

4. Two-stage photopolymer formulation 

The photopolymer used to make the Fresnel lenses is the same as that used in the 

previous two chapters. Briefly, the photo-active chemistry consists of a 1:10 molar ratio of the 

photoinitiator TPO (2,4,6-trimethylbenzoyl-diphenyl-phosphineoxide) to a synthesized 

triacrylate writing monomer [phosphorothioyltris(oxybenzene-4,1-diylcarbamoyloxyethane-2,1-

diyl)triacrylate]. This photoactive component was then combined in a 3:10 weight fraction with 
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the polyurethane matrix, which contained a 1:1 molar ratio of trifunctional polyisocyanate 

(Desmodur N3900) and difunctional polyol (polycaprolactone-block-polytetrahydrofuran-block-

polycaprolactone). After degassing under vacuum for 10 to 20 minutes, the material was cast 

between two 3x4” microscope slides, with the nominal layer thickness set by 50.8 µm spacers. 

Samples were cured in a 60°C oven overnight. 

5. Measuring the diffraction efficiency 

Diffraction efficiency of the fabricated Fresnel lenses was measured with a 532 nm source 

using the optical setup shown in Figure V-8. The combined spatial filter and beam expander 

produce a 50 mm-diameter Gaussian beam, which is truncated by irises in order to match the 

aperture of the Fresnel lens. A power meter with attached iris is translated along the optical axis 

in order to selectively capture the focused light in each of the diffracted orders while blocking any 

stray, undiffracted light. The total transmitted power through the Fresnel lens is measured by 

inserting a positive lens immediately after the Fresnel lens in order to focus all light onto the power 

meter. Fresnel reflections off the surfaces of the collecting lens are computed and added to the 

total power (~8%). The diffraction efficiency of each order is then computed by dividing the 

power in the given order by the total power transmitted through the Fresnel lens, after accounting 

for reflection off the collecting lens.  
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Figure V-8. The optical system used to test the efficiency of the Fresnel lenses. A 532 nm diode-

pumped solid-state laser is attenuated with a neutral density filter, spatially filtered, and then 

magnified in order to produce a ~2" diameter collimated beam. An iris placed immediately before 

the Fresnel lens matches the beam width to the aperture of the Fresnel lens.  

E. Results and Discussion 

1. Fabrication and evaluation of a 1 diopter Fresnel lens 

Here I demonstrate the fabrication of a one-diopter Fresnel lens with a minimum width of 

16 mm in a photopolymer sample whose nominal thickness is 50.8 μm (as set by the plastic 

spacers). First, a new Δn vs dose response curve is acquired in order to account for the larger 

spectral bandwidth of the projection system LED compared to the diode used for the previous 

characterization in chapters III and IV. The same sample geometry and measurement procedure 

as reported in chapter III is used to measure the Δn of 15 μm spots written into the photopolymer 

with the mask projector. The results are plotted in Figure V-9 and are compared with the 

previous characterization data. Both data sets show the presence of an oxygen threshold, a region 

of linear Δn growth vs dose, and an upper saturation limit. Additionally, the total Δn range 

remains the same. The only difference is a slight shift of the Δn curve towards higher doses due 

to the lower spectral overlap of the 405 nm LED with the photoinitiator’s absorbance spectrum. 
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In light of this data, an initial precure dose of 18 mJ/cm2 is used to consume any dissolved 

oxygen. 

 

Figure V-9. Δn vs dose response curve for the two-stage photopolymer (presented in chapter III). 

The blue squares show the Δn vs dose using the LED source in the mask exposure system. 

After the oxygen precure, the calibration data in Figure V-9 specifies that an additional 

exposure dose of ~20 mJ/cm2 should be applied in the photopattern to achieve the nominal Δn =

0.0104 for a 50.8 μm-thick sample. However, due to thickness variations resulting from 

polymer wedging between the spacers and the microscope slides, the optimal dose of 16 mJ/cm2 

was found to produce lenses with the highest diffraction efficiency. This dose for the 1 diopter 

lens was applied immediately after the precure using an exposure time of 0.86s with an intensity 

of 18.5 mW/cm2.  

Following the exposure, the lens was removed from the projector, cleaned of immersion 

oil, and placed in the oven at 60℃ for 24 hours. A picture of the Fresnel lens was taken using a 



96 

 

 

Nikon D800 camera equipped with a Nikkor 105 mm f/4 lens, and is shown in Figure V-10(a). 

The boundaries of the annular rings are clearly visible from light scattering. The imaging ability 

of the Fresnel lens was also evaluated by magnifying a grid of 0.25” squares [Figure V-10(b)]. 

The lens was used as a magnifier by placing the grid well within the focal length 

(f = 1000 mm). The primary order is visible, while higher, or undiffracted orders resulting from 

an imperfect phase profile are not noticeable. The blurry regions in the image are attributed to 

imperfections and scatter within the material, resulting from the surface contamination on the 

lens during the time of exposure. 

 

Figure V-10. (a) Camera image of the Fresnel lens. (b) Magnified image of a 1/4" square grid 

produced with the 1 diopter lens. The majority of light is coupled into the primary diffraction order. 

To provide a quantitative evaluation of the performance, the diffraction efficiency of the 

lens was measured using the method described in the previous section. The efficiency of each 

order remained constant one day after exposure, indicating that monomer had re-equilibrated. 

The highest diffraction efficiency was found to be 93% in the first order, which is close to the 
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designed efficiency of 97%, and proves accurate photopatterning of the desired phase structure. 

Table V-1 shows the measured diffraction efficiencies in each of the positive orders. 

Table V-1. Diffraction efficiency in each of the orders of the Fresnel lens. 

Order # 1 2 3 

Focal Length (mm) 1000 500 250 

Measured Power (mW) 

(Total = 20.7 mW) 
19.2 ± 0.4 1.2 ± 0.4 0.1 

Diffraction Efficiency (%) 93 6  0.5 

 

2. Sources of error preventing the optimal diffraction efficiency 

To both highlight the necessity for precise materials characterization during the 

fabrication of Fresnel lenses, and to determine the potential sources of error in the fabrication 

process, I now simulate the effect of processing parameters on the diffraction efficiency in each 

of the diffracted orders. Each blaze is approximated as a linear ramp, which is valid for rings far 

from the center, where ( ) r is small compared to the rate of change of the OPL. Then, the 

general phase profile describing the lens can be given by a normalized sawtooth function as 

shown in Figure V-11. The efficiency, assuming normal plane wave incidence, is determined 

through the following equation:  

 2 ( )    
i OPL r

n F e   (5.8) 

 where ηn is the nth order diffraction efficiency, F represents the spatial 1D Fourier transform 

integral, and OPL(r) is the normalized optical path length of the lens. Because the spatial grid is 

normalized, the n efficiency orders are similarly arrayed on a normalized frequency grid, directly 

corresponding to n = 1, 2, 3, ….. 
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Figure V-11. Representation of the sawtooth grating used to simulate the Fresnel lens.  

The simulation investigates the following sources of error in the lens fabrication (see 

Figure V-12): 1) Thresholding caused by residual oxygen following an incomplete flood cure 

(Lower Threshold). 2) Saturation of the material response following an over-exposure (Upper 

Threshold), 3) Variations in the peak optical path length caused by over/underexposure, or 

deviations in material thickness (OPL), and 4) Non-infinite phase jumps due to the finite 

patterning resolution (Phase Wrap Ramp) that result in a reverse ramp function between each 

ring. Each was varied in order to determine their effect on the diffraction efficiency of the lenses. 

This analysis only considers normal incidence of illumination, and does not consider non-normal 

angles of incidence. Any deviation in the incident wavelength is also accounted for by the 

variable OPL. 
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Figure V-12. Image describing the simulated perturbations to the ideal grating profile. The phase 

wrap ramp represents a non-infinite phase jump between each period. The OPL is a bulk parameter 

accounting for the total phase delay due to material thickness and refractive index. Finally, the 

upper and lower thresholds represent nonlinear material response due to saturation and oxygen 

inhibition respectively. 

The results shown in Figure V-13 were obtained by independently varying each of the 

above parameters while holding the others at their optimal value. For the blazed grating, optimal 

values are: OPL = 1, Phase Wrap Ramp = 0, and both Upper and Lower Threshold set to 0. 

The presence of any one of these faults channels power from the primary (1st) order into both 

positive (converging) and negative (diverging) orders. This highlights the need for proper 

characterization of the photopolymer, as each of the above parameters can be caused by 
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improper exposure doses resulting from incomplete knowledge about the material’s Δn vs dose 

curve. 

The simulations in Figure V-13 also demonstrate the sensitivity of the first-order 

diffraction efficiency to variations in any of the four parameters. Of all four parameters, the first-

order diffraction efficiency is most sensitive to the Phase Wrap Ramp [Figure V-13(b)]. If this 

feature occupies as little as 10% of the overall blaze period, diffraction efficiency in the first 

order falls by ~20%. This relationship highlights the importance of achieving high patterning 

resolution and pixel densities in each of the blazed rings, especially as the desired NA of the 

Fresnel lens increases. As shown earlier, however, as the resolution of the optical patterning 

system increases, the depth of focus decreases, and limits the maximum allowable thickness of 

the photopolymer. Reduction of the material thickness, in turn, can only be realized by 

increasing the Δn range of the photopolymer. 

Although the first-order diffraction efficiency is less sensitive to variations in either the 

OPL or threshold and saturation parameters, 20% variations in any of these parameters from 

their optimal value can reduce the first-order diffraction efficiency by up to 20%. This effect 

underscores the need to properly characterize of the material response in order to prescribe the 

correct exposure dose. 
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Figure V-13. Plots describing the variation in diffraction efficiency of the Fresnel lens for non-

optimal conditions. (a) The change in diffraction efficiency for OPL deviations, assuming no 

threshold behavior and an infinite phase wrap slope. (b) The change in diffraction efficiency for 

variations in the sharpness of the phase wrap. (c-d) Changes in diffraction efficiency when 

threshold behavior is present (upper and lower respectively). 

F. Conclusion 

Using the knowledge from the characterization techniques I developed in the previous 

chapters, I have demonstrated the first high diffraction-efficiency (93%), 16 mm-diameter, one-

diopter Fresnel lens inside of a two-stage photopolymer. The previous characterization via in-situ 

phase imaging allows me to incorporate the photopolymer’s intensity response, Δn linearity, 

dynamic range, and oxygen threshold behavior in designing the appropriate exposure conditions 

for fabricating DOEs. Furthermore, I developed a facile method for patterning large, high-

resolution grayscale Δn features using a binary chrome mask and a dithering process, which will 
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facilitate the future fabrication of arbitrary 2D diffractive optical elements in two-component 

photopolymers. 
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 CHAPTER VI 

FUTURE WORK 

A. Chapter Overview 

The preceding chapters demonstrated that accurate metrology of two-stage optical 

photopolymers enabled the fabrication of complex DOEs and offered insight into the 

fundamental limitations behind volume structuring. This knowledge provided both immediate 

practical use in establishing a Δ𝑛 response curve to fabricate analog optical elements, and it 

revealed the physical limitations to achieving higher Δ𝑛 in a given formulation. Future 

advancement in photostructuring must investigate strategies to overcome these limitations to 

obtain higher Δ𝑛. In order to address this challenge, the following chapter discusses potential 

solutions to increase the maximum dynamic range in two-stage photopolymer systems. I begin 

by discussing the impact of increased stage-2 monomer loading on both the maximum single- 

and multiple-exposure Δ𝑛 in the model material. Because the solubility limit of stage-2 

polymer/monomer within the stage-1 network contributes towards the maximum Δ𝑛, I then 

consider the effect of monomer functionality and crosslink density on the solubility limit of the 

stage-2 monomer. Lastly, I investigate methods for removing the unreacted background stage-2 

species in order to further increase the Δ𝑛 of the photostructured feature. After addressing these 

physical limitations to photostructuring within two-stage photopolymers, I then address the 

ability to fabricate conformal/flexible polymer optics using these materials. 

B. Improving the 𝜟𝒏 in Two-Stage Photopolymers 

1. Increasing the stage-2 monomer loading to increase the single-exposure 𝛥𝑛 

Chapter IV presented a plot (shown again in Figure VI-1) comparing the refractive 

indices of structures created using one or more exposures to the refractive index of the uncured 

background material at different initial stage-2 monomer loadings. The data shows that 
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increasing the initial volume fraction of stage-2 species within the matrix results in a higher Δ𝑛 

for single-exposure structures. These high concentrations enable greater mass transport of stage-

2 species, resulting in larger concentration gradients and higher Δ𝑛. However, this trend does not 

extend to very high concentrations as evidenced by the decrease in the total Δ𝑛 dynamic range 

for large volume fractions of stage-2 monomer. This decrease stems from the combined effect of 

increasing the background refractive index of the material and the apparent saturation limit 

imposed on the maximum photostructured refractive index. For high volume fractions of the 

initial stage-2 monomer, these limits will converge and ultimately constrain the maximum 

single-exposure Δ𝑛. In the extreme case, photostructuring into an already saturated material will 

fail to produce any Δ𝑛 because the stage-2 species cannot diffuse. Thus, the data suggests that 

for single exposures there is an optimum stage-2 monomer loading that maximizes the single 

exposure Δ𝑛 by maximizing the concentration gradient achieved through mass transport. 
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Figure VI-1. Plot from chapter IV showing the total refractive index of photostructured features 

produced using one or multiple exposures. The apparent monomer saturation limit (dashed line) 

and the increasing background refractive index (solid line) serve to constrain the maximum Δn 

that can be supported by the polymer for both single and multiple exposures.  

Future work will verify the above conclusion by supplementing the data presented in 

Figure VI-1 through the measurement of the maximum single- and multiple-exposure Δ𝑛 in 

material formulations with high initial volume fractions of stage-2 monomer. According to the 

above claim, as the initial volume fraction of stage-2 monomer increases, both the single- and 

multiple- exposure Δ𝑛 will eventually decrease and fall to zero. The point at which this occurs 

will be the saturation limit of the stage-2 species within the stage-1 network, and will represent 

the maximum refractive index achievable by the two-stage photopolymer. This ability to assess 
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the upper limit of monomer solubility in a given two-stage photopolymer will assist in screening 

potential materials for performing photostructuring of optical features. 

2. Removing the unreacted stage-2 monomer 

As demonstrated in the previous chapters, the Δ𝑛 of a photostructured feature represents 

the difference between the refractive indices of the feature and the unexposed background. 

Increases in Δ𝑛 are achieved by increasing the local concentration of polymerized stage-2 

species within the exposed structure. However, because Δ𝑛 corresponds to a difference in the 

concentration of the stage-2 species, it can also be increased by removing unreacted stage-2 

monomer from the background material. Removal of the unreacted stage-2 monomer will reduce 

the background concentration relative to the exposed feature, thereby increasing the Δ𝑛. This 

assumes that all monomer within the photostructured region has been immobilized such that the 

total refractive index of the exposed structure is unaffected by the removal of monomer. For 

example, if the material has a ~55 wt% monomer loading in the initial formulation and all of the 

local monomer is polymerized through a single exposure, this strategy can produce a Δ𝑛 in the 

model material up to 0.05 for a single exposure. 

Removal of unreacted monomer has been demonstrated in thin films by laminating a 

thick sheet of the neat stage-1 matrix onto the material. Mass transport through diffusion then 

draws the unreacted monomer into the empty stage-1 matrix. Fourier transform infrared 

spectroscopy reveals the effectiveness of this process (Figure VI-2). Initially, the acrylate peak at 

~1610 cm-1 that corresponds to the stage-2 monomer is visible. After lamination and subsequent 

diffusion over 24 hours in a 70 ℃ oven, the peak disappears, indicating that the majority of 

unreacted monomer has been removed. Future work should expand this process to investigate the 

change in Δ𝑛 of a photostructured feature after removal of the unreacted stage-2 monomer.  
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Concurrent to this investigation, the diffusivity of the stage-2 species into the neat stage-1 

matrix can be measured through gravimetric analysis in order to determine the practicality of this 

technique for monomer removal. Furthermore, the dependence of this diffusivity on the ambient 

temperature of the material can also be explored using this technique. The ability to rapidly 

remove background stage-2 species will both enable increased Δ𝑛 in photostructured materials 

and provide the ability to swap and incorporate multiple stage-2 species and material properties 

within a single volume. 

 

Figure VI-2. Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) 

used to measure the presence of unreacted stage-2 monomer within a thin layer of the two-stage 

polymer. The peak at ~1610 cm-1 indicates the presence of unreacted C=C bonds in the triacrylated 

urethane stage-2 monomer. After transferring the monomer into a neat stage-1 layer via mass 

transport, the peak is no longer visible in the original material (line labeled ‘Diffuse Monomer 

Out’). The process can be reversed by laminating the neat stage-1 matrix with a layer that is 

swollen with stage-2 monomer (line labeled - Diffuse Monomer In). 

3. Reducing the stage-2 network crosslink density 

As seen in chapter IV the upper solubility limit of the stage-2 monomer is primarily 

attributed to an increased crosslink density caused by the photostructuring process. This 

crosslinking results from the polymerization of the multifunctional stage-2 monomer. 
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Preliminary measurements of crosslink density using dynamic mechanical analysis on uniformly 

structured samples support this claim. Figure VI-3 shows the increase in the crosslink density of 

the polymer after uniform polymerization of all the stage-2 species. The data shows that even 

after only a single exposure, photoinduced crosslinking of the stage-2 species can increase the 

crosslink density up to 10 times beyond that of the neat stage-1 matrix. Furthermore, the inset in 

Figure VI-3 highlights the decrease in additional Δ𝑛 gained between the first exposure into a neat 

stage-1 matrix, and a second exposure into the developed structure with the increased crosslink 

density. As the crosslink density increases, the additional Δ𝑛 gained by a new photoexposure 

decreases relative to the first. Thus, reducing the average functionality of the stage-2 monomer 

will reduce the crosslink density during photostructuring and consequently increase the solubility 

limit of the polymer. All else being equal, this change in the monomer functionality should allow 

greater Δ𝑛 for each exposure during the multiple-exposure process.    
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Figure VI-3. The effect of stage-2 monomer polymerization on the crosslink density of the 

photopolymer. As the initial weight percent of monomer increases, more polymer is formed during 

a single photostructuring step, and the crosslink density increases. The inset shows the dependence 

of polymer crosslink density on Δn. The vertical axis shows the relative gain in Δn after an initial 

photostructuring step in the stage-1 matrix (Δn1) and photostructuring into a polymer with the 

given crosslink density (Δn2). 

Future work will investigate the dependence of monomer functionality and stage-2 

crosslink density on the solubility limit of the photostructured polymer. Ideally, the only 

variation between the structures of the stage-2 components will be their functionality. Because 

the refractive index of the different stage-2 species may differ slightly, Δ𝑛 should not be used to 

compare the effect of crosslinking on the upper solubility limit. Instead, comparisons should be 

made between the total concentration of stage-2 species in the exposed region. Such 

measurements can be determined through a similar process as shown in Figure VI-1.  
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It should be noted that reducing the stage-2 monomer functionality to a single group will 

prevent the formation of additional covalent crosslinks. While this can increase the solubility 

limit of the stage-2 species within the matrix compared to a multifunctional monomer, out-

diffusion of the resulting linear polymer chains can negatively impact the final concentration of 

stage-2 species within the photostructured region. Thus, the ideal functionality of the stage-2 

monomer will depend on both the final crosslink density and immobilization of the formed 

polymer chains. 

C. Flexible Diffractive and Optical Phase Elements 

While the presented work in chapters III-V only considered the photostructuring of 

optical features within a flat material, the ability to fabricate rubbery polymers with a Tg below 

room temperature will enable the creation of highly efficient, flexible and conformal optical 

devices. Because the material can be deformed after photostructuring, simplification of the 

exposure process can be achieved by patterning a flat 2D sheet and incorporating the final 

deformed shape into the exposure pattern. In order to leverage this capability, future work should 

explore the design and simulation of conformal optics to determine the best application of this 

technique. 

D. Conclusion 

Photostructured optical and mechanical elements offer vast potential for the fabrication of 

DOEs, shape programmable materials, and cell scaffolds. This work extended the understanding 

of photostructured polymers by presenting metrology techniques to accurately characterize optical 

and mechanical features created through either local or nonlocal reactions. I showed, in the case 

of local reactions, that bulk metrology of uniform material can describe the mechanical properties 

of photostructured features. This was demonstrated by using bulk characterization to investigate a 
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new class of shape programmable material, through which I fabricated a novel self-folding origami 

structure. In the case of nonlocal photostructuring reactions, I developed a quantitative metrology 

technique that combined QPI and confocal reflection microscopy to measure smoothly-varying, 

2D structures. This method overcame the issue of incomplete overlap between the spatial 

frequency content of the photostructured object and the CTF of the measurement system, thereby 

enabling quantitative measurement of the in-situ material response. The predictive power afforded 

by this metrology and characterization allowed me to accurately design and fabricate a novel, high-

diffraction efficiency, large diameter Fresnel lens. Additionally, this metrology enabled me to 

develop and explore a new photostructuring technique that used multiple exposures in optical two-

stage photopolymers to increase the achievable Δ𝑛 without requiring a change in the chemical 

formulation. In order to study the limitations of this technique, the previous metrology was further 

adapted to characterize dynamic processes such as diffusion of stage-2 monomer into the 

photostructured feature. The ability to both measure Δ𝑛 and diffusivity revealed that increased 

crosslink density due to the multi-functional stage-2 monomer imposed the upper bound on Δ𝑛. 

The demonstrated techniques to perform quantitative metrology will enable future study of 

photostructured features within photopolymers, and enable a new class of novel optical, 

mechanical, and biochemical devices.  
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 APPENDIX I 

SUPPORTING INFORMATION FOR CHAPTER II 

A. Predicting the Mechanical Properties in a UV-Exposed Absorptive Strip  

1. Initial assumptions 

Conversion between applied optical exposure dose and the corresponding material 

properties is achieved by assuming the rate of polymerization, 𝑅𝑝, follows a square root 

dependence on the exposure intensity as seen by the following equation, 

 
 
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   (7.1) 

where 𝑘𝑝 is the polymerization rate constant, 𝜙 is the initiator efficiency, [𝑀] is the instantaneous 

concentration of double bonds, 𝜖 is the molar absorptivity of the initiator, [𝐼] is the initiator 

concentration, and 𝐼0 is the incident light intensity [145]. This equation results from a pseudo 

steady state approximation and the assumption of bimolecular termination being the dominant 

radical termination mechanism. FTIR data obtained from multiple samples of stage-1 material that 

were exposed to varying light intensities supports this claim, as seen in Figure VIII-1. The rate of 

polymerization vs. conversion is plotted, normalized by either the exposure intensity (𝐼) or square 

root of the intensity (√𝐼). If  bimolecular termination dominates, the rate of polymerization at 

different intensities will be equal when normalized by √𝐼. This is the observed case as seen in 

Figure VIII-1. 
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Figure VIII-1. The rate of polymerization normalized by either the incident exposure intensity (𝐼) 

or the square root of the intensity (√𝐼) and plotted vs. the relative stage-1 to stage-2 acrylate 

conversion.  

2. Determining the mechanical properties as a function of depth 

The predicted profiles of mechanical properties are generated using the data in Figure II-2. 

For a given incident exposure intensity and a known material absorbance, the Beer-Lambert law 

is used to determine the applied intensity as a function of depth, 𝑧, within the strip. Given the 

exposure time, 𝑡, and intensity as a function of distance into the strip, 𝐼(𝑧), an “effective dose”, 

𝐷𝑒𝑓𝑓, is computed using 𝐷𝑒𝑓𝑓(𝑧) = √𝐼(𝑧)𝑡. Then, by scaling the data from Figure II-2 by 𝐷𝑒𝑓𝑓(𝑧) 

rather than dose (𝐼(𝑧)𝑡), the appropriate mechanical property may be determined through 

interpolation at a given depth within the strip. 

Curves of relevant mechanical properties for different incident exposure doses are shown 

in  
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Figure VIII-2. As the applied exposure dose increases, more of the strip is converted to 

stage 2. Although the tensile modulus, and therefore the bending stiffness, increase with applied 

dose, the bending moment and neutral axis exhibit more complex behavior as they depend on both 

the tensile modulus and swelling strain.  

 

Figure VIII-2. Profiles of the tensile modulus and swelling strain as a function of depth into the 

strip for different doses. The front surface exposure intensity is 5 𝑚𝑊/𝑐𝑚2. As the exposure dose 

increases, more of the strip converts to stage 2, resulting in an increase in the tensile modulus and 

decrease in swelling strain. 

B. Simulating the Bend Radius of Curvature Using a Nonlinear Finite Element Model 

Figure VIII-3 compares the bend radius of curvature vs. exposure dose that are predicted 

by the analytical Euler-Bernoulli composite beam model and a nonlinear finite element model 
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(FEM) with a Neo-Hookean constitutive material model. While the nonlinear FEM is in slightly 

better agreement with the experimental data, both models agree regarding the qualitative 

description of the bend radius’ change with exposure dose.   

 

Figure VIII-3. Predicted bend radius of curvature vs. exposure dose using both the analytical Euler-

Bernoulli composite beam model and a nonlinear finite element model (FEM). Both models agree 

on the qualitative behavior of the bend radius as the exposure dose increases, however, the 

nonlinear FEM is in slightly better quantitative agreement with the experimental results. 

C. Predicting the Bend Radius of the Waterbomb Base Hinges 

Upon swelling in solvent, the waterbomb base has two primary mechanisms that lead to 

folding: swelling-induced deformations within the hinges, and swelling-induced, constrained 

buckling of the unpatterned central vertex. The deformations induced by the buckling of the 

central vertex are coupled into the hinges through the stiff panels, allowing the two effects to 

cooperatively fold the sheet. Measurements taken on isolated strips only show bend radii down 

to 1.4 mm, whereas the measured bend radii in the waterbomb base are ~0.5 mm, indicating that 

constrained buckling of the central vertex has a significant effect on the resultant bend radius. 
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The deformations induced by this buckling are analyzed from a geometrical viewpoint as shown 

in Figure VIII-4. For a constrained disc-shaped vertex with perimeter p ≈ 2π × 0.7 mm, and 

swelling strain of ϵ = 26%, the estimated bend radius of the constrained deformations is 

~0.5 mm which is in agreement with the measured bend radii of the waterbomb base.  

 
Figure VIII-4. The geometrical analysis used to predict the fold bend radius due to constrained 

buckling of the central disc-shaped vertex. (a) The unpatterned vertex at the center of the 

waterbomb base (red circle) swells and is constrained by the stiff panels (blue). These constraints 

cause the vertex to buckle at each of the hinges, producing a sequence of mountain and valley 

folds. (b) The bend radius of the folds is predicted by assuming symmetric, and alternating 

deformations around each of the hinges. For a given swelling strain, ϵ = 0.26, and initial 

perimeter, p = 2π × 0.7 mm, the bend radius at each fold is predicted to be rb = 0.5 mm. 

 


