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Photopolymer systems, such as those based on acrylate or thiol-ene chemistries, see widespread 

use due to the utility and convenience in the ability to rapidly cure the resin via light exposure. 

These materials are used in fields such as lithography, medicine, adhesives, and printing. 

However, these materials have drawbacks that limit their expansion into certain areas. Both 

acrylic and thiol-ene photopolymers tend to have poor mechanical strength and inadequate 

thermal performance for use in additive manufacturing and softening bioelectronics. Thiol-

isocyanate resins have potential to demonstrate the mechanical and thermal properties needed in 

these fields, but an effective photo-curing system has been elusive. This work presents the 

design, synthesis, and effectiveness of quaternary ammonium salts as photo-catalysts for thiol-

isocyanate resins. Photopolymer resins are designed which increase the toughness of 

photopolymer 3D printing systems by an order of magnitude, and the heat deflection temperature 

by over two times. This brings performance in-line with commonly used engineering polymers. 

Resins are also designed which exhibit improved softening and durability as substrates for 

bioelectronics devices. Functional intracortical probes are shown to minimize micromotion 

induced stresses and successfully record neuronal activity. Further applications in fused filament 
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fabrication and dielectric elastomer actuators are explored and validated, showing that thiol-

isocyanate photopolymer resins might have wide-ranging use in multiple industries.
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CHAPTER 1 

INTRODUCTION 

 

1.1 Motivation 

The objective of this research is to use thiol-isocyanate click chemistry to solve or mitigate 

fundamental materials challenges in the emerging areas of 3D printing, bioelectronics, and 

artificial muscles. Photopolymer resins for 3D printing known as stereolithography (SLA) tend 

to have poor mechanical performance due to processing and materials limitations often resulting 

from the use of acrylate chemistry. Parts made via SLA tend to be fragile or have poor thermal 

resistance. Interpenetrating networks have improved the thermomechanical performance to a 

degree, but preferred systems in this space require extensive thermal post-treatment to obtain the 

final part properties. This has resulted in very limited adoption of 3D printing for end-use 

applications. Bioelectronics have traditionally relied on substrates such as tungsten or silicon for 

easier fabrication of microelectronics, but a growing body of evidence suggests that these rigid 

materials are poorly suited for chronic use in the human body. Softening polymer substrates 

which more closely match the modulus of human tissue have shown promising results for 

chronic behavior. However, the materials used thus far suffer from frequent mechanical failure, 

degradation in vivo, and do not fully soften to match neural tissue. Artificial muscles have 

promised to expand robotics for some time, but an effective low-cost approach has eluded 

researchers thus far. One of the more promising routes, dielectric elastomer actuators, has 

demonstrated power densities surpassing that of human muscle. However, the voltages required 

to actuate these materials is typically in the kV range due to the poor dielectric behavior of the 

polymers used. Materials with high dielectric constants which preserve the mechanical 
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performance necessary for effective actuation have similarly been elusive. Each of these fields 

stands to benefit from the unique chemical, mechanical, and electrical properties of properly 

prepared and processed thiourethane polymers.  

1.2 Thiol-Isocyanate & Thiol-“Click” Chemistry 

The thiol-isocyanate reaction involves the base-catalyzed addition of a thiol to an isocyanate, 

yielding a thiourethane linkage (1). It has recently been described as a click reaction due to its 

favorable reaction conditions (2, 3). A thiol will readily lose a proton in the presence of a base, 

yielding a thiolate anion. The thiolate anion attacks the positively charged carbon in the center of 

the isocyanate group. This yields a negatively charged secondary nitrogen, which abstracts a 

proton from a nearby thiol to stabilize the thiourethane linkage and propagate the reaction 

(Figure 1.1). This reaction has been extensively used for end-functionalization and surface 

synthesis (4, 5). It has only seen limited use in polymer synthesis due to the rapid reaction 

kinetics. With reaction times frequently measured in seconds it is difficult to handle and mold 

thiol-isocyanate solutions after catalyst has been added, unlike more common thiol-epoxy 

systems that typically react on hour scales (3, 6, 7). Thus, most thiol-isocyanate research has 

been in the context of ternary networks where thermosets are produced by joint thiol-

ene/isocyanate or thiol-isocyanate-acrylate reactions. These networks have been shown to have 

increased network uniformity and Tg along with excellent mechanical performance due to the 

extensive hydrogen bonding present from the thiourethane linkage (8-10). Additionally, the large 

presence of sulfur and polar moieties in the thiourethane bond cause these materials to have high 

refractive indices compared to other thiol-click materials. As a result, there is industrial interest 

in the use of thiourethane-containing polymers as optical lenses (11, 12). To date there has been 
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little investigation into the dielectric behavior of these materials. It is likely that the high loading 

of sulfur and polar bonds in these polymers will result high dielectric constants in comparison to 

other thiol-click materials, as they have increased the refractive index. However, to fully access 

the many benefits of thiourethane polymers a substantial effort must be made to develop photo-

latent bases which are dark-stable but capable of rapidly curing the resin upon exposure to 

ultraviolet or visible light. The inability to photo-polymerize polythiourethanes is one of the 

primary reasons that other thiol-click polymers such as thiol-enes have been more often studied 

in the open literature.  

While this work focuses primarily on the reactions of thiols with isocyanate groups, thiols will 

readily react with a variety of other functional groups (3, 13). The thiol-ene and thiol-epoxy 

reaction are of particular interest, as they are the most widely utilized thiol-click reactions for 

polymer synthesis. The thiol-ene reaction is a radical-mediated reaction where a radical initiator 

abstracts a proton radical from the thiol. The resultant thiyl radical will attack unsaturated 

carbon-carbon pi bonds such as those in vinyl or acrylate functionalities. Polymers produced 

through the thiol-ene reaction are characterized by high network uniformity and low glass 

transition temperature due to the flexible thioether linkage. The thiol-epoxy reaction proceeds by 

an anionic mechanism similar to that of the thiol-isocyanate reaction. Thiol-epoxy polymers 

exhibit high uniformity similar to that of thiol-ene materials, but tend to exhibit slightly higher 

glass transition temperatures and hydrogen bonding due to the formation of hydroxyl moieties 

during the epoxide ring-opening reaction. However, the thiol-epoxy reaction proceeds at rates 

several orders of magnitude slower than thiol-ene and thiol-isocyanate coupling (14). 
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Figure 1.1. Thiol-isocyanate reaction mechanism; proton abstraction from the thiol by a tertiary 

amine initiates a nucleophilic addition to an isocyanate, forming the thiourethane bond and 

propagating the reaction further 

1.3 Photo-Latent Bases 

Photo-latent bases are organic molecules which break down into one or more basic components 

upon irradiation with light. While photo-radical initiators are well studied and available in many 

forms, photo-bases are much fewer in number and have only recently seen significant 

development. A number of photo-base classes have been identified; such as carbamates, 

amidinines, amineimides, and quaternary ammonium salts (15-19). Photo-labile carbamates are 

the most common photo-base initiator, devolving into primary or secondary amines either when 

heated or exposed to ultraviolet light. These have been used to cure a variety of polymer systems 

and have been adjusted to absorb UV radiation wavelengths as long as 400 nm (20). However, 

carbamates are not suitable for the curing of thiol-isocyanate systems, as the generated primary 

or secondary amine will react with the isocyanate to form a urea instead of catalyze the reaction. 

Photolatent amidinines are much fewer in number, but release strong bases such as 

diazabicyclononane. Efforts have been underway to increase the UV absorption peak of these 

photobases, with some products capable of absorbing at 365 nm wavelengths. These products 

have been able to cure thiol-epoxy systems to near-total conversion in under 10 seconds. 

However, the photolatent chemicals still have a relatively high pKa. This makes them unsuitable 

for reactions that are highly sensitive to basicity or applications requiring long shelf life (21). 
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Amineimide photobases have been described that decompose upon thermal or UV irradiation 

into a non-reactive primary amine and an undefined tertiary or aromatic amine. This class of 

photobase has been shown to absorb UV up to 365 nm and cure thiol-epoxy systems (16). The 

amine released by amineimides are able to catalyze the thiol-isocyanate system, albeit at 

relatively slow rates. In order to cure thiol-isocyanate polymers at rates comparable to thiol-ene 

materials a more potent base must be produced. 

Quaternary ammonium salts are compounds that have been shown to release tertiary amines 

upon UV irradiation. They are a three component system consisting of a chromophore, a counter-

anion capable of oxidation, and a tertiary amine. The chromophore determines the irradiation 

wavelength necessary to release the tertiary amine. Thus, aromatic systems are typically used 

with most absorbing in the sub-365 nm range as these are commonly available (22-24). 

Chromophores with reactivity near 400 nm are rare and include derivatives of thioxanthone, 

pyrene, and coumarin. These must be synthesized into the correct precursor before being able to 

form a quaternary ammonium salt (25, 26).  

The counter-anion must allow for single electron transfer to the chromophore, resulting in C-N 

bond cleavage to produce a tertiary amine and inert byproducts. The selection of the anion has a 

drastic effect on the organic solubility, solution stability, and reactivity of the ammonium salt. 

The most commonly implemented anion is tetraphenylborate. However others have studied other 

borate derivatives, dithiocarbamates, thiocyanates, and selenocyanate as possible replacements to 

improve the typically poor organic solubility of these materials while retaining dark stability and 

reactivity (22, 24, 27-33).  
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A tertiary amine must be used to form a quaternary ammonium salt. The choice is typically 

determined by the desired basicity of the released amine, although it has been shown that the 

amine structure can affect the reactivity of the photo-latent base (22). The most common amines 

are simple tertiary systems such as triethylamine. Others have implemented more effective 

catalysts such as dimethylaminopyridine, diazabicyclooctane, and diazabicycloundecene (32, 

34). Due to the non-nucleophilic nature of tertiary amines, they are an excellent choice for the 

catalysis of thiol-isocyanate systems. In fact, it has recently been demonstrated that quaternary 

ammonium salts releasing these catalysts can serve as effective initiators for the rapid 

polymerization of thiol-isocyanate systems, albeit at short-wavelength UV frequencies (35). 

Further development of the chromophore, counter-anion, and tertiary amines used in these photo-

catalysts is crucial to enable rapid photo-curing of thiourethanes with commonly used light 

sources suitable for the applications discussed in this work. 

1.4 Additive Manufacturing 

Additive manufacturing is the act of synthesizing three-dimensional objects through successively 

forming layers of material from a computer model. It enables rapid prototyping and design 

optimizations that are unable to be produced through conventional manufacturing techniques 

(36-38). Additive manufacturing comes in many forms depending on the desired printing speed, 

resolution, material used, and quality of the final part. Solutions for polymer printing typically 

fall into one of three catetories; filament, powder-bed, and photopolymer. 

Fused filament fabrication (FFF) is the most common 3D printing method implemented today. In 

FFF a plastic filament is fed into a heated print head, which melts the polymer and allows it to be 

extruded through the end of the print head. The extruded filament is laid down onto a print bed in 
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successive two-dimensional layers until the part is completed. The relative ease of processing 

materials in ways related to traditional thermoplastic processing in FFF has resulted in a myriad 

of available printing systems and filaments available for purchase. It is typically the least 

expensive and easiest to implement mode of additive manufacturing. It has the advantage of 

being scalable to large build volumes. Despite the ease of implementing FFF printing, it has had 

difficulty finding a significant place in industry thus far in large part due to the poor mechanical 

performance and poor surface finish of the final printed parts. Parts produced via FFF often have 

strength approaching that of the bulk material when stressed in-line with the filament orientation. 

However, when stressed perpendicular to the filament deposition axis or in the vertical direction 

of the build, parts fail prematurely due to poor adhesion between the printed layers. This is a 

result of inadequate mixing of deposited material onto the underlying part to fully “weld” and 

produce a full-strength bond (36). As such, FFF has remained in use primarily for early stage 

prototyping and hobbies. This will likely remain the reality until new chemistries or processes 

are developed which enable FFF-produced parts to exhibit mechanical uniformity on-par with 

those parts produced via traditional manufacturing techniques. 

Powder bed systems utilize a bed of polymer powder that is either sintered with a high-power 

laser and/or bound together with a binding agent. These systems have the advantage of higher 

surface finish and a decreased layering effect in comparison to FFF-made parts. In addition, the 

printed part is suspended in the powder feedstock. This eliminates the need for support 

structures. These systems commonly print with polyamide feedstock designed to have a 

decreased melting temperature, such as copolymers of PA-11 or PA-12. While mechanical 

performance can be good, the performance of the printed materials tend to be substantially lower 
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than injection-molded counterparts. In addition, the cleanup requirements following printing are 

laborious and dirty. These systems require large upfront capital outlays, often costing upwards of 

$100,000, with powders sometimes approaching $1000 per kilogram, limiting their use in the 

consumer and research communities (39, 40). 

Photopolymer printing techniques utilize a liquid resin which polymerizes upon exposure to UV 

light. There are two major photopolymer printing techniques; stereolithography (SLA) and 

polymer jetting. SLA is the oldest 3D printing method. It has the advantage of fabricating parts 

with improved mechanical isotropy and high surface finish. In SLA, a moveable build platform 

is placed in a bath of photo-curable pre-polymer resin. The platform is positioned so that a thin 

layer of resin is over the build platform. A laser or projector then selectively cures the thin layer 

into the desired shape. The build platform is then moved to flow another thin layer of resin on 

top of the initial cured layer. This process is repeated until the final three-dimensional part is 

formed. This can take place with the light source shining from either above or below the resin vat 

through a transparent window, depending on the system design. Following printing, the part is 

then removed from the resin bath, cleaned, and post-cured (41).  

Polymer jetting, or inkjet printing, uses a piezoelectric print head much like in a common printer 

to selectively deposit resin on the build plate. A trailing UV lamp cures the resin as it is 

deposited. This technique has many advantages such as minimal resin waste, multi-material 

capability including removable support material, very high part fidelity, and reduced post-curing 

requirements. However, inkjet printers are more complex than SLA printing machines and are 

prone to failure unless operation is kept within strict guidelines. In addition, these machines have 
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limited resin compatibility due to the low viscosity needed to jet from the print head correctly 

(42). 

The entire fabrication process may take between tens of minutes to hours depending on the part 

size, complexity, and photopolymer resin used. The vast majority of photopolymer resins rely on 

acrylate functionality. The wide commercial and synthetic availability of acrylate monomers 

allows for straightforward control of Tg, crosslink density, resin viscosity, and other properties 

(43, 44). This flexibility in combination with its rapid reaction kinetics has made it attractive for 

use in photopolymer resins. However, there are a number of difficulties present that limit its 

usefulness in additive manufacturing. Acrylic polymers tend to have insufficient mechanical 

performance for many applications, which often results in brittle parts that are unsuitable for 

structural components. Acrylates also undergo large volumetric shrinkage when curing (45). This 

results in cure stresses when combined with the early gelation at low conversion that is inherited 

from the chain-growth polymerization mechanism (46). The large cure stresses present in fully 

cured polyacrylates can cause large undesired deformations in the final printed part. There is a 

large amount of interest in polymer systems which undergo rapid curing but have reduced cure 

stresses and improved mechanics for use in photopolymer printing.  

To combat the shrinkage and warping of pure acrylate materials, hybrid systems were developed 

which contain interpenetrating networks of acrylates and more slowly curing epoxide materials. 

This combines the rapid rate of acrylate polymerization with the low cure stress of epoxides. 

However, the epoxide functionality requires an extended thermal post-cure to obtain the final 

part properties. In addition, neither acrylates nor epoxides have high toughness. The resultant 

materials are typically still brittle (47, 48). Minor improvements have been made by 
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functionalizing urethane or cyanate ester oligomers with acrylate moieties for improved 

toughness or thermal resistance (49-52). However, these materials still perform poorly when 

compared to bulk engineering polymers. Some improvements have been made in both the speed 

and part toughness by using interpenetrating networks of acrylates and urethanes. However, 

these too require very long (~10 h) thermal post-cures before becoming mechanically stable (53). 

The inability to produce rapidly curing, highly tough photopolymers for 3D printing combined 

with the mechanical anisotropy found in most 3D printed parts has limited the proliferation of 

additive manufacturing systems in industries where toughness and speed are critical. 

The approach presented in this work seeks to utilize the thiol-isocyanate click reaction to rapidly 

produce tough, thermally resilient 3D printed parts. Toughness is the ability of a material to 

dissipate mechanical energy exerted upon it before failure. There are two common metrics for 

toughness. Tensile toughness, measured in Joules per cubic meter, is the integrated area of the 

stress-strain curve in a tensile test prior to fracture (54). Fracture or impact toughness is 

determined through the Izod or Charpy test standards and is measured in Joules per square meter 

(55). Toughness in polymers is a complex phenomenon, affected by a multitude of material 

properties such as glass transition temperature (Tg), degree of hydrogen bonding, percent 

crystallinity, and crystal yield stress.(56) It is generally accepted that semi-crystalline polymers 

are capable of higher toughness than completely amorphous polymers due to interactions 

between the amorphous and crystalline fractions delaying or suppressing crack formation within 

the material (57). 

Thermal resilience is typically quantified in the form of the heat deflection temperature as 

determined by the ASTM D648 or ISO 75 testing standards (58). While not a direct 
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measurement of a a thermomechanical phenomenon, heat deflection testing provides a practical 

means of determining the temperature at which a material begins to soften. This is typically used 

to establish the maximum thermal operating temperature of a given material. In polymers, the 

heat deflection behavior is closely related to the glass transition or crystal melt temperature. 

Photopolymers used in 3D printing systems are typically amorphous, therefore their heat 

deflection temperatures usually occur near their respective glass transition temperatures (59-61). 

These values are below the heat deflection temperatures of engineering thermoplastics such as 

polypropylene or polyamide, as their heat deflection temperatures are dictated by their crystal 

melts, which occur at higher temperatures (62). 

The thiol-isocyanate click reaction proceeds quickly in the presence of a base such as tertiary 

amines generated by photo-latent bases. These materials have extensive hydrogen bonding and 

are capable of crystallization necessary to vastly improve the toughness and heat deflection 

temperature of 3D printed parts. This enables the rapid formation of tough thiourethane polymers 

from a low viscosity monomer solution. This is unique because it utilizes a fast anionic step-

growth polymerization mechanism, which combines the rapid curing characteristics of radical 

initiated systems with the low cure stress and toughness of cationic systems. 3D printing 

techniques such as stereolithography or polymer jetting allow parts to be produced with internal 

geometries that vastly reduce the amount of resin used. This reduces both the part cost and mass. 

The ability to develop tough, thermally resilient parts stands to push additive manufacturing from 

light use to displacing conventional manufacturing techniques. 

1.5 Softening Bioelectronics 
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Bioelectronics are devices designed to exchange information between the human body and an 

external device in order to restore or supplement function to areas such as the nervous system  

(63-66). The ability of bioelectronic devices to stimulate and record signals from neural tissue 

has resulted in large advances in recovering from debilitating neurological conditions and 

injuries (67-69). Solutions such as pacemakers and cochlear implants have demonstrated the 

feasibility of applying bioelectronics on large scales. Other more advanced applications are still 

in development such as enabling lifelike artificial limbs, stimulating neural growth, and 

interfacing with the human brain. The ability to record and stimulate neural signals in real-time 

stands to drastically alter the way medicine is conducted by moving from reactive treatment of 

illness to proactive treatment. The initial iterations of these devices have been used successfully 

in acute conditions. However, more widespread use of these devices is limited due to poor 

chronic neural recording (70). Specific solutions to limit chronic failure in neural interfaces are 

difficult to implement even as the underlying mechanisms continue to be better understood. The 

investigation done thus far suggests that a combination of the neuroinflammatory response, 

device failure, and chronic damage to surrounding tissue contribute to the various failure modes 

of neural interfaces over longer spans of time (71-79). There is substantial evidence that these 

sources of failure are rooted in the substrate used during fabrication. 

Bioelectronic devices have historically been fabricated on materials such as tungsten and silicon 

due to their extensive use in semiconductor fabrication.  Examples of these designs include the 

Michigan and Utah microelectrode arrays. Tungsten and silicon have very high elastic moduli of 

over 3 GPa. Brain tissue, in comparison, has a modulus of approximately 5 kPa. This represents 

a difference in modulus of six orders of magnitude. An ever-increasing body of research is 
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beginning to demonstrate that this mechanical mismatch is closely linked to the device failure 

modes discussed previously. Marginally softer materials such as polyimide have been used to 

fabricate electrode arrays, but with moduli still in the GPa range they offer little improvement 

over tungsten or silicon substrates. Others have fabricated microelectronics on 

polydimethylsiloxane, which more closely matches brain tissue with a modulus of 0.1 to 1 MPa 

(80). Unfortunately, the permanent soft behavior makes it particularly difficult for devices to be 

implanted into the body. Devices frequently break during insertion or highly invasive procedures 

are necessary to effectively implant the device. Therefore, an adaptive substrate which is rigid 

enough to be easily inserted into the body but softens in vivo following surgery is the optimal 

solution. 

Initial efforts to produce mechanically adaptive substrates made use of nanocomposites which 

swelled in the presence of water to soften by up to three orders of magnitude. These substrates 

were shown to substantially reduce the initial swelling response in the human brain following 

implantation and may produced less micromotion-induced stresses in the brain (81, 82). 

Fabricating complex microelectronics proved to be more difficult; substrates had low device 

yield and the large degree of water uptake caused severe delamination of the electronics and 

resulted in device failure (83). Newer iterations of these nanocomposites have improved their 

processing, but do not yet reach the complexity of tungsten or silicon-based devices. An 

alternative approach has been the use of shape memory polymers to induce softening. Shape 

memory polymers are materials which undergo a glass transition resulting in a large decrease in 

modulus. These were first demonstrated in acrylic networks which softened upon exposure to 

physiological temperatures and moisture. However, the acrylic substrates had large cure stresses 
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which made it difficult to fabricate electronics (84). This was largely remedied through the use of 

thiol-ene/acrylate shape memory polymers. These substrates were shown to soften by 

approximately two orders of magnitude following insertion into the body. The low cure stress of 

these substrates allowed microelectronics to be fabricated using established photolithographic 

techniques. These substrates have demonstrated near-chronic stability and decreased 

physiological response to implantation. However, they soften to 20-100 MPa and are prone to 

mechanical failure (80, 85, 86). Alternative chemistries may improve the softening and 

mechanical performance of shape memory polymer substrates and improve chronic viability. 

Thiourethane polymers have a number of characteristics that may improve the effectiveness of 

softening bioelectronics. As shown in previous works, the thiourethane linkage is more 

rotationally rigid than the thioether bond formed during the thiol-ene reaction. This increases the 

glass transition temperature compared to similarly structured thiol-ene networks (8, 10). 

Therefore, it is likely that thiourethane networks may be used to synthesize low-crosslink density 

networks capable of softening more than previous thiol-ene substrates. The high loading of 

thiourethane bonds in these materials also imparts a large degree of hydrogen bonding in the 

material. This hydrogen bonding between the polymer chains may improve the toughness of the 

substrate compared to the previously used thiol-ene materials which have few macromolecular 

interactions, as large deformations will require more mechanical energy. This may also result in 

improved plasticization of the substrate in vivo due to increased water uptake. Thus, thiourethane 

substrates may serve as a platform to reduce device failure due to mechanical failure or 

neuroinflammatory response. 

1.6 Dielectric Elastomer Artificial Muscles 
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Artificial muscles are synthetic materials designed to mimic the actuation of human muscle. 

Human skeletal muscle is noted for its impressive actuation properties, with strains greater than 

40%, pressures over 350 kPa, and a specific energy density of 0.07 J g-1 (87-89). Currently, the 

majority of robotics applications make use of electromagnetic (EM) motors for actuation. These 

have drawbacks such as high power consumption as size decreases, large gearing requirements, 

noise and heat generation, and the inability to provide “give” like natural muscle. This leads to 

bulky actuation systems requiring large power sources, reducing the effective energy density 

(90). Dielectric actuators (DEAs) are an artificial muscle solution that has the potential to solve 

many of these problems. 

Dielectric actuators operate as flexible capacitors, decreasing in thickness and increasing in area 

in the presence of an applied field. These devices are electrostatic, only consuming power when 

actuating. They produce strains over 200%, pressures over 7 MPa, and have very high work 

densities and efficiencies (87, 88, 90-94). Most of the materials used for DEAs are commercially 

available, such as 3M VHB acrylic elastomers, silicones, and polyurethanes. Each of these 

materials have their own drawbacks such as low dielectric constant, low stresses, or low strains 

(87, 95). In order to develop high performance DEAs it is necessary to investigate polymer 

systems that may be tuned to minimize their weaknesses and maximize their strengths for the 

desired application. This is most often done by attempting to increase the dielectric constant of 

the actuator material. Efforts to improve the dielectric constant of DEA materials tends to fall 

under two categories; grafting molecules with strong dipole moments onto the polymer 

backbone, or adding high-k filler materials to the polymer matrix.  
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Grafting is typically accomplished by functionalizing existing DEA materials such as silicones 

and attaching polar side chains to the backbone. This approach has the advantage of high 

homogeneity in the polymer matrix, which reduces the risk of causing premature dielectric 

breakdown. However, the polar groups used typically have detrimental effects on the mechanical 

performance of the material. Typical results show that meaningful increases in the dielectric 

constant are only obtained after the mechanical performance has decayed too much to be useful 

(87, 96, 97).  

The most commonly used approach for improving the dielectric constant is by adding high-k 

filler material to the polymer matrix. This can take the form of non-conductive particles such as 

TiO2 or conductive media such as carbon powder or metallic particles. This method typically 

yields much larger increases in effective dielectric constant due to the very high dielectric 

constant of the particles used. The primary drawback of filler materials is that it usually results in 

decreased dielectric strength, decreasing the overall strain performance compared to non-filled 

materials (98-101). This has been somewhat mitigated through the use of functionalized 

nanoparticles to improve homogeneity, but the rigid filler still tends to degrade the mechanical 

performance of the material (102). As both common methods for improving the dielectric 

behavior of these materials tend to have poor results, further materials development is needed to 

improve the usefulness of DEA polymers.  

Thiourethane elastomers may be uniquely poised to act as high-performance DEA materials. The 

wide availability of both thiol and isocyanate monomers allows the mechanical properties of the 

resultant networks to be finely tuned to the appropriate modulus for DEA operation. The polar 

moieties added to the polymer chain by the thiourethane linkage in addition to the high molar 
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refractivity of sulfur may result in an improved dielectric constant over the materials currently 

used in DEAs (103). This may prove to be a superior method of increasing the dielectric 

performance of DEA materials. Since the dielectric behavior will be an intrinsic property of the 

material the dielectric strength may remain high compared to grafted or filled polymers with 

lower homogeneity. Improvements in the dielectric constant would reduce the field requirements 

of DEAs, aiding their safety and design requirements. 
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1.7 Objectives and Overview of Results 

The goal of this research is to design, synthesize, and characterize photo-polymerized 

thiourethane polymers to solve fundamental materials challenges in photopolymer 3D printing, 

bioelectronics substrates, and dielectric elastomer actuator films. Advances in photo-cured 

thiourethane polymers will enable stronger 3D printed parts, improve the softening ability of 

bioelectronics substrates, and enhance the performance of dielectric elastomer artificial muscles. 

Thus, this research has the following aims: 

(1) Enable photo-cured polythiourethanes by synthesizing photo-latent bases which are 

dark-stable and capable of curing bulk thiol-isocyanate resins in under one minute 

upon UV irradiation, comparable to thiol-ene or acrylate radical chemistries. 

(2) Toughen 3D printed parts by developing a thiourethane photo-polymer resin which 

has an integrated stress-strain curve of at least 50 MJ m-3 when 3D printed; five times 

that of typical “tough” photopolymer resins. 

(3) Interface with the nervous system by creating polythiourethane substrates which 

soften to less than 10 MPa in vivo and demonstrate that neural interface devices can 

be fabricated on the substrate and successfully record neural signals when implanted. 

(4) Decrease the field requirements of dielectric actuators by synthesizing 

polythiourethane elastomers with dielectric constants above 8, twice that of the state 

of the art materials currently in use 

Chapter 3 illustrates thiol-isocyanate elastomers cured in reaction times comparable to thiol-ene 

systems using novel photo-latent bases. These networks are highly tough due to their extensive 

hydrogen bonding and semi-crystalline nature. Chapter 4 describes the 3D printing of 
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thiourethane resins using photo-latent tertiary amines. These resins are compatible with the light 

sources in commercial printing systems and have cure rates comparable to commercial resins, 

but are many times tougher. This tough polymer system is extended to fused filament fabrication 

printing in Chapter 5. Chapter 6 demonstrates that thiourethane thermosets may be used to 

synthesize robust substrates for bioelectronics which soften by three orders of magnitude for 

improved physiological response and recording. Chapter 7 suggests that photopolymerized 

thiourethane elastomers may improve the performance of dielectric actuators due to having 

easily tuned thermomechanical properties and dielectric constants larger than the most effective 

polymers used today. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

2.1 Materials 

4-(bromomethyl)benzophenone, 2-iodobenzoic acid, 4-methylbezenethiol,  copper iodide, N-

bromosuccinimide (NBS), 1,5-diazabicyclo[4.3.0]non-5-ene (DBN), sodium tetraphenylborate, 

pentaerythritol tetrakis(3-mercaptopropionate) (PETMP), trimethylolpropane tris(3-

mercaptopropionate) (TMTMP), hexanedithiol, and isophorone diisocyanate were purchased 

from Sigma Aldrich. 2,2’-(ethylenedioxy)diethanethiol (EDDT), hexamethylene diisocyanate, 

trimethylhexamethylene diisocyanate were purchased from TCI America (Portland, OR). 

Anhydrous dichloromethane, hydrochloric acid, sulfuric acid, potassium hydroxide, and 

anhydrous magnesium sulfate were purchased from Fischer Scientific. Tris(6-

isocyanatohexyl)isocyanurate (HDI-T, or Desmodur N3300A) was kindly donated by Covestro 

(Leverkusen, Germany). All chemicals were used without further purification. 

2.2 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) is an analytical technique which employs the 

magnetic properties of atomic nuclei to provide information on their bonding environment and 

chemical state. When placed in a magnetic field, atomic nuclei will absorb electromagnetic 

radiation at a characteristic frequency. The nuclear magnetic resonance response, known as the 

free induction delay, is recorded by the instrument. A Fourier transform is used to extract the 

frequency-domain spectrum from the raw data, which provides the chemical shifts used for 

analysis. The chemical shift will vary depending on the electronic environment of the atomic 
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nucleus. For well-characterized nuclei such as H1, the chemical shifts for most bonding 

environments are known and are predictable. The predictability of H1 chemical shifts in 

combination with the speed of data acquisition and ubiquity of hydrogen in organic molecules 

makes H1 NMR an invaluable tool for determining the structure of small molecules and 

polymers. 

2.3 Gel Permeation Chromatography 

Gel permeation chromatography (GPC) is an analytical technique used to determine the 

molecular weight distribution of a polymer. In GPC, a polymer dissolved in an eluent (solvent) is 

passed through a gel with a precisely controlled pore size. If the radius of gyration of the 

dissolved polymer is sufficiently small, it will enter the pores of the gel and take longer to pass 

through the column. For linear polymers, this is directly related to the molecular weight. Thus, 

the elution time is inversely related to the molecular weight of the polymer. A detector at the 

base of the column is used to determine how much dissolved polymer passes through the column 

as a function of time. When compared to a standard, typically of highly uniform dispersity 

polystyrene, the molecular weight and polydispersity index of the sample can be determined to a 

high degree of accuracy. 

2.4 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is a thermal analysis technique that measures the mass of a 

sample as it is heated. The sample is placed in an empty crucible whose mass has been 

previously recorded. The TGA then takes the mass of the sample and initiates a heating ramp 

from a set starting temperature to a target end temperature. As the sample heats, it may undergo a 
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number of chemical reactions depending on its composition. These reactions typically have an 

associated change in mass. In this work the mass changes are negative, reflecting the degradation 

of the polymer as the temperature exceeds that which the bonds can sustain. Thus, TGA is used 

to define the degradation temperature Td of the polymer systems discussed.  

2.5 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) measures the difference in the amount of heat 

necessary to heat a sample with regards to a reference as a function of temperature. This 

information may be used to determine changes in enthalpy or the specific heat capacity of the 

sample as a function of temperature. This allows DSC to identify first and second order phase 

transitions. In the context of this work, it may be used to determine glass transition and 

crystalline melt temperature (Tm). The Tg is indicated by a step change in the heat flow into the 

sample. Melting point is indicated by an endotherm. Further calculation and analysis can show 

the hysteresis between the melt and recrystallization as well as the percent crystallinity. In this 

work, samples were subjected to a heat-cool-heat-cool-heat cycle to first erase thermal history by 

heating above Tg but below Td. The sample is then cooled to the desired start temperature of the 

experiment and heated through the desired temperature range twice to analyze and confirm the 

thermal behavior of the material.  

2.6 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) is a thermomechanical characterization technique that 

shows the viscoelastic behavior of materials as a function of temperature and frequency of 

deformation. This test can be conducted in a wide variety of conditions such as tension, shear, 
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compression, and flexion. During a test the sample is held in a clamping assembly and subjected 

to a small sinusoidal deformation of a set frequency and amplitude. Assuming that the 

deformation of within the elastic regime of the material, the stress and strain waves may be used 

to calculate the complex modulus (E*) and phase angle (δ). The storage modulus (E’) and loss 

modulus (E’’) may be determined by the relationship between E* and δ as shown in equations 1 

and 2. 

 𝐸∗ = 𝐸′ + 𝑖𝐸′′ (1) 

 
tan(𝛿) =

𝐸′′

𝐸′
 (2) 

DMA is unique in that it can provide information about the thermal, mechanical, and time-

dependent behavior of a material in a single test. The typical test used in this work shows how a 

sample changes in stiffness as a function of temperature through the measurement of E’ and its 

damping capability with regards to temperature by measuring tan(δ). The glass transition 

temperature may be found at the peak of tan(δ). This behavior will change as a function of the 

oscillation frequency and is easily determined using multi-frequency testing protocols that 

modern instruments are capable of performing. 

2.7 Rheology 

Rheology (rheometry) is the study of the flow properties of a liquid or semi-solid. Rheology is an 

important characterization tool for polymers, for characterizing the behavior of both polymer 

resins and melts depending on the target application. In a typical testing scenario, a thin film of 

liquid is placed between a static plate and another plate rotating at a known rate. The rotation 

speed determines the shear rate applied to the material, and the torque needed to maintain the 
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rotation may be used to calculate the viscosity of the liquid. Viscosity is often dependent on 

temperature, and may be dependent on the shear rate. Viscosity control is crucial for effective 

processing in extrusion, stereolithography, or polymer jetting applications.  

2.8 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR) is a spectroscopic technique which is capable of 

quickly and reliably determining the functional groups present in a material. It relies on the fact 

that infrared radiation will excite vibrational modes of atomic pairs that cause a change in the 

molecular dipole moment. The excitation frequency is dependent on the atoms in the pair, their 

bonds with each other, and their neighboring bonds. As a result, FTIR is capable of discerning 

between specific functional groups present in small molecules or polymers. The simple sample 

preparation and rapidity of measurement has made FTIR an invaluable tool for chemists to 

confirm structures of small molecules or track polymerizations. Real-time infrared spectroscopy 

techniques allow reactions between small molecules or polymerizations to be tracked as the 

reaction progresses, giving chemists the ability to reaction kinetics and rate constants. 

2.9 Uniaxial Tensile Testing 

Tensile testing is a method of measuring the stress-strain response of a material from the linearly 

elastic region until failure at a set temperature. It is considered a quasi-static test; where 

deformation rates are low enough to consider the results equivalent to the static performance of 

the material at a given strain. Polymers exhibit wide ranges of properties in tension depending on 

their Tg and crystalline fraction. Below Tg, most polymer networks exhibit high modulus, brittle 

behavior. As the temperature passes through and beyond the Tg, the modulus decreases and 
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failure strain increases until the material exhibits elastomeric behavior. Semi-crystalline systems 

exhibit a more complex response, showing larger stresses and lower strains than amorphous 

polymers beyond the Tg until reaching the crystal melt temperature. Uniaxial tensile testing may 

also be used to determine toughness by integrating the stress-strain curve, giving the amount of 

energy per unit volume required to fracture the sample. Semi-crystalline thermoplastics tend to 

have high toughness due to their ability to withstand high stresses at high elongations. 

2.10 Heat Deflection Testing 

Heat deflection testing is used to provide a practical measurement of the maximum thermal 

operating temperature of a material. Two commonly employed testing standards are ASTM 

D648 and ISO 75. Both standards employ a rectangular test specimen placed in a three-point 

bending configuration submerged in a temperature controlled circulating oil bath. A static load is 

placed on the sample to produce a bending stress of 0.455 or 1.82 MPa, and the temperature is 

increased at 2 °C min-1 until the sample deflects to a strain of 0.002 (58). In polymers, this point 

typically correlates with either the glass transition temperature or crystal melt.  

2.11 Stereolithography 

Stereolithography is the process of using an ultraviolet laser or projector to selectively cure 

material in a vat of photopolymer resin. Most SLA machines in use today operate by shining a 

UV laser or projector up through the bottom of a transparent vat containing the photopolymer. 

The bottom of the vat is coated with an oxygen-permeable material such as polydimethylsiloxane 

to inhibit the polymerization at its surface and prevent sticking to the bottom of the vat. A 

moveable build plate is lowered into the vat, upon which successive layers of material are cured 
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by lifting the plate from the resin bath in increments ranging from 10 to 100 µm while curing 

(36, 48). More recent developments have eliminated the layer approach by utilizing highly 

oxygen permeable membranes as the vat window to allow for continuous curing while the plate 

is lifted from the solution. This has been shown to drastically reduce print times and yield 

mechanically isotropic parts with excellent surface finish (53). 

2.12 Polymer Jetting 

Polymer jetting is a 3D printing technique in which a photopolymer resin is selectively deposited 

on a build plate by a piezoelectrically driven inkjet head. On each pass, a trailing ultraviolet light 

cures the deposited resin. Drop sizes are on the order of 3 picoliters, resulting in an effective 

voxel resolution of as low as 10 µm × 10 µm × 10 µm. Additional print heads can utilize 

different resins to allow multi-material printing, which is unique among photopolymer printing 

techniques. The primary limitation of these systems is the strict viscosity requirements for the 

printing resin, which needs to be sufficiently low to successfully pass through the inkjet head. 

Heated print heads can help reduce viscosity as the resin enters the head, but excessive heating 

runs the risk of causing premature polymerization of the resin prior to deposition (39). 

2.13 Fused Filament Fabrication 

Fused filament fabrication is a 3D printing technique which feeds a thermoplastic filament into a 

heated extrusion head. The extrusion head is fixed to a motorized system which controls the 

position of the extrusion head in the x, y, and z axes. Parts are printed in layers between 10 µm 

and 500 µm thick, depending on the surface finish and print speed that is desired (36). FFF is 

compatible with a wide range of thermoplastic feedstocks such as polylactic acid, acrylonitrile-
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butadiene-styrene, high impact polystyrene, thermoplastic polyurethane elastomers, and nylon 

copolymers. This allows parts to be printed with a wide variety of mechanical and thermal 

behaviors. Due to its relative simplicity, low cost, and safe operation, filament based systems are 

the most widely sold and utilized 3D printers available on the market today despite having 

relatively poor surface finish and anisotropic mechanical properties (40). 
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CHAPTER 3 

QUATERNARY AMMONIUM SALTS FOR RAPID LONG-WAVELENGTH 

PHOTOPOLYMERIZATION OF TOUGH POLYTHIOURETHANES 

3.1 Introduction 

One of the premier advantages of thiol-ene polymers is the ability to rapidly photo-cure 

thermoset materials to high degrees of completion under mild conditions. The ease of 

synthesizing thiol-ene polymers and adjusting their properties has resulted in increasingly more 

use as smart materials. However, their utility is limited due to their characteristically low glass 

transition temperatures and poor mechanical strength. Another less studied thiol-click reaction is 

the coupling of thiols and isocyanates. This reaction occurs rapidly in the presence of a tertiary 

amine catalyst. The resultant materials are characterized by high glass transition temperatures 

and toughness due to extensive hydrogen bonding in the resultant thiourethane linkage. The bulk 

polymerizations of polythiourethane thermosets have not been studied in detail due to the 

difficulty in controlling the reaction. This will remain the case until efficient photo-catalysts are 

developed which release highly basic tertiary amines under irradiation by common ultraviolet 

curing sources.  

This work describes the synthesis of quaternary ammonium salts which release the strong base 

1,5-diazabicyclo[4.3.0]non-5-ene (pKa ~13.5) upon irradiation with light between 300 nm and 

400 nm. The excitation wavelength may be adjusted by altering the structure of the 

chromophore. It is demonstrated that the quaternary ammonium salts degrade and release DBN 

quickly upon irradiation, resulting in a rapid change in pH. This is sufficient to catalyze the near 

quantitative reaction of polythiourethanes in as little as a few seconds of irradiation. Bulk 
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polymerization of polythiourethane thermosets is achieved quickly under mild reaction 

conditions. 

3.2 Experimental Procedure 

3.2.1 Nuclear Magnetic Resonance Spectroscopy 

1D proton NMR was performed on a Bruker AVANCE III 500. Approximately 15 mg of 

samples were dissolved in 0.5 mL of deuterated chloroform or dimethyl sulfoxide. Samples 

underwent 16 scans at 500 MHz. Processing and peak integrations were performed using the 

Bruker TopSpin software.  

3.2.2 Real-time Fourier transform infrared spectroscopy 

Real-time FTIR was performed on a Shimadzu IRAffinity-1 with an attenuated total reflection 

(ATR) attachment. Stoichiometric mixtures of 2,2’-(ethylenedioxy)diethanethiol (EDDT) and 

hexamethylene diisocyanate (HDI) were mixed with 0.1 wt% of photo-catalyst. The solutions 

were dropped onto the liquid-ATR cell and continuously scanned between 700 cm-1 and 4000 

cm-1 with 0.5 cm-1 resolution with a sampling rate of 2.3 seconds per scan. Higher scanning rates 

were obtained by scanning the isocyanate peak only between 2000 cm-1 and 2500-1. Samples 

were exposed to 365 nm irradiation using a handheld UV LED emitter. Irradiation remained on 

until completion of the test.  

3.2.3 UV-visible spectroscopy 

UV-visible absorption spectroscopy was performed on an Agilent Cary 5000 UV-Vis-NIR 

spectrophotometer. Solutions were mixed containing 0.5 wt% photo-catalyst in acetonitrile. The 
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solution was dispensed into 1 mL cuvettes which were then irradiated by 365 nm or 385 nm light 

for up to 10 minutes. Samples were either then scanned immediately between 200 nm and 450 

nm or had 1 mM phenol red solution in acetonitrile added prior to scanning between 300 nm and 

700 nm.  

3.2.4 Dynamic mechanical analysis 

A stoichiometric mixture of pentaerythritol tetrakis(3-mercaptopropionate) and isophorone 

diisocyanate was mixed with 0.1 wt% of QAS-BP and cured for 30 minutes under 365 nm 

irradiation in a UVP CL-1000L between glass slides separated by 500 µm spacers. This was 

followed by one hour of thermal post-curing at 150 °C in vacuum. Samples were cut into 

rectangular bars approximately 30 mm x 3 mm x 0.5 mm. Dynamic mechanical analysis was 

performed on a Mettler Toledo DMA/SDTA831e in tension from 0 °C to 200 °C at 2 °C min-1 

with an oscillation at 1 Hz, 5 N force limit, 0.2 % strain limit, and 300% offset. Glass transition 

temperature was taken as the peak of tan δ. 

3.3 Results 

3.3.1 Synthesis of QAS-BP 

4-(bromomethyl)benzophenone (2.0 g) was added to a dry nitrogen-purged round-bottom flask 

and dissolved in anhydrous dichloromethane (100 mL). 1,5-Diazabicyclo[4.3.0]non-5-ene (930 

mg) was dissolved in anhydrous dichloromethane (10 mL) and added dropwise to the flask. A 

white precipitate formed almost immediately. The reaction was allowed to progress for two 

hours prior to extracting the product with water (200 mL). The water was removed via rotary 
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evaporation, and the remaining viscous liquid re-dissolved into methanol (200 mL). Sodium 

tetraphenylborate (2.04 g) was dissolved in methanol (50 mL) and added dropwise to the 

methanol solution while stirring. A thick white precipitate formed immediately. The solution was 

allowed to stir for one hour before separating the solid by vacuum filtration. The solid was dried 

under dessication and confirmed to be 5-(4’-(bromomethyl)benzophenone)-1,5-

diazabicyclo[4.3.0]non-5-ene tetraphenylborate by H1 NMR (3.5 g, 75% yield). 

 

Figure 3.1. Synthetic schematic of QAS-BP; DBN performs a nucleophilic addition to the 

bromomethyl group on the benzophenone, yielding an ammonium bromide salt. The bromine 

anion is replaced with tetraphenylborate via a metathesis in methanol 

3.3.2 Synthesis of QAS-MTX 

2-iodobenzoic acid (3.5 g), 4-methylbenzenethiol (1.75 g), potassium hydroxide (3.96 g), and 

copper iodide (0.27 g) were dissolved with water (mL) in a round-bottom flask. The solution was 

refluxed for 12 hours, then acidified using 10% hydrochloric acid solution. A white precipitate 

formed upon acidification, which was filtered and confirmed to be 2-[(4-methylphenyl)thio]-

benzoic acid via 1H NMR (4.05 g, 84% yield). 

2-[(4-methylphenyl)thio]-benzoic acid (4.05 g) was dissolved in concentrated sulfuric acid (20 

mL) and heated to 110 °C for 4 hours while stirring. The solution was pipetted into water  
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Figure 3.2. Synthetic schematic of QAS-MTX; 2-(methyl)thioxanthone is formed via the copper 

iodide catalyzed reaction between 2-iodobenzoic acid and 4-methylbenzenethiol followed by 

ring-closing in concentrated sulfuric acid. The methyl group is brominated using NBS, which is 

then displaced by DBN in a nucleophilic addition to form an ammonium bromide salt. The 

bromide anion is replaced by tetraphenylborate in a metathesis in methanol 

 

(200 mL) in an ice bath while stirring. A yellow precipitate formed immediately, which was 

filtered and washed with 10% sodium bicarbonate solution (100 mL). The remaining product 

was confirmed to be 2-(methyl)thioxanthone via 1H NMR (3.45 g, 92% yield). 

2-(methyl)thioxanthone (1.00 g) was added to a dry round-bottom flask with N-

bromosuccinimide (0.79 g) in benzene (10 mL). The solution stirred at room temperature under 

nitrogen and halogen illumination for 6 hours. The solution was washed with water (20 mL) to 
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remove succinimide byproduct, then the benzene was removed by rotary evaporation. The 

remaining solid was found to be 2-(bromomethyl)thioxanthone via 1H NMR (1.15 g, 85% yield).  

2-(bromomethyl)thioxanthone (2.00 g) was added to a dry nitrogen-purged round-bottom flask 

and dissolved in anhydrous dichloromethane (150 mL). 1,5-Diazabicyclo[4.3.0]non-5-ene (0.82 

g) was dissolved in anhydrous dichloromethane (5 mL) and added dropwise to the flask while 

stirring. The reaction progressed for 2 hours before extracting the product with water (300 mL).  

 

Figure 3.3. 1H NMR of QAS-MTX. Shielded protons in the thioxanthone and tetraphenylborate 

are up-shifted to between 8.6 and 6.8 ppm. The methylene bridge protons between the 

thioxanthone and ammonium show near 3.9 ppm. The DBN protons are spread between 3.4 ppm 

and 1.7 ppm. 

The water was removed by rotary evaporation and the remaining product dissolved into 

methanol (300 mL). Sodium tetraphenylborate (2.24 g) was dissolved in methanol (20 mL) and 

added dropwise to the bromide salt solution while stirring. A thick white precipitate formed 
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immediately, which was isolated by vacuum filtration. The solid was dried under dessication and 

confirmed to be 5-(2’-(methyl)thioxanthone)-1,5-diazabicyclo[4.3.0]non-5-ene tetraphenylborate 

by H1 NMR (3.42 g, 78% yield). 

3.3.3 UV-Visible Spectroscopy  

UV-visible spectroscopy was performed to determine both the wavelength sensitivity of the 

photo-catalysts and confirm the release of a base following irradiation. The absorbance spectra of 

QAS-BP between 300 and 400 nm shows an excitation peak ranging from approximately 310 nm 

to almost 400 nm, peaking at 340 nm. This absorption peak shows an upward shift in absorbance 

as the solution is irradiated with 365 nm light, eventually doubling in absorbance after ten 

minutes of exposure (Figure 3.4).  

 

Figure 3.4. UV-vis tests on photolysis of QAS-BP shows spectral changes following irradiation 

with 365 nm light. The primary absorption spectrum rests between 310 nm and 390 nm, with a 

peak at 340 nm. The spectrum increases in absorbance as the initiator is irradiated. 
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Changes in absorption are noticeable almost immediately, even after only 30 seconds of 

exposure. QAS-BP continues to undergo photolysis up to at least 10 minutes of irradiation. The 

addition of phenol red indicator shows the change in pH as the 0.1 wt% acetonitrile solution is 

irradiated with 365 nm light (Figure 3.5). No visible change is seen until 8 minutes of irradiation, 

after which the solution begins to indicate a strongly basic environment.  

QAS-MTX displays similar spectral behavior with some notable variation. The absorbance 

spectrum of QAS-MTX is red-shifted in comparison to QAS-BP, with the absorbance peak near 

380 nm (Figure 3.6). A less drastic change in absorbance is seen following the initial dose of 

irradiation. A slight upward trend in the absorption peak is visible as irradiation continues, but 

not to the degree seen in QAS-BP. Phenol red indicator added to the solution following 

irradiation shows conversion to a basic solution following five minutes of irradiation (Figure 

3.7). The conversion to a basic pH occurs more rapidly than seen in QAS-BP, indicating higher 

photo-reactivity at 365 nm. 

 

Figure 3.5. UV-vis tests with phenol red solution added following 365 nm irradiation show an 

increase in solution pH after 8 minutes of exposure. 
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Figure 3.6. UV-vis tests on photolysis of QAS-MTX show a primary absorption spectrum 

between 320 nm and 410 nm, with a peak at 380 nm. The absorption coefficient increases as the 

molecule is exposed to 385 nm light. 

 

 

Figure 3.7. Addition of phenol red to irradiated QAS-MTX shows large indication of basicity 

after undergoing 5 minutes of 365 nm exposure 

3.3.4 Polythiourethane Cure Study 

The ability of QAS-MTX to catalyze the thiol-isocyanate reaction was studied using FTIR 

(Figure 3.8). A stoichiometric mixture of EDDT and HDI were mixed with 0.1 wt% of QAS-
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MTX and irradiated using a handheld 875 mW 365 nm LED lamp. Prior to irradiation there is a 

noticeable isocyanate peak near 2250 cm-1. No change in solution viscosity or FTIR signal was 

seen for up to ten minutes prior to exposure with the UV LED. Following 25 second of 

irradiation the isocyanate peak becomes substantially smaller in size. This is accompanied by the 

appearance of peaks at 3300, 1600, 1500, and 1250 cm-1 which represent the appearance of the 

amine, carbonyl, and amide functionalities present in the thiourethane linkage. This suggests that 

the photo-release of DBN via 365 nm light may rapidly catalyze thiol-isocyanate coupling. 

 

Figure 3.8. Irradiation of pre-polymer resin with QAS-MTX by 365 nm light results in rapid 

polymerization within 10 seconds, with near complete disappearance of the isocyanate peak near 

2250 cm-1 and the appearance of secondary amine and urethane peaks at 3300, 1600, 1500, and 

1250 cm-1 

 

The reaction rates of EDDT-HDI resin using 0.1 wt% of QAS-MTX was studied by tracking 

isocyanate conversion during irradiation (Figure 3.9). Thiol content was not tracked due to the 

extremely weak thiol FTIR signal. The QAS-MTX resin was irradiated using a handheld 365 nm 

LED with an irradiation intensity of 10 mW cm-1. The resin cures very quickly upon exposure to 
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an ultraviolet light source. The QAS-MTX resin reaches virtually 100% conversion within 7 

seconds of irradiation, a time scale similar to the cure rate of acrylic polymers.  

 

Figure 3.9. Stoichiometric mixtures of EDDT and HDI with 0.1 wt% QAS-MTX cure to 

complete conversion within 7 seconds of irradiation using a 365 nm source at 10 mW cm-1 

 

 

Figure 3.10. Photo-cured polythiourethane thermosets using QAS-BP show high network 

uniformity achieved with simple cure conditions. A PETMP-IDI tan delta has a full width half 

max of 10 °C with a peak at 142 °C. 
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A model polythiourethane thermoset material was cured using QAS-BP to demonstrate the 

effectiveness of the photo-catalysts for bulk polymerizations. Dynamic mechanical analysis was 

performed to assess the degree of curing and network uniformity (Figure 3.10). The narrow peak 

of tan δ indicates that the material cured into a homogenous network.  

3.4 Discussion 

The synthesis of QAS-BP is relatively straightforward due to the availability of brominated 

precursor material and the drastic solubility changes which occur during the reaction. In both 

steps, the reaction product precipitates from the solvent while any unreacted material and 

byproducts remain dissolved. This allows for simple vacuum filtration to isolate the final product 

with high purity. The reaction scheme of QAS-MTX is more difficult, as the required brominated 

precursor material is not commercially available in quantities appropriate for research at this 

time. However, the types of reactions necessary to produce 2-(bromomethyl)thioxanthone are not 

difficult and are conducted frequently on industrial scales. Once the brominated precursor is 

obtained, the synthetic procedure is similar to that of QAS-BP and is done with relative ease. The 

ability to synthesize and purify both photo-catalysts using established techniques lends itself well 

to increasing the scale of the reactions if needed. 

Both photo-catalysts appear to be stable in solution in the dark and for at least six months in 

ambient conditions when in solid form. Upon exposure to the appropriate wavelength of light 

however, they rapidly undergo photolysis and release DBN into the solution. Both initiators are 

photo-active at 365 nm, which is frequently used for initiating polymerizations. QAS-MTX 

appears to release DBN at a higher rate than QAS-BP at this irradiation wavelength as indicated 

by phenol red indicator. The absorption peak of QAS-BP has a maximum at 340 nm and 



 

40 

decreases by over half at 365 nm. QAS-MTX has a peak near 380 nm and has substantially 

higher absorbance throughout this region. In addition to the more conveniently located 

absorption peak, the QAS-MTX chromophore seems to be a more effective light-absorbing 

species as indicated by the order of magnitude increase in absorption compared to QAS-BP at 

similar solution concentrations. This is supported by the reduced irradiation time necessary to 

induce a change in the phenol red indicator.  

FTIR and bulk polymerization testing indicates that the photo-catalysts will serve as highly 

effective UV-curing agents for thiol-isocyanate polymers.  FTIR demonstrates that the tertiary 

amine released via C-N bond cleavage is capable of catalyzing the thiol-isocyanate coupling 

which results in thiourethane polymers. Real-time data shows that both the QAS-BP and QAS-

MTX initiators are capable of curing resins to near total conversion within 30 seconds of 

irradiation. QAS-MTX is notably effective as a photo-catalyst, reaching high conversion in under 

10 seconds of 385 nm irradiation. However, the absorption spectrum extends slightly above 400 

nm, which makes accidental catalysis via ambient light a concern. The decreased excitation 

spectrum of the QAS-BP initiator allows for easier handling while retaining very high reaction 

rates.  

The bulk-cured polythiourethane network formed via the reaction between PETMP and IDI is 

highly uniform as determined by DMA. The ability to cure polythiourethane thermosets quickly 

under mild reaction conditions could prove useful to those working in the thiol-click polymers 

space. The characteristically high glass transition temperatures and hydrogen bonding present in 

polythiourethanes are valuable for high-temperature shape memory materials, smart polymers, or 

other innovative applications.   
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Future work includes refinement of the synthetic procedure of QAS-MTX for higher yields at 

larger batch sizes. This initiator has excellent performance in the upper UV range, has high 

solubility in thiol monomers, and catalyzes polymerization rapidly upon irradiation. It will be 

important to not only improve synthesis efficiency, but perform further studies on shelf life, 

dark-stability, resin stability, and potential hazards if this material is to be used in a commercial 

venue.  

3.5 Conclusion 

Quaternary ammonium salts have been synthesized which release the strong base 1,5-

diazabicyclo(4.3.0)non-5-ene (pKa ~13.5) following irradiation with light. The release occurs 

rapidly upon irradiation with an oxidation-capable anion such as sodium tetraphenylborate. The 

required irradiation wavelength is controlled via the choice of the brominated chromophore. The 

wavelength excitation spectrum for DBN release may be controlled between 300 nm and 400 nm 

by using benzophenone or thioxanthone derivatives. The photo-catalysts are soluble in thiol-

isocyanate monomer solutions and have no observed curing effects in the dark. The initiators 

cure thiol-isocyanate resins into with almost quantitative conversion upon seconds of irradiation. 

This enables thiol-isocyanate resins to be processed similarly to the radical initiated thiol-ene 

polymers, possibly opening a new class of tough high glass transition thermoset materials cured 

using common ultraviolet and visible light sources.  
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CHAPTER 4 

TOUGH SEMI-CRYSTALLINE THIOURETHANE PHOTOPOLYMERS FOR 

ADDITIVE MANUFACTURING 
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4.1 Introduction 

Photopolymer 3D printing techniques such as stereolithography, digital light synthesis, and 

polymer jetting are methods which selectively deposit or cure a light-sensitive resin to form a 

polymer part. These techniques have the advantages of relatively fast print speed, high 

resolution, and high surface finish. More advanced techniques are able to produce mechanically 

isotropic parts or simultaneously deposit multiple materials. However, these printing methods are 

heavily limited by the selection of photopolymers available for use. These materials tend to be 

acrylate-based oligomers which have mechanical and thermal performance well below that of 

engineering polymers. The brittle, low glass transition properties of available photopolymers 

have mostly relegated photopolymer systems to prototyping applications. Further development 

of tough photopolymers with high heat deflection temperatures are needed to make 

photopolymer 3D printing an industrially relevant process. 

A novel approach to 3D printing resins is described using photo-cured polythiourethanes in place 

of traditional acrylate chemistries. Quaternary ammonium salts are used to release a strong base 

catalyst under irradiation with 385 nm light. The ensuing polymerization reaction occurs rapidly 

in the photo-defined area, allowing complex objects to be generated. The resulting materials may 

be semi-crystalline, demonstrating toughness and heat deflection temperatures similar to that of 

high-performance engineering thermoplastics. 3D printed parts utilizing these materials are 

demonstrated via stereolithography and polymer jetting. 
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4.2 Experimental Methods 

4.2.1 Resin Preparation 

The pre-polymer resin was prepared by mixing stoichiometric mixtures of 2,2’-

(ethylenedioxy)diethanethiol (EDDT), decanedithiol (DDT), hexamethylene diisocyanate (HDI), 

tris(6-isocyanatohexyl)isocyanurate (HDI-T), and trimethylhexamethylene diisocyanate 

(TMHDI)  in a planetary mixer. Samples for bulk testing utilized 0.25 wt% QAS-MTX to 

catalyze the reaction. These samples were cured between glass slides separated by 500 μm 

spacers in a 365 nm UVP CL-1000L ultraviolet crosslinker for one hour prior to undergoing an 

85 °C anneal overnight. Resin for 3D printing used 0.50 wt% of QAS-MTX in order to catalyze 

the reaction at the projector wavelength in a sufficiently short time for printing. 

4.2.2 Photo-Rheometry 

Photo-rheometry was performed on a TA Instruments DHR-3 with a UV Light Guide Accessory. 

The UV source was an Excelitas Omnicure S2000 outputting filtered 365 nm light to the 

rheometer plates at an intensity of 89.4 mW cm-2, 29.5 mW cm-2, or 8.9 mW cm-2. Resin for 

TU Tough or TU Durable with 0.1, 0.25, 0.5, or 1.0 wt/wt% of photo-catalyst was pipetted 

between the plates at room temperature. The measurement was initiated to establish a baseline 

viscosity reading prior to the UV source being turned on. The light source remained on until the 

conclusion of the test. All samples were tested in triplicate. 

4.2.3 Differential Scanning Calorimetry 

Differential scanning calorimetry was performed on a Mettler Toledo DSC1/700. Samples were 

cut into circular disks 3 mm in diameter and 500 µm thick and placed in 40 µL aluminum 
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crucibles. Samples were inserted at 50 °C and cooled to -20 °C before undergoing three heating 

and cooling cycles between -20 °C and 160 °C. The second and third cycles were used to 

determine polymer Tg. All heating rates were 10 °C min-1. Glass transition temperature was 

determined using the Mettler Toledo STARe Thermal Analysis Suite. Melting point was taken as 

the peak of the melt endotherm. At least three samples were tested for each polymer 

composition. 

4.2.4 Heat Deflection Testing 

Heat deflection testing specimens were cast in a machined aluminum mold and milled to ASTM 

D648-16 specifications. Testing was performed by Element Materials Technology (Warren, MI) 

according to the ASTM D648-16 standard. All samples were tested in triplicate. 

4.2.5 Polarized Light Microscopy 

Polarized light microscopy was performed on an Olympus BX43 microscope under a cross-

polarizing filter. The microscope was fitted with an Olympus DP27 camera system and images 

were acquired using the Olympus cellSens software suite. 

4.2.6 Dynamic Mechanical Analysis 

Dynamic mechanical analysis was performed on a Mettler Toledo DMA/SDTA861e. Samples 

were cut into rectangular bars 30 mm long, 3 mm wide, and 500 µm thick. Samples were loaded 

into the large tension assembly and underwent a heating ramp from -50 °C to 150 °C at 2 °C  

min-1. The samples were oscillated at 1 Hz with a force limit of 5 N and strain limit of 0.2% with 
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a 300% offset. The glass transition by DMA was determined as the peak of tan δ. At least three 

samples were tested for each polymer composition. 

4.2.7 Uniaxial Tensile Testing 

Tensile testing was performed on bulk-cured samples and printed dog bones in the x, y, and z 

axis orientations according to ASTM standard D-638-V. Tests were performed on a Lloyd 

Instruments (West Sussex, UK) LR5K Plus Universal Materials Testing Machine with a 500 N 

load cell and Laserscan 200 laser extensometer. At least five samples of each type were strained 

at a rate of 50 mm min-1 until sample failure. Tensile strength was taken as the maximum stress 

experienced by the polymer. Toughness was taken as the area under the stress-strain curve from 

the origin to the point of failure. 

4.2.8 3D Printing 

Stereolithography was performed using an in-house system utilizing a Keynote Photonics LC-

4500UV projector outputting 385 nm light with irradiation power of approximately 10 mW cm-1. 

The printer design utilized the “top down” configuration in which the projector shines down onto 

the surface of the resin, polymerizing the layer on the uppermost surface exposed to the air 

(Figure 4.1). To minimize resin use the vat was filled with Fomblin M03, a low-viscosity 

perfluorinated polyether oil. Fomblin has a high density of 1.85 g cm-3, is chemically inert, and is 

immiscible with the thiol-isocyanate resin. The thiol-isocyanate resins sit on top of the Fomblin, 

with no detectable physical or chemical interactions between the two. To refresh a layer of resin 

over the cured material, a New Era Pump Systems NE-1000L syringe pump fitted with two 140 

mL syringes was used to add enough Fomblin to the vat to fully wet the surface of the cured part 
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and then remove enough Fomblin to leave a 100 μm layer of resin on the surface of the part. An 

Arduino-controlled stepper motor moved the projector vertically to keep in focus with the 

current layer. The projector then cured the next layer and the process was repeated until the 

desired part was formed. The part was removed from the vat and washed with ethyl acetate 

before undergoing a 60 minute post-cure at 140 °C to complete the polymerization process. 

Tough samples were post-cured at 180 °C. Durable and Tough samples were then annealed at 85 

°C for at least 12 hours. Elastomeric samples were not annealed and were able to be tested 

immediately.  

 

Figure 4.1. Schematic representation of top-down printing configuration; a 385 nm DLP 

projector patterns light on the surface of the resin, curing the part. A syringe pump controls the 

amount of Fomblin M03 in the vat, controlling the height of the resin. 

 

Polymer jetting was performed in collaboration with the Computational Fabrication Group at the 

Massachusetts Institute of Technology. The TU Tough, Durable, and Elastic resins were printed 

on the MultiFab  printer with no necessary modifications. Parts were fully cured following 

printing, requiring no post-cure. 
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4.2.9 Scanning Electron Microscopy 

Scanning electron microscopy was performed on cold-fractured specimens using a Zeiss Supra 

40. Specimens were coated with 3 nm of gold-titanium using a Hummer VI sputter deposition 

system prior to imaging. Images were taken at 5.00 kV using a 30.00 μm aperture. 

4.3 Results 

4.3.1 Resin Formulation 

Polymers comprised of EDDT, DDT, HDI, HDI-T, and TMHDI were cured in order to produce a 

polymer system with tunable thermo-mechanical performance via control over crystallinity. The 

base material used for this study is the TU Durable material, which is composed of EDDT, HDI, 

and a small amount of HDI-T to crosslink the polymer and allow printing. Two variants of this 

resin, TU Tough and TU Elastic, were designed containing DDT or TMHDI in addition to the 

base monomers (Table 4.1). 

Table 4.1. Monomer formulations for Tough, Durable, and Elastic thiourethane thermoset 

photopolymers 

 

Sample EDDT DDT HDI TMHDI HDI-T 

TU Durable 100 0 94 0 6 

TU Tough 45 55 94 0 6 

TU Elastic 100 0 44 50 6 

4.3.2 Photo-rheometry 

Photo-rheometry was performed to confirm the ability to cure the TU Tough and TU Durable 

resins fast enough to allow printing via stereolithography. Cure times are dependent on both the  
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Figure 4.2. Power-dependent photo-rheometry of TU Durable resin containing 0.5 wt/wt% of 

QAS-MTX. Gel initiation occurs immediately at higher irradiation levels, with full cure achieved 

in as little as 10 seconds. 

 

 

Figure 4.3. Power-dependent photo-rheometry of TU Tough resin containing 0.5 wt/wt% of 

QAS-MTX. Gel initiation occurs immediately at higher irradiation levels, with full cure achieved 

in as little as 5 seconds. Curing speed is increased in comparison to the Durable composition. 

 

irradiation intensity and loading fraction of QAS-MTX. TU Tough containing 0.5 wt% of QAS-

MTX hardens in as little as 9 seconds under 230-410 nm irradiation at 89.4 mW cm-2 (Figure 

4.2). Hardening time increases to 22 and 80 seconds as the UV intensity is reduced to 29.5 mW 
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cm-2 and 8.9 mW cm-2, respectively. There is a similar correlation to the gel initiation point, 

indicated as the time at which the viscosity begins to increase. At high power, gelling starts 

immediately upon the light source turning on. This initiation time increases to 8 and 35 seconds 

as the power is decreased. The TU Tough resin cures more rapidly at 0.5 wt/wt% QAS-MTX 

(Figure 4.3). Hardening times decrease to 7, 20, and 60 seconds with gel initiation points of 0, 3, 

and 10 seconds at 89.4, 29.5, and 8.9 mW cm-2, respectively. 

4.3.3 3D Printing 

3D printing was demonstrated using the TU Durable, TU Tough, and TU Elastic photopolymer 

resins. TU Durable and TU Elastic required 6 seconds or irradiation per layer for appropriate 

curing, while TU Tough required only 3 seconds per layer with 0.5 wt/wt% of QAS-MTX.  

 

Figure 4.4. 3D printed chess rook with an internal staircase and 35 mm x 35 mm x 35 mm 

gyroid cube. Scanning electron microscopy of fractured samples shows 100 μm layering 
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Printed parts had layer heights of 100 µm or 150 µm, depending on the height of the part and the 

desired printing time. In addition to testing specimens, complex structures such as a chess rook 

and gyroid cube were fabricated (Figure 4.4). These specimens have complex internal structures 

that are difficult or impossible to produce via traditional manufacturing processes. 

A calibration pattern was printed with the TU Durable material on the MultiFab polymer jetting 

printer to demonstrate the resolution capability of the system (Figure 4.5). Feature sizes less than 

1 mm are clearly discernable. The print utilized a 20 µm layer height, resulting in high surface 

finish and no discernable layering in the printed object. 

 

Figure 4.5. Calibration pattern printed using TU Durable on a MultiFab printer. Feature sizes 

less than 1 mm are clearly defined with a 20 µm layer height. 

4.3.4 Thermal Analysis 

The effects of altering the base material formulation are shown via differential scanning 

calorimetry (Figure 4.6). The base Durable material using only EDDT as the dithiol chain 
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extender has a glass transition temperature near 11 °C with a crystal melt occurring between 100 

°C and 120 °C. Crystallinity is enhanced when replacing EDDT with DDT. In the DDT-

containing Tough material, the glass transition temperature remains near 11 °C, but the crystal 

behavior changes. The melt transition increases in temperature to between 130 °C and 155 °C 

and the magnitude of the melt endotherm is larger than for the Durable composition. The crystal 

melt transitions of TU Durable and TU Tough correlate well to their 0.45 MPa heat deflection 

temperatures as determined by ASTM D648, with respective values of 101.4 ± 3.5 °C and 136.1 

± 1.8 °C. Crystallinity is reduced when replacing the HDI with TMHDI. Glass transition 

temperatures remain at 11 °C for the Elastic material containing TMHDI, but the crystal melt 

previously seen in the Durable material disappears entirely. As a result, the Elastic composition 

is completely amorphous.  

 

Figure 4.6. Differential scanning calorimetry showing variation in glass transition temperature 

and crystallinity with addition of DDT or TMHDI to base composition. All samples have glass 

transition temperatures of 11 °C. TU Durable has a crystal melt near 110 °C, while TU Tough’s 

melt is near 140 °C. TU Elastic is amorphous and has no crystal melt. 
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DSC was also used to assess any differences between the materials when cast in the bulk versus 

when they are printed (Figure 4.7). The TU Durable resin shows no change in glass transition 

temperature when printed, remaining at 11 °C. The crystal melt endotherm is broadened slightly, 

taking place between 90 °C and 120 °C when printed in comparison to 100 °C to 120 °C in the 

bulk. Neither resin recrystallizes immediately upon cooling, requiring annealing at 85 °C in order 

to recrystallize. 

 

Figure 4.7. Differential scanning calorimetry of TU Durable in the bulk and when 3D printed 

following post cure and annealing. Little variation exists in DSC between bulk and printed 

samples, with glass transition and crystal melt transitions remaining near 11 °C and 110 °C. 

4.3.5 Uniaxial Tensile Testing 

Tensile behavior shows a pattern dependent on the polymer crystallinity (Figure 4.8, Table 4.2). 

TU Durable is a flexible material with a yield stress of about 36 MPa, straining afterwards at a 

relatively constant 31 MPa until failure at 46 MPa and 255% strain. The higher crystallinity 

Tough polymer has an increased yield and failure stress, at 50 MPa and 60 MPa respectively. 

The failure strain is statistically identical to TU Durable. The amorphous TU Elastic resin  
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Figure 4.8. Tensile properties of TU Durable, Tough, and Elastic resins in the bulk change as a 

function of crystallinity. Semi-crystalline resins undergo yielding and plastic deformation. Yield 

and failure stresses increase or decrease with crystallinity. Amorphous samples behave as 

elastomers. 

 

behaves as an elastomer, showing no yield point and straining to 360% strain before failing at 19 

MPa. 

Differences between bulk and printed parts are only apparent in mechanical testing, where the 

yield stress shows a tendency to decrease as the layering effect is increased (Figure 4.9, Table 

4.2). The bulk TU Durable material yields near 36.3 ± 1.7 MPa and strains at approximately 30 

MPa until failure at 254 ± 35% strain. X-axis dog bones show a slightly decreased yield of 31.8 

± 1.0 MPa. The yield stress continues to decrease in the Y and Z-axis dog bones, with respective 

yield stresses of 25.7 ± 2.1 MPa and 22.2 ± 0.8 MPa. However, it is important to note that the 

failure strains remain similar for the bulk and both printed orientations, in the 240% to 280% 

range. As a result, the toughness of the printed TU Durable material remains quite high even in 

the Z-axis, at 53.5 ± 10.5 MJ m-3. While this represents a 40% decrease in toughness compared 

to the bulk material, it remains over twice as large as the comparable acrylic photopolymer. The  
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Figure 4.9. Tensile performance of TU Durable in the bulk and when tested in the X, Y, and Z 

orientations. Performance decreases with respect to the bulk material as the layering effect is 

increased from the X, to Y, to Z orientations. Yield stresses decrease from 36 MPa to 22 MPa, 

while failure strains remain largely the same. 

 

 

Figure 4.10. Tensile performance of TU Elastic in the bulk and when tested in the X, Y, and Z 

orientations. Failure stresses and strains are statistically equal, although stresses in the bulk 

sample tend to be lower than printed parts prior to failure. 

 

40

30

20

10

0

S
tr

e
s
s
 (

M
P

a
)

300250200150100500

Strain (%)

TU Durable
 Bulk
 X-Axis
 Z-Axis
 Y-Axis

25

20

15

10

5

0

S
tr

e
s
s
 (

M
P

a
)

43210

Strain (%)

 Bulk
 X-Axis
 Y-Axis
 Z-Axis



 

56 

amorphous TU Elastic shows no significant degree of anisotropy, with failure stresses and strains 

in the range of 19 MPa and 350% for the bulk material and 3D printed parts in the Y and Z 

testing orientation (Figure 4.10). X-axis samples are the exception, with decreased tensile stress 

of 9.5 ± 2.3 MPa while retaining high failure strains of 363 ± 39%. 

 

Table 4.2. Tensile properties of polythiourethane resins in the bulk and when printed in the x, y, 

and z axis orientations via stereolithography 

Sample Axis Yield Stress (MPa) Tensile Strength (MPa) Failure Strain (%) Toughness (MJ m-3) 

TU Durable 

Bulk 36.29 ± 1.71 46.40 ± 7.79 254.08 ± 35.26 90.35 ± 10.64 

X 31.82 ± 0.97 32.57 ± 6.23 253.92 ± 59.82 71.28 ± 15.80 

Y 25.70 ± 2.05 30.91 ± 4.69 236.41 ± 34.80 62.43 ± 12.59 

Z 22.17 ± 0.80 26.23 ± 2.96 239.00 ± 40.02 53.46 ± 10.51 

TU Tough Bulk 49.84 ± 0.93 55.27 ± 9.48 290.32 ± 20.83 119.55 ± 14.64 

TU Elastic 

Bulk - 19.59 ± 5.30 352.76 ± 27.05 15.46 ± 3.54 

X - 9.53 ± 2.25 362.71 ± 39.50 14.33 ± 2.08 

Y - 21.81 ± 8.08 358.91 ± 35.92 19.64 ± 5.43 

Z - 18.74 ± 9.84 355.69 ± 29.73 17.21 ± 5.98 

 

4.4 Discussion 

3D printing has been touted as a revolution in manufacturing for decades. However, these 

predictions have not yet come to pass because of a number of technological hurdles. 

Photopolymer systems such as stereolithographic addition, continuous digital light processing, 

and polymer jetting are of particular interest due to their high speed, surface finish, and detail. 
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However, parts produced via these printing methods famously suffer from brittle behavior and 

poor thermal resilience. This is directly caused by the acrylate chemistry used in the 

photopolymer resins, as acrylic materials are tend to have high degrees of crosslinking, low glass 

transition temperatures, and weak chain interactions. The response of materials scientists so far 

has been to use interpenetrating networks of epoxides or polyurethanes, where the acrylic 

material serves to hold the shape of the part while the secondary network is thermally cured 

following printing. This has improved mechanical toughness to a degree, but heat deflection 

temperatures remain low. The best “engineering grade” photopolymers today will soften prior to 

reaching 60 °C, which is inferior to temperatures achievable with typically used materials such 

as polyamides. Photopolymer 3D printing systems simply will not see adoption on an industrial 

scale until chemistries are developed which enable printing parts as mechanically and thermally 

tough as common injection molded materials. 

There is compelling evidence that photo-cured polythiourethanes offer the combination of rapid 

cure kinetics, low cure stress, high toughness, and thermal resilience necessary to make 

photopolymer 3D printing an industrially viable manufacturing method. Section 4.3.2 

demonstrates that polythiourethanes can be photo-cured using the novel quaternary ammonium 

salt photo-catalyst described in Chapter 3. The step-growth mechanism of the thiol-isocyanate 

coupling allows the polymer to gel late in the polymerization process. This reduces the warping 

and shrinking experienced by the material in comparison to acrylates, whose chain-growth 

mechanism causes early gelation and extensive warping. Cure times are similar to acrylates, with 

layer cure times below 5 seconds possible using commercially available light sources for 

additive manufacturing systems. Short cure times are critical for ensuring brief fabrication times. 
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The semi-crystalline nature of the thiourethane system presented here is unique to photo-cured 

materials. Acrylate-based photopolymers are almost always amorphous materials. A polymerized 

acrylate chain will not crystallize on its own. Since the photopolymer resin itself must have 

adequately low viscosity to print, a crystallizing oligomer is virtually impossible to print. The 

thiourethane system is unique because the monomers are very low viscosity, yet crystallize upon 

curing. This is due to the thiourethane bond formed during curing.  

 

Figure 4.11. Polarized light microscopy of TU Durable shows 5 to 10 µm spherulites 

surrounded by rubbery, amorphous material. This microstructure is similar to that of 

polypropylene. 

 

The unreacted thiol and isocyanate monomers have low polarity, but the thiourethane bond is 

highly polar and is an excellent hydrogen bonding site. This change is what supports the 

crystallinity that is seen via DSC in Section 4.3.4. The result is that the thiourethane 

photopolymer has a microstructure composed of spherulites 5 to 10 µm in size surrounded by 

amorphous regions of rubbery material, similar to polypropylene (Figure 4.11). 
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The materials formulated in Section 4.3.1 have excellent thermo-mechanical behavior, with high 

toughness and heat deflection temperatures. The base resin, TU Durable, compares well to 

polypropylene with similar yield stresses and strain capacity (Figure 4.12). Bulk polypropylene 

is capable of strains of up to 450%, whereas the thiourethane reaches 260% strain prior to failure. 

In comparison, “polypropylene simulation” acrylic resin will fail at under 100% strain and has a 

low yield stress of only 22 MPa. Similar behavior is seen when comparing TU Tough to 

commercially available acrylics and engineering materials (Figure 4.13). Tough acrylic resins are 

designed to simulate the mechanical performance of ABS, which they do successfully. Both the 

acrylics and ABS have yield stresses in the 40-50 MPa range and fail at less than 20% strain. The 

thiourethane also yields near 50 MPa but strains up to 260% before failure. This behavior is 

more like a polyamide, which demonstrates yield stresses between 25 MPa and 60 MPa and 

failure strains between 250% and 500% depending on the grade. Notably, only specific grades of 

polyamides are capable of 3D printing in filament and powder bed sintering systems, and have 

substantially reduced mechanical performance compared to the bulk properties shown here. 

Similarly, the TU Elastic material brings performance in-line with EPDM rubber, a widely used 

commercial elastomer. EPDM has a strain capacity of up to 600%, whereas the thiourethane is 

capable of straining up to 350%. Acrylic materials are only capable of 200% strain at best.  

The similarity in tensile behavior to the engineering materials is reflected in the toughness, taken 

as the integrated area of the stress-strain curve (Figure 4.15, Figure 4.16, Figure 4.17). The 

tough, durable, and elastic thiourethane photopolymers have respective toughness of 112.4 MJ 

m-3, 90.4 MJ m-3, and 14.9 MJ m-3. This represents an order of magnitude improvement over the 

acrylic counterparts in all cases, which have respective toughness of approximately 9.9 MJ m-3,  
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Figure 4.12. Tensile performance of TU Durable compared to polypropylene and a 

commercially available durable acrylic photopolymer resin. Failure stresses and strains of the 

thiourethane are much higher than the acrylic resin, with slightly higher yield stress than 

polypropylene but lower failure strain. 

 

 

Figure 4.13. Tensile performance of TU Tough compared to a tough acrylic photopolymer resin, 

ABS, polyamide-6, and polyamide 12. The thiourethane has approximately 10 times the strain 

capacity of a tough acrylic or ABS, with tensile performance between that of polyamide-6 and 

polyamide-12. 
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Figure 4.14. Tensile performance of TU Elastic compared to EPDM rubber and a commercially 

available elastomeric acrylic photopolymer resin. The thiourethane elastomer has initial tensile 

behavior much like EPDM before failing at a higher stress but lower strain. Stresses are much 

larger than that of a comparable acrylic. 

 

17.5 MJ m-3, and 1.0 MJ m-3.(59-61) Toughness is now on the same order as polyamide, 

polypropylene, and EPDM rubber. 

Also of interest is the heat deflection behavior of the semi-crystalline thiourethanes. Typical 

tough and durable acrylic photopolymers gain their flexibility by bringing the glass transition 

temperature close to ambient temperatures. While this improves the mechanical performance, it 

comes at the cost of reduced heat deflection temperatures. Example heat deflection temperatures 

of tough and durable acrylic photopolymers are 63 °C and 43 °C.(59-61) Because the mechanical 

performance of the thiourethane photopolymers are not linked to their glass transition, their 

mechanical strength is largely preserved up to the crystal melting point of the material. As a 

result, the TU Tough and TU Durable photopolymers have heat deflection temperatures of 136.1 

°C and 104.4 °C, over double that of the corresponding acrylic materials. These temperatures are  
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Figure 4.15. Toughness and heat deflection temperatures of TU Durable, polypropylene, and an 

acrylic polypropylene simulation. TU Durable has similar toughness and heat deflection to 

polypropylene, which several times the value of a the acrylic. 

 

 

Figure 4.16. Toughness and heat deflection temperatures of TU Tough, a tough acrylic resin, 

ABS, polyamide-6, and polyamide-12. The thiourethane has slightly lower toughness than the 

polyamides, but is 10 times as large as ABS and the acrylic. Heat deflection temperature is over 

twice as high as the acrylic resin. 
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Figure 4.17. Toughness and tensile strength of TU Elastic, EPDM rubber, and an elastomeric 

acrylic material. TU Elastic has an order of magnitude increase in toughness and failure stress 

over the acrylic, with values similar to EPDM rubber. 

 

also in-line with polyamide and polypropylene, whose heat deflection temperatures are also 

linked to their crystalline melt. TU Tough has a deflection point between PA-6 and PA-12, 

whereas TU Durable is nearly identical to polypropylene. While cyanate ester-based high 

temperature acrylics exist, they tend to be brittle. The author is unaware of any current 3D print-

capable photopolymer existing today which has the combination of toughness and thermal 

resilience shown in this work. 

4.5 Conclusion 

Polypropylene, polyamide, and EPDM rubber are examples of engineering polymers that see 

wide use due to their excellent thermal and mechanical properties. Acrylate-based 

photopolymers have been unable to match the performance of these materials in 3D printing 

system due to limitations in their chemistry. We have demonstrated that photo-cured thiol-
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isocyanate resins have dramatically improved toughness and heat deflection temperatures by 

virtue of their semi-crystalline nature. Toughness is improved by over 10 times and heat 

deflection by 2 times compared to similar acrylic materials. Performance now matches that of the 

engineering-grade resins, opening photopolymer 3D printing systems to functional applications 

that have been elusive thus far. 
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CHAPTER 5 

TOUGH THIOURETHANE THERMOPLASTICS FOR FUSED FILAMENT 

FABRICATION 
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5.1 Introduction 

Additive manufacturing is the act of synthesizing three-dimensional objects through successively 

forming layers of material from a computer model. It enables rapid prototyping and design 

optimizations that are unable to be produced through conventional manufacturing techniques. 

Additive manufacturing comes in many forms depending on the desired printing speed, 

resolution, material used, and quality of the final part. Fused filament fabrication (FFF) is the 

most common 3D printing method implemented today. In FFF a plastic filament is typically fed 

into a heated print head, which melts the polymer and allows it to be extruded through the end of 

the print head. The extruded filament is laid down onto a print bed in successive two-

dimensional layers until the part is completed. One major difficulty that has been encountered in 

FFF is the incompatibility of commonly used engineering polymers with this printing technique. 

Many engineering polymers common to industry are unable to be printed via FFF due to their 

high processing temperatures, which commercial printing nozzles cannot reach. Some of these 

materials have been successfully modified for compatibility with FFF, but many remain out of 

reach.  Thus, there is a growing amount of interest in leveraging existing chemistries to develop 

new materials that have desirable mechanical performance while retaining sufficiently low 

processing temperatures.  

This work reports the synthesis of tough polythiourethane thermoplastics which are easily 3D 

printed and provide excellent mechanical performance. The polymer produced via the reaction of 

2,2’-(ethylenedioxy)diethanethiol and hexamethylene diisocyanate is shown to be synthesized 

quickly and at scale. The material has a favorably low melting point, allowing it to be easily 

processed into filament and 3D printed under typical conditions. The material has very high 
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toughness in the bulk and printed state, outperforming a commercially available ionomer 

thermoplastic. 

5.2 Experimental Methods 

5.2.1 Synthesis of poly[2,2’-(ethylenedioxy)diethanethiol-co-hexamethylene diisocyanate] 

227.88 g (1.25 mol) of EDDT and 210.24 g (1.25 mol) of HDI were added to a dried 5 L 3-neck 

round bottom flask with 650 mL of anhydrous DMF while stirring. 0.316 g (0.003 mol) TEA 

was dissolved into 100 mL DMF and transferred to an addition funnel. The flask was purged 

with dry nitrogen prior to the TEA solution being added dropwise over the course of two 

minutes. The reaction was allowed to proceed for 30 minutes at room temperature. Following 

completion of the reaction, the solution was poured into a deionized water bath, resulting in 

precipitation of the cured polymer. The material was washed further with water and dried under 

vacuum at 70 °C, leaving 430 g (99.97% yield) of poly[2,2’-(ethylenedioxy)diethanethiol-co-

hexamethylene diisocyanate]. 

5.2.2 Gel-Permeation Chromatography 

Gel permeation chromatography (GPC) was performed on a Shimadzu HPLC with refractive 

index detector and Agilent polystyrene columns. A polystyrene standard was used for 

calibration. Samples were dissolved into N,N’-dimethylformamide and passed through the 

system at 40 °C and 1 mL min-1. 
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5.2.3 Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance spectroscopy (NMR) was performed on a Bruker Avance III 500 

MHz. Monomers were dissolved into chloroform-D and polymer samples were dissolved into 

DMSOD6 prior to undergoing 16 scans. NMR data was analyzed using Bruker TopSpin 

software. 

5.2.4 Fourier-Transform Infrared Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) was performed on a Shimadzu IRAffinity-1 with 

an ATR attachment. Samples were pressed into direct contact with the ATR crystal and scanned 

48 times between 4000 cm-1 and 800 cm-1 at a resolution of 0.1 cm-1.  

5.2.5 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed on a Mettler Toledo DSC 2. 

Approximately 10 mg of polymer was sealed in a 40 µL aluminum crucible. The sample was 

inserted at 50 °C and the temperature lowered to -50 °C. The sample then cycled between -50 °C 

and 200 °C three times. All heating rates were 10 °C min-1.  

5.2.6 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) was performed on a Mettler Toledo DMA/SDTA861e. 

Samples were cut into rectangular bars 30 mm long, 3 mm wide, and between 0.5 and 1 mm 

thick. Samples were inserted at room temperature and cooled to -50 °C. The sample was then 

heated to 100 °C at a rate of 2 °C min-1 while undergoing deformation at 1 Hz. The deformation 

was force limited to 5 N and deformation limited to 0.2% strain with a 300% offset.  
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5.2.7 Rheometry 

Rheometry was performed on a TA Instruments DHR-3 with a Peltier heating plate. The neat 

polymer was melted and tested for viscosity at a constant shear rate of 30 s-1 between 160 °C and 

180 °C.  

5.2.8 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/DSC 1. 

Approximately 10 mg of polymer was placed into a 40 μL alumina crucible. The sample was 

heated under nitrogen flow from 25 °C to 700 °C at 10 °C min-1.  

5.2.9 Filament Extrusion 

Filaments suitable for 3D printing were produced by extrusion through a Malvern Rosand RH-7 

capillary rheometer with a 3 mm die. The 1 cm in diameter capillary column was filled and 

packed with 30 g of ground polymer. The chamber was heated to 170 °C over 30 minutes before 

compressing the column to a constant pressure of 12 MPa. As the extruded material exited the 

die opening, it was manually collected and held to the appropriate tension to retain a diameter 

near 2.85 mm across its length. Each column produced approximately 2 m of useable filament.  

5.2.10 3D Printing 

Test samples were printed using a stock Lulzbot Taz 6 with the Flexystruder V2 printing head, 

which is designed to guide flexible filaments to the nozzle. Test samples for dog bones consisted 

of vertical sheets 1 mm thick, 70 mm wide, and 70 mm tall. For all prints the extruder 
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temperature was set to 205 °C, the print head rastering speed set to 5 mm s-1, with 0.20 mm layer 

heights and 100% infill. The polyethyleneimine print bed was heated to 85 °C.  

5.2.11 Uniaxial Tensile Testing 

Tensile testing was performed on a Lloyd LR5k Plus with a Laserscan 200 extensometer. Printed 

or molded sheets 1 mm in thickness were cut into ASTM D638-V dog bones using a certified 

cutting die. Printed samples were cut so that the deformation direction was at 0° or 90° to the 

layer direction. Dog bones were strained until failure at a rate of 50 mm min-1. At least five 

samples were tested for the bulk, 0°, and 90° orientations. 

5.3 Results & Discussion 

5.3.1 Polymer Synthesis & Characterization 

The polythiourethane for study was synthesized from an equimolar ratio of two widely available 

dithiol and diisocyanate monomers, 2,2’-(ethylenedioxy)diethanethiol and hexamethylene 

diisocyanate. The reaction was completed within 30 minutes after addition of triethylamine 

catalyst in dimethylformamide under a dry nitrogen environment. After precipitation in water 

and drying the reaction was found to have gone to 99.97% yield. This is an excellent example of 

the benefits gained through use of thiol-isocyanate polymerizations. Reaction times are 

decreased in comparison to similar alcohol-isocyanate polymerizations. Additionally the reaction 

was completed using a simple tertiary amine catalyst, whereas polyurethane syntheses require 

expensive inorganic catalysts to minimize unwanted reaction byproducts. 
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Figure 5.1. GPC trace of the thermoplastic poly(EDDT-HDI), with determined Mn 13411 g mol-1 

and Mw 17222 g mol-1.  

 

The molecular weight was determined to be Mn = 14311 g mol-1 and Mw = 17222 g mol-1 by 

GPC (Figure 5.1). The dispersity index of 1.20 demonstrates that this reaction mechanism is 

capable of producing polymers with high uniformity under reaction conditions much more mild 

than what other chemistries require. Analysis via 1H NMR (Figure 5.2) shows the peak shifts of 

the starting monomers and the final product. The spectrum agrees with the peak locations and 

integrations of the expected structure. The primary indicator of reaction success is the 

appearance of a signal at 8.1 ppm, which arises from the highly shielded secondary amine proton 

present in the thiourethane bond. This is supported by FTIR spectra showing absence of the 

strong isocyanate absorption peak between 2275 and 2250 cm-1 and the appearance of secondary 

amide/amine stretching peaks at 3360 cm-1 following curing (Figure 5.3). The speed and 

efficiency of the polymerization at this scale (430 g) shows that thiol-isocyanate polymerizations 
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may be effectively utilized to quickly produce large amounts of material without the need for 

complex reaction equipment and protocols. 

 

Figure 5.2. 1H NMR spectrum of poly(EDDT-HDI) and its monomer units show the 

polymerization reaction produces the expected product. *Solvent peak **Water peak 

 

 

Figure 5.3. FTIR-ATR spectrum of (a) the EDDT-HDI pre-polymer resin prior to curing and (b) 

poly(EDDT-HDI) indicating presence of thiourethane bond and disappearance of thiol and 

isocyanate peaks 
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5.3.2 Thermal Properties 

The thermomechanical properties of the synthesized polymer were studied via thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), and dynamic mechanical analysis 

(DMA) to determine if the melt properties are suitable for 3D printing. DSC and DMA show a 

glass transition temperature (Tg) of approximately 10.5 °C with a crystal melt transition (Tm) at 

110.5 °C (Figure 5.4 a, b). The melt onset occurs approximately 90 °C, giving an effective 

operating temperature range from sub-ambient temperatures to 90 °C. Within this range the 

material exhibits a storage modulus between 400 and 250 MPa.  

  

 

Figure 5.4. (a) Differential scanning calorimetry, (b) dynamic mechanical analysis, (c) rheology, 

and (d) thermogravimetric analysis of poly(EDDT-HDI) show glass transition, melt transition, 

flow behavior, and degradation. 
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Lower melting points are advantageous to 3D printing polymers, as print head temperatures 

commonly must be 50-60 °C higher than the melting point to allow for complete melting and 

adequately low melt viscosity. A melting point at 110 °C ensures that the required print 

temperature will not exceed what is possible with commercial print heads, as the melt viscosity 

decreases to a point suitable for extrusion into filaments at 170 °C and continues to decrease at 

higher temperatures (Figure 5.4c). The degradation onset via TGA is shown to be 260 °C  

(Figure 5.4d), providing a large thermal operating range between the melting and degradation 

points to obtain the optimal printing temperature. 

5.3.3 Filament Processing & 3D Printing 

Following determination of the thermal transitions, the material was either extruded into standard 

2.85 mm thick filaments via a capillary rheometer or pressed into sheets at 170 °C. The filaments 

were printed into vertical 1 mm thick sheets using a Lulzbot Taz 6 with a Flexystruder V2 print 

head. The optimal printing temperature was found to be 205 °C as it provided the best surface 

finish, although prints were completed successfully at temperatures as high as 240 °C. 205 °C is 

the same temperature that is used to print the most commonly used poly(lactic acid) (PLA) 

filaments. This is relatively low in comparison to most mechanically robust 3D printing 

filaments, which have print temperatures as high as 280 °C. Higher performance polymers such 

as Nylon must be chemically modified to enable printing below 300 °C. Some specialty 

materials with processing temperatures suitable for 3D printing have been developed such as T-

Lyne, a commercially available filament manufactured by Taulman. T-Lyne is composed of a 

poly(ethylene-co-zinc methacrylate) ionomer and can be printed at 230 °C. It was chosen as a 

comparison material due to its favorable combination of flexibility and stiffness, exhibiting much 
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higher durability than typically used PLA or acrylonitrile-butadiene-styrene filaments. In 

addition to printing test specimens, other objects such as a logo with raised lettering were easily 

fabricated (Figure 5.5). 

 

Figure 5.5. (a) 3D printed laboratory logo with raised lettering demonstrates the ability to print 

3D objects. (b) Scanning electron microscopy of 3D printed polythiourethane parts. 

 

3.4 Mechanical Testing 

Dog bone samples underwent uniaxial tensile testing to determine the effects of printing in 

comparison to the toughness of the material in bulk and to observe variations in mechanical 

performance when the material is stressed in-line with the printed layers (0 °) or perpendicular to 

the layering (90°) (Figure 5.6). The tensile data shows highly comparable results to the 

commercial filament (Table 5.1). The bulk polythiourethane when pressed has mechanical 

performance surpassing that of the commercial material, with a yield stress of 26.2 MPa and 

undergoing failure at 308% strain and 48.3 MPa. In comparison, T-Lyne has a yield stress of 

20.9 MPa and fails at 284% strain and 27.6 MPa. Both materials behave similarly when tested at 

the 0° orientation, in line with the print layer direction. The performance of the polythiourethane 

decreases when printed, but continues to perform well. The polythiourethane has a yield stress of 
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20.3 MPa, while T-Lyne has a yield stress of 18.1 MPa. There is substantial elongation prior to 

failure, with the polythiourethane breaking at 284% strain and 27.6 MPa and T-Lyne breaking at 

269% strain and 24.8 MPa. While the 0° performance of the polythiourethane slightly improves 

upon the commercial filament, there is a larger difference in behavior when tested at 90°, 

perpendicular to the print axis. The polythiourethane filament fails at 7.3% strain and 21.5 MPa, 

which is near the yield point of the material when stressed in the 0° orientation. The commercial 

T-Lyne filament, however, experienced a higher loss in strength at 90°.  

                      

Figure 5.6. Tensile testing of (a)EDDT-HDI and (b)T-Lyne ionomer in bulk and printed at 

orientations parallel and perpendicular to the applied load. (c) Comparison of 0° orientation print 

performance of EDDT-HDI and T-Lyne shows comparable performance. (d) Schematic of FFF 

print head demonstrating the 0 ° and 90° orientations with relation to the raster direction. 
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It experienced failure at 4.7% strain and 11.6 MPa. This suggests that the commercial filament 

has poor layer adhesion properties, which are slightly improved in the polythiourethane. The lack 

of extension beyond the yield point is common within the FFF technique due to little mixing 

between printed layers. While the polythiourethane material still is not able to extend beyond the 

yield point in the 90° orientation, its ability to fail at the full yield stress of the 0° oriented parts 

is a substantial improvement over the performance of T-Lyne, which retains only 55% of its 

strength at 90°. The exact cause of this improved performance is under investigation, although it 

may be linked to forces such as hydrogen bonding between the thiourethane linkages increasing 

the degree of mixing between layers while material is being deposited. 

The toughness of the materials, taken as the integrated area of the stress-strain curve, highlights 

the potential of the polythiourethane thermoplastics. Both polymers printed in the 0° orientation 

have similar toughness at 52.87 ± 3.66 MJ m-3 for the polythiourethane and 50.62 ± 5.45 MJ m-3 

for T-Lyne. The improved layer adhesion of the polythiourethane compared to T-Lyne is also 

shown in the toughness data, with respective values of 0.54 ± 0.21 MJ m-3 and 0.31 ± 0.19 MJ m-

3. While low compared to the in-line toughness, the polythiourethane does indeed outperform the 

commercial material. The most interesting result is the toughness in bulk. T-Lyne has clearly 

been optimized for printing and has 0° performance matching its bulk properties. On the other 

hand, the bulk polythiourethane has a toughness of 91.95 ± 19.39, significantly higher than T-

Lyne in any form and above what was achieved when printed. These results are quite 

encouraging, showing mechanical performance surpassing that of a high performance 

commercial filament. It is possible that further refinement of the filament extrusion and printing 

parameters may allow the 0° behavior to more closely match that of the bulk material. 
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Table 5.1. Mechanical behavior of polythiourethane and commercial filaments in uniaxial 

tension 

 
Material Orientation Yield Stress 

(MPa) 

Ultimate Tensile 

Strength (MPa) 

Elongation at 

Failure (%) 

Toughness (MJ m-3) 

EDDT-HDI 

Bulk 26.20 ± 1.05 48.30 ± 7.08 307.80 ± 40.29 91.95 ± 19.39 

0° 20.36 ± 0.13 27.56 ± 2.69 284.19 ± 15.58 52.87 ± 3.66 

90° NA 21.48 ± 1.95 7.26 ± 0.96 0.54 ± 0.21 

T-Lyne 

Bulk 20.90 ± 0.41 27.77 ± 1.51 264.18 ± 16.41 49.26 ± 3.63 

0° 18.07 ± 0.80 24.76 ± 2.09 268.98 ± 18.78 50.62 ± 5.45 

90° NA 11.55 ± 1.59 4.73 ± 1.56 0.31 ± 0.19 

 

5.3.4 Conclusions 

In summary, thiol-isocyanate chemistry has been utilized to synthesize a tough polymer with 

thermal properties well-suited for fused filament fabrication using a simple and scalable 

synthetic approach. The wide availability of thiol and isocyanate monomers in addition to the 

ease and speed of performing the polymerization reaction demonstrates the viability of this 

approach on a large scale. The characteristic low melting point of the sulfur-containing polymer 

lends itself well to FFF techniques, allowing it to be printed at temperatures typically used in 

these systems. Nevertheless, the mechanical performance of the material surpasses that of 

commercially available high performance filaments in-line and against the printed layer 

direction. The polythiourethane retains its full yield strength when stressed against the print layer 

direction, while the commercial comparison material loses 45% of its strength. This is a 

substantial improvement over the current state of the art and bodes well for the nascent field of 

polymers with properties optimized for additive manufacturing techniques. Considering the rapid 
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growth of additive manufacturing as a whole, engineering materials to be compatible with these 

processes is likely to become a field of increased importance in the coming years. This is 

expected to be driven by increased industrial adoption of 3D printing processes and an increased 

demand for materials that meet their needs and expectations. We hope that the results presented 

in this work will help provide a strong foundation of knowledge for the future development of 

additive manufacturing materials, such as those with larger thermal operating ranges and self-

healing chemistries to promote inter-layer adhesion. 
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CHAPTER 6 

POLYTHIOURETHANE SUBSTRATES FOR DURABLE SOFTENING 

BIOELECTRONICS 

6.1 Introduction 

Bioelectronic devices, while effective in acute settings, experience a range of failure modes in a 

chronic environment. A growing body of evidence supports the theory that many of these failure 

modes are linked to the mechanics of the substrate. Stiff substrates such as those made from 

silicon or tungsten have been shown to produce heightened inflammation and eventual scarring 

around the device in comparison to soft substrates. On their own, soft substrates are difficult to 

implant but softening materials have shown to be a promising platform for bioelectronics due to 

easy implantation and improved in vivo response. Previously studied softening materials only 

exhibit modest changes in modulus, are difficult to fabricate complex electronics on, or are not 

mechanically robust and frequently break.  

This work reports the use of photo-cured polythiourethanes that use the adaptability of thiol 

isocyanate chemistry to tune the glass transition temperature and crosslink density for improved 

softening and toughness over previously synthesized substrates. The materials are compatible 

with photolithographic processing, ethylene oxide sterilization and exhibit no cytotoxicity. Non-

functional device are shown to reduce micromotion-induced stresses in cortical tissue in 

comparison to traditional silicon substrates. Functional devices are implanted into the cortex of a 

rat and used to record nerve firings. 
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6.2 Experimental Methods 

6.2.1 Polymer Synthesis 

Stoichiometric mixtures of trimethylolpropane tris(3-mercaptopropionate) (TMTMP), 

hexanedithiol (HDT), hexamethylene diisocyanate (HDI), and isophorone diisocyanate (IDI) 

were mixed with the 0.25 wt/wt% of the previously synthesized QAS-MTX until homogenous. 

The pre-polymer solution was injected between glass slides separated by 20 µm, 60 μm, or 500 

µm spacers. The resins were cured for 30 minutes under 365 nm irradiation in a UVP CL-1000L 

ultraviolet crosslinker prior to undergoing a thermal post-cure at 100 °C for at least one hour. 

6.2.2 Thermogravimetric Analysis 

Thermogravimetric analysis was performed on a Mettler Toledo TGA/DSC 1. Samples were cut 

into circular disks approximately 3 mm in diameter and 500 µm thick and placed in 70 µL 

alumina crucibles. The samples were heated from 25 °C to 700 °C at 10 °C min-1 under nitrogen 

flow. The thermal degradation onset was determined using the Mettler Toledo STARe Thermal 

Analysis Suite. At least three samples were tested for each polymer composition. 

6.2.3 Differential Scanning Calorimetry 

Differential scanning calorimetry was performed on a Mettler Toledo DSC1/700. Samples were 

cut into circular disks 3 mm in diameter and 500 µm thick and placed in 40 µL aluminum 

crucibles. Dry samples were inserted at 50 °C and cooled to -50 °C before undergoing three 

heating and cooling cycles between -50 °C and 150 °C. The second and third cycles were used to 

determine polymer Tg. Wet samples were inserted at 25 °C and cooled to 0 °C before heating to 
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100 °C. Only one cycle was performed as subsequent cycles would result in dehydration of the 

sample. All heating rates were 10 °C min-1. Glass transition temperature was determined using 

the Mettler Toledo STARe Thermal Analysis Suite. At least three samples were tested for each 

polymer composition. 

6.2.4 Dynamic Mechanical Analysis 

Dynamic mechanical analysis (DMA) was performed using a TA RSA-G2. Samples were cut 

into rectangular sheets 40 mm long, 4 mm wide, and 60 μm thick. Samples were loaded in 

tension with a gage length of 15 mm, preload force of 0.05 N, oscillation frequency of 1 Hz, and 

deformation amplitude of 0.275% strain. Dry experiments were run from 10 °C to 100 °C with a 

heating rate of 2 °C min-1. Soaking experiments were run using the immersion system of the 

RSA-G2 filled with 1X phosphate buffered saline solution. Samples were heated from room 

temperature to 37 °C followed by isothermal oscillation for 60 minutes. Samples were then 

cooled to 10 °C at 3 °C min-1 followed by heating from 10 °C to 80 °C at 2 °C min-1. All 

specimens were tested in triplicate. 

6.2.5 Swelling & Degradation 

Samples were cut into disks approximately 3 mm in diameter and 500 µm thick. The disks were 

individually massed and submerged in individual well plates with phosphate buffered saline 

solution. Samples soaked at 37 °C for 1, 4, 7, 14, or 28 days prior to testing. On each of these 

days, 3 disks of each composition were removed and patted dry before being massed to 

determine the degree of swelling. The samples were then dried under vacuum at 125 °C for at 

least 12 hours before being massed once more to determine the degree of degradation.  
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6.2.6 Tensile Testing 

Uniaxial tensile testing (UTM) was performed on a Lloyd LR5k Plus fitted with a 100 N load 

cell, a Laserscan 200 extensometer, and temperature controlled chamber. Polymer sheets 100 μm 

thick were cut into dog bones using a certified ASTM D638-V cutting die and tested according 

to the standard procedure. Wet samples were soaked in phosphate buffered saline solution for 3 

days at 37 °C prior to testing. All tests were conducted at 37 °C.  

6.2.7 Cytotoxicity Analysis 

Cytotoxicity assays based on material extracts were carried out in accordance with International 

Organization for Standards (ISO) protocol “10993-5: Biological evaluation of medical devices”. 

Here, substrate formulations were tested against positive and negative controls (Tygon-F-4040-

Lubricant Tubing and complete cell medium, respectively) in order to determine normalized cell 

viability percentage. Extract treatments that resulted in viability percentages less than 70% were 

considered evidence of material cytotoxicity. 

Briefly, NCTC clone 929 fibroblasts (ATCC, USA) were seeded in a polystyrene 24 well plate at 

a density of 8,000 cells/well and incubated for 48 hours at 5% CO2, 95% relative humidity, and 

37 ˚C in complete cell medium (EMEM supplemented with 10% horse serum) to allow for 

adhesion and proliferation. Material extracts were produced by separately incubating sterilized 

samples of SMP (5.5 cm x 4.5 mm x 24 µm) and positive control materials (OD: 0.794 cm, ID: 

0.476 cm, 0.6 cm in length) in individual wells containing 1.65 mL of complete cell medium at 

37 ˚C for 24 hours. Following incubation, cell medium was either exchanged for material extract 
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medium (50/100%) or fresh medium in the case of negative controls. Cells were then incubated 

for an additional 24 hours prior to live/dead assays. 

Live/dead cell staining was carried out using a LIVE/DEAD Cytotoxicity Kit for mammalian 

cells (Thermo Fisher, L3324). Briefly, cells were washed 3x in PBS and incubated in complete 

cell medium containing 2 µM Calcein AM (CaAM) and 4 µM Ethidium Homodimer (EthD-1) at 

37 ˚C for 10 min. CaAM and EthD-1 dyes selectively stain the cytoplasm of live cells and the 

nucleus of apoptotic cells, respectively. Epifluorescence images (n=4 fields of view per well) 

were collected on an inverted microscope (Nikon Ti eclipse) using a 10x objective. Live/dead 

cell counts were carried out using ImageJ (NIH) software. Cell viability percentage was defined 

as the ratio of CaAM-labeled cells to the total number of cells. The reported percentages were 

normalized to those calculated for negative control wells. Reported error bars represent standard 

deviations. 

6.2.8 Device Fabrication 

Bioelectronic devices were fabricated by curing the pre-polymer solution between glass slides 

separated by 30 µm foil spacers. One slide was coated with a 400 nm layer of gold prior to 

curing, the other was cleaned by successive washings with acetone and isopropanol. The samples 

were cured for 30 minutes under 365 nm irradiation in a UVP CL-1000L ultraviolet crosslinker 

and post-cured at 100 °C for at least two hours. Following post-cure, the slides were separated 

leaving the polymer substrate adhered to the clean glass slide with the 400 nm layer of gold 

adhered to the surface. The gold was patterned using established photolithographic techniques. A 

12 µm layer of polymer was cast onto the surface of the device using 12 μm foil spacers using 

the same cure and post-cure procedure as described above. This layer was then etched and 
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titanium nitride electrodes were deposited on the surface using established photolithographic 

techniques. The device shape was then etched from the substrate using an oxygen plasma etch 

and hard mask. An Omnetics connector was attached to devices via soldering before the 

completed devices were removed from the underlying glass by soaking in DI water and manual 

extraction. 

6.2.9 Sterilization 

Sterilization specimens and devices were mounted onto glass dishes and packed into a liner bag 

with gas indicator tape and biological indicators. The packed samples were loaded into an 

Anderson Products Anprolene AN74i ethylene oxide (EtO) sterilizer. A Humidichip was 

included to ensure at least 35% relative humidity inside the liner bag. After at least 4 hours of 

pre-humidification, a glass ampule containing 18 g of liquid EtO was added to the liner bag, 

which was then sealed. Sterilization occurred at room temperature and atmospheric pressure for 

24 hours, followed by 2 hours of purging and aeration. The samples were retrieved and the 

indicators checked to confirm sterilization. The samples were then de-gassed for 72 h under 

vacuum at 37 °C to remove trace amounts of EtO. 

6.2.10 Micromotion Studies 

Micromotion studies and analysis were performed using the same equipment and procedures as 

previously described by Sridharan et al. with minor adjustments to the insertion rates and depths. 

Single and dual-phase insertions were done manually with an insertion rate of 300 µm s-1 (82). In 

step-wise insertions, the 50 µm steps were done at 120 µm s-1. The dual-phase insertion had a 

two minute recording period between phases, with 15 minutes of recording following full 
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insertion in both the single and dual-phase techniques. Step-wise insertion had a two minute 

recording period following the initial insertion, with one minute recordings between each 

subsequent insertion step.  

6.2.11 Device Implantation & In Vivo Recording 

Long-Evans rats are anesthetized using isoflurane vapor and placed in stereotaxic equipment. 

The rats are kept unconscious using low levels of isoflurane vapor and a series of small holes are 

drilled into the skull. The main hole is the probe insertion location, with the minor holes used to 

fix the probe to the skull. The probe is manually inserted into the brain at a rate of approximately 

300 µm s-1 to a depth of 2 mm. Silicone and dental cement are used to make a skull cap 

surrounding the implant and open wound. Pain and discomfort are minimized before and after 

surgery through the application of topical and injected analgesics.  

Following the operation, the device is connected to a Plexon Ominplex Neural Data Acquisition 

system and the animal allowed to regain consciousness. Electrical signals are then recorded for 

ten minutes while the animal is fully awake and behaving freely. Subsequent measurements are 

taken three days and two weeks following implantation. Raw data is processed using the Plexon 

Omniplex software.  

6.3 Results 

6.3.1 Substrate Formulation 

An effective substrate for implantation must remain rigid while being inserted into neural tissue 

prior to softening to match the modulus of the tissue. The stiffness of the substrate is most 
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dependent on the glass transition temperature and the crosslink density, which are independently 

controlled by varying the TMTMP-HDT and HDI-IDI ratios (Figure 6.1). The crosslink density 

was determined by the ratio of TMTMP and HDT added to the sample, as the three functional 

groups present on the TMTMP molecule would act to crosslink the material and the di-functional 

HDT would act as a chain extender. Increasing amounts of TMTMP would increase the crosslink 

density, therefore increasing the rubbery modulus. The glass transition of the substrate was tuned 

by adjusting the ratio of hexamethylene diisocyanate and isophorone diisocyanate. A substrate 

with the more flexible HDI would exhibit a lower glass transition than a sample containing the 

rigid IDI monomer. By manipulating the amounts of TMTMP, HDT, HDI, and IDI, it is possible 

to independently control the degree of crosslinking and the glass transition temperature. The 

substrate formulations were determined by choosing a desired amount of crosslinker and 

adjusting the radio of HDI and IDI until the glass transition temperature was tuned to the target 

temperature (Table 6.1). 

 

Figure 6.1. Rubbery modulus and glass transition temperature are controlled by adjusting the 

ratios of TMTMP to HDT and IDI to HDI, respectively. 
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Table 6.1. Thiourethane neural substrate formulations 

 

Composition Functional Group Percentage 

 TMTMP HDT HDI IDI 

TU-100 100 0 80 20 

TU-100L 100 0 100 0 

TU-100H 100 0 60 40 

TU-50 50 50 80 20 

TU-50L 50 50 100 0 

TU-50H 50 50 60 40 

 

6.3.2 Thermo-Mechanical Analysis 

Control over glass transition temperature and rubbery modulus was confirmed via dynamic 

mechanical analysis. Changing the ratio of HDI to IDI alters the glass transition temperature 

(Figure 6.2). The TU-50L variant, containing only HDI as the diisocyanate chain extender, has a 

decreased glass transition temperature near 35 °C. TU-50H contains a 3:2 molar ratio of HDI to 

IDI, thus showing an increased glass transition temperature near 75 °C. Similarly, the rubbery 

modulus is adjusted via the ratio of TMTMP to HDT (Figure 6.3). TU-100L has a glass 

transition temperature similar to TU-50, but has a heightened rubbery modulus of 13 MPa due to 

a high loading of TMTMP. The TU-50 composition has a lower rubbery modulus of 7.5 MPa. 

TU-50 was chosen as the candidate substrate formulation due to having a decreased rubbery 

modulus and glass transition onset above physiological temperatures. The softening behavior of 
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Figure 6.2. TU-50 with variants with differing HDI to IDI ratios demonstrate control over glass 

transition temperature, with transition points between 40 °C and 70 °C. 

 
Figure 6.3. TU-50 and TU-100L show similar glass transition temperatures but different rubbery 

moduli, due to adjusting the ratio of TMTMP and HDT. 

 

the material was further studied via dynamic mechanical analysis (Figure 6.4). When dry, the 

material has a modulus of 1600 MPa at physiological temperature, 37 °C. Upon soaking in 

phosphate buffered saline solution, the glass transition temperature experiences a downward shift 

of 25 °C. This results in a decreased modulus of 8.9 MPa at 37 °C. 
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Figure 6.4. TU-50 shows a downward shift in glass transition temperature when soaked in 

phosphate buffered saline solution, manifesting as a decrease in modulus at 37 °C 

 

 

Figure 6.5. Dry tensile behavior of thiourethane neural substrate materials shows typical glassy 

behavior, but behaves as an elastomer after soaking in phosphate buffered saline 

 

The softening behavior is reflected in the tensile performance of the substrate (Figure 6.5). In the 

dry state, TU-50 is a stiff material, straining only 3.5% before undergoing brittle failure at 56 

MPa. In the wet state at 37 °C the material behaves as an elastomer, stretching over 130% before 

failing at 15 MPa. Deformation up to this point is largely recovered on unloading. 
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6.3.3 Biocompatibility & Sterilization 

An understandable concern regarding the use of thiourethanes as bioelectronics substrates is the 

possibility of unreacted thiol or isocyanate monomer causing cell death once implanted. 

Cytotoxicity tests were performed according to ISO 10993-5 in order to assess the effect of the 

substrate or possibly unreacted monomers on cell viability (Figure 6.6). Polyurethanes have been 

used previously as implantable materials with little observed negative effects on the body. 

Unreacted isocyanates however are known toxins which can cause extensive cell inflammation 

and death upon excessive exposure.  

 

 

Figure 6.6. Cytotoxicity testing confirms that polythiourethane substrates do not have a 

significant impact on cell viability 

 

The sample extract provided statistically equal cell viability to the negative control, while the 

positive (cytotoxic) control had only 40% cell viability compared to the negative. The toxicity 
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testing suggests that there are no remaining unreacted isocyanates that are available to cause 

significant cell death and that the substrate itself has little to no effect on cell viability.  

Ethylene oxide is used to sterilize devices prior to implantation. While effective, ethylene oxide 

is known to have detrimental chemical effects on some polymers. Dynamic mechanical analysis 

was performed on ethylene oxide sterilized samples in order to observe any negative effects on 

the behavior (Figure 6.7). No change in thermo-mechanical behavior is seen between the neat 

and sterilized samples. The peak of tan delta remains near 59 °C and rubbery modulus remains at 

8 MPa, indicating that no polymer breakdown occurred. 

 

Figure 6.7. Dynamic mechanical analysis of TU-50 before and after ethylene oxide sterilization. 

No change in the modulus or peak of tan delta in the sterilized sample indicates that the 

sterilization protocol has no negative effects on substrate performance. 

6.3.4 Micromotion Analysis 

Micromotion levels surrounding a non-functional cortical implant were performed to assess the 

ability of the softening substrate to dampen movement that may damage the implant site. Single 

and dual phase implantations were performed with adequate time left following implantation for  
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Figure 6.8. Single and dual-phase insertions of a thiourethane brain probe show steady state 

stresses no larger than 0.05 kPa in single phase, whereas dual-phase insertions show larger 

amplitude periodic stresses of up to 0.2 kPa. 

 

 
Figure 6.9. Multi-step insertion shows varying steady state behavior, with stress amplitudes as 

little as 0.1 kPa and as high as 0.4 kPa between samples 

 

 

the micromotion to reach steady state behavior (Figure 6.8). The single phase insertion displays 

low levels of steady-state micromotion, with no detectable stresses surpassing 0.05 kPa. Dual-
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phase insertions show different behavior. A larger periodic stress is seen with a typical amplitude 

of approximately 0.2 kPa once every two seconds. 

However, the average noise level between periodic spikes is lower than in the single phase 

inserted devices, at about 0.02 kPa in amplitude. Step-wise insertions show variable behavior 

(Figure 6.9). Steady-state behavior is as low as 0.1 kPa or as high as 0.4 kPa, depending on the 

sample. Among all samples, the mean stress amplitude decreases as the sample is inserted into 

the brain. 

6.3.5 Device Implantation & Recording 

An intracortical probe based on the TU-50 substrate was manually implanted in a rat cortex to 

test the viability of fabricated devices. Recording of spontaneous neural activity of awake rats 

shows single unit action potentials immediately following implantation in two of sixteen  

 

Figure 6.10. Single unit action potential immediately following implantation of the thiourethane-

based intracortical probe.  
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recording channels, with one having an acceptable signal to noise ratio of 2.92 (Figure 

6.10).Day-0 recording is typically not possible due to swelling, bleeding, and debris located 

around the implanted probe. Additional recordings have not been successfully completed at later 

stages of implantation. It is unclear at this point if the device has failed or if there are simply no 

active neurons within close proximity to one of the electrode sites. 

6.4 Discussion 

The results described in Section 5.3 offer encouraging evidence that polythiourethane substrates 

will offer improved softening, mechanical strength, and in vivo response over previously studied 

materials. Softening substrates currently in use only soften to a limited degree. For example, the 

substrates reported by Ware et al. are capable of softening to as low as 10 MPa but are unable to 

be implanted due to poor stiffness in the glassy state. Only semi-softening substrates which 

decrease to approximately 100 MPa in tension have the structural rigidity necessary for insertion 

into cortical tissue (85). In comparison, the thiourethane substrates described in this work have 

glassy moduli of 1600 MPa at physiological temperatures, but decrease to approximately 9 MPa 

following water uptake. The increased glassy modulus of the substrate can prevent excessive 

buckling prior to complete insertion and allow thinner devices to be fabricated, but the higher 

degree of softening will more closely match neural tissue. This may be enabled by increased 

levels up water uptake t in the thiourethane samples compared to thiol-ene substrates due to the 

heightened polarity of the thiourethane bond. This small but meaningful difference results in the 

thiourethane substrates having an over 25 °C shift in glass transition compared to approximately 

20 °C in thiol-ene/acrylate materials. This enables the material to undergo a complete transition 

from glassy to rubbery following implantation.  
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The tensile results suggest that the substrates will have much-improved mechanical durability in 

comparison to the previously used thiol-ene/acrylate substrates. Thiol-ene networks are very 

brittle in the glassy state, leading to frequent failure of devices due to animal motion. The high 

crosslink density of thiol-enes also results in low failure strains in the rubbery state, causing 

more frequent tearing and subsequent failure. The thiourethane substrate has higher tensile 

durability than thiol-enes, especially in the rubbery state. This may reduce the occurrence of 

device failure via mechanical fracture, possibly enhancing average device lifespan. 

Cytotoxicity analysis and sterilization compatibility suggests that fabricated devices may be 

implanted without immediate detrimental effects on the surrounding tissue. Knowing this, we 

were able to move forward to processing devices via photolithography to study the in vivo 

response and recording viability. The first in vivo study examines the level of micromotion-

induced stress surrounding the implant when in cortical tissue. Evidence thus far suggests that 

micromotion-induced stresses and strains in the brain tissue surrounding an implant may be one 

of the driving factors behind scarring, encapsulation, and eventual device failure. Rigid 

substrates such as those made from silicon show high levels of micromotion-induced stress, with 

typical amplitudes in the range of 0.2-0.3 kPa. Softening nanocomposites have shown slightly 

decreased stresses, typically near 0.15 kPa in amplitude. The thiourethane substrates have 

noticeably decreased levels of micromotion-induced stress, with stress amplitudes no larger than 

0.05 kPa in the single phase-inserted samples. Dual-phase insertions show more interesting 

results, with large periodic stresses of approximately 0.2 kPa approximately every two seconds. 

However, there is minimal observable micromotion in between the periodic spikes, with 

amplitudes no larger than 0.05 kPa. The periodic behavior seems related to the breathing 
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behavior of the animal, but it is unclear at this time whether the periodic increases will contribute 

towards an increased glial response. There is a high degree of variability in the steady state 

behavior of the step-wise inserted probes, although they all remain below the stress levels seen 

with rigid substrates. All results show that the softening substrate produces fewer micromotion-

induced stresses within the brain in comparison to rigid materials, and previous studies suggest 

that this should translate to decreased levels of scarring and foreign-body response. Initial 

implantation data is encouraging, with intracortical probes successfully recording neural activity 

in rats immediately following implantation. Subsequent recording sessions have not produced 

additional data, but the cause is unclear at this time. Electrode impedance measurements suggest 

that the device itself is in good condition. Therefore, lack of successful recordings may be due to 

factors such as glial encapsulation, tissue death, or simply bad luck. A larger sample size is 

necessary to determine the true effectiveness of the thiourethane-based devices. 

6.5 Conclusion 

Softening substrates for bioelectronics were synthesized using photo-cured polythiourethanes. 

The glass transition temperature and rubbery modulus may be controlled by varying the rigidity 

of the chain extending monomers and the amount of crosslinking monomer, respectively. The 

substrates undergo a 27 °C downward shift in glass transition temperature following exposure to 

physiological conditions, decreasing the modulus from 1600 MPa prior to implantation to 

approximately 9 MPa post implantation. Tensile data suggests that the substrates will resist 

mechanical failure at both the implantation site and at rigid connectors. The substrates do not 

exhibit cytotoxic behavior, and are compatible with ethylene oxide sterilization protocols. The 

substrates are compatible with microelectronic fabrication techniques, allowing functioning 
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intracortical probes to be fabricated. In vivo testing shows decreased micromotion induced 

stresses in comparison to rigid substrates, and apparent nerve firings recorded immediately 

following implantation in a rat cortex. Further studies will examine the long-term recording 

ability of devices on the substrate and refine the device fabrication process for improved yield 

and control. 
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CHAPTER 7 

HIGH-PERMITTIVITY  DIELECTRIC ELASTOMER ACTUATORS VIA THIOL-

ISOCYANATE CLICK CHEMISTRY 

7.1 Introduction 

Dielectric elastomer materials must be soft, highly elastic, and have a high dielectric constant in 

order to actuate well at low voltages. Currently used materials do not achieve these properties 

well. Much of the potential impact for dielectric elastomers is limited due to the high driving 

voltages necessary for operation. This is due to the low dielectric constants of the acrylic and 

silicone-based materials most commonly used. Materials with higher dielectric constants have 

been synthesized through the use of filler materials, but these often compromise the mechanical 

properties or breakdown strength. Limited research in new chemistries have been done, but 

results have not yet provided large-scale improvements in performance. 

This work aims to use thiol-isocyanate chemistry to produce soft, elastic polymers with high 

dielectric constants. The versatility of thiol-click chemistries and high polarity of the 

thiourethane bond suggests that these materials may effectively mitigate some of the drawbacks 

currently experienced by acrylic or silicone-based systems. 

7.2 Experimental Methods 

7.2.1 Synthesis of DEA Films 

Elastomer films for thermomechanical and dielectric testing were produced by mixing 

stoichiometrically equivalent amounts of EDDT, TMTMP, HDI, and TMHDI in a 20 mL glass 
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vial with 0.25 wt% of the photo-catalyst QAS-MTX. The solution was then injected between 

glass slides separated by 100 µm or 500 µm spacers and cured under 365 nm irradiation in a 

UVP CL-1000L for at least 30 minutes.  

7.2.2 Differential Scanning Calorimetry 

Differential scanning calorimetry was performed on a Mettler Toledo DSC1/700 in 40 μL 

aluminum crucibles. Samples were cut into pucks approximately 4 mm in diameter and 0.5 mm 

in thickness. The samples were inserted at 50 °C, then cooled to -50 °C and heated to 100 °C 

three times to eliminate thermal history, measure, and confirm the result. All heating rates were 

10 °C min-1. Glass transition temperatures were determined via the Mettler Toledo STARe 

Thermal Analysis Suite. All samples were tested in triplicate. 

7.2.3 Dynamic Mechanical Analysis 

Dynamic mechanical analysis was performed on a Mettler Toledo DMA/SDTA861e. Samples 

approximately 25 mm long, 3 mm wide, and 0.5 mm thick were loaded into the large tension 

assembly with a 10.5 mm gage length. The samples were cooled to -50 °C or -90 °C and heated 

to 50 °C while undergoing oscillation at 1 Hz. The force amplitude limit was 5 N, the 

displacement amplitude limit was 21 μm, and the offset was 300%. All samples were tested in 

triplicate. 

7.2.4 Dielectric Testing 

Samples were cured or placed between glass slides coated with circular gold electrodes separated 

by 100 μm spacers. The electrodes were connected to an HP 4284 LCR meter. The capacitance 
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and dielectric loss was recorded using 1 V excitation at frequencies between 20 Hz and 1 MHz. 

The dielectric constant was recorded from the capacitance, electrode area, and film thickness 

according to the formula shown below. 

 
휀𝑟 =

𝐶𝑑

휀𝑜𝐴
 (1) 

7.2.5 Actuation Testing 

Actuation samples were cast as films approximately 12 cm long, 10 cm wide, and 100 μm thick. 

Samples were biaxially stretched 100% and fitted on a circular frame. Graphite nanoparticles 

were applied as compliant electrodes. The actuation area was a circle in the center of the sample 

approximately 2 cm in diameter. A high voltage power supply was connected to the electrodes. 

The voltage was increased from 0 V until breakdown occurred at 200 V increments. The sample 

was allowed to equilibrate at each voltage for one minute. The actuation was captured on a 

DSLR camera and the actuation was calculated using ImageJ.  

7.3 Results 

7.3.1 Elastomer Formulation & Thermo-Mechanical Characterization 

The dielectric elastomer was formulated to have a glass transition temperature sufficiently low to 

ensure that the material is fully elastic at 20 °C. It uses a minimal amount of TMTMP to 

crosslink the material, as a higher degree of crosslinking would result in both increased modulus 

and Tg which are undesired effects. A 50:50 molar ratio of HDI and TMHDI was used as the 

isocyanate monomer to prevent crystallization as previously described in Chapter 4.  
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Differential scanning calorimetry was first performed to demonstrate sub-ambient glass 

transition temperatures and non-crystalline behavior (Figure 7.1). The thiourethane elastomer, 

has a glass transition temperature midpoint of 13.3 °C, which is near room temperature. No 

crystal melt transitions are seen in the material, as it is fully amorphous. 

 

Figure 7.1. Differential scanning calorimetry shows sub-ambient glass transition temperatures of 

DEA films 

 

Dynamic mechanical analysis confirms the glass transition measurements via DSC and illustrates 

the variation in modulus as a function of formulation (Figure 7.2). Glass transition temperature 

by DMA is measured by the peak of tan delta, with the thiourethane elastomer at 15.6 °C. The 

tan delta has a full-width-half-max of only 8 °C, indicating very high network uniformity. The 

rubbery modulus of the thiourethane at 20 °C is 8.2 MPa and not yet through the entire glass 

transition. The rubbery modulus further decreases further to 3.38 MPa at 40 °C. Uniaxial tensile 

testing was performed in order to assess the Young’s modulus and failure strain of the elastomers 

(Figure 7.3). The thiourethane elastomer demonstrates hyperelastic behavior, with the effective 

modulus decreasing after the initial strain past 50%. The material continues to strain at 
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moderately low stresses until reaching 350%, where the stress begins increasing rapidly until 

failure at 18 MPa and 400% strain. 

 

Figure 7.2. Dynamic mechanical analysis demonstrates that decreasing crosslink density lowers 

the glass transition temperature and rubbery modulus 

 

 

Figure 7.3. Uniaxial tensile testing shows decrease in Young’s modulus and increase in failure 

stress as crosslink density is decreased 

 

The relative permittivity was assessed via capacitance and loss measurement as a function of 

excitation frequency (Figure 7.4). The film displays dielectric performance highly dependent on 
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the excitation frequency. The elastomer has a relative permittivity of 11.5 at 20 Hz, which 

continuously decreases as the frequency increases to 6.5 at 1 kHz and 4.5 at 1 MHz. The greatest  

 

Figure 7.4. Polythiourethane films have high dielectric constants at low frequencies, gradually 

decreasing as frequency increases 

 

 

Figure 7.5. Actuation testing shows modest area changes in pre-strained films at low fields 
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change is seen between 20 Hz and 1 kHz, as is suggested by the dielectric loss. The dielectric 

loss begins at 0.15 at 20 Hz and peaks at 0.21 at 200 Hz. Following its peak, the loss dereases to 

approximately 0.08 at 1 MHz.   

The actuation characteristics of the thiourethane film under 100% biaxial prestrain were 

investigated by applying a DC voltage to an active area of the film (Figure 7.5). Actuation shows 

a roughly linear trend, with the active area increasing in size by approximately 13% under a 20 V 

μm-1 applied field. Most samples experience dielectric failure when exposed to fields above this 

point. 

7.4 Discussion 

Results suggest that while the polythiourethane elastomer has improved dielectric properties in 

comparison to current materials, it falls short on other properties. The thiourethane network is 

stiff in comparison to VHB and silicones, which tend to have moduli in the hundreds of kPa. The 

dielectric performance of the thiourethane is good at low frequencies, with values more than 

double that of VHB and silicone materials. The high permittivity suggests that relatively high 

actuation at low voltages should be possible, but the increased stiffness in combination with low 

dielectric strength results in relatively low overall actuation of 13%. In comparison, VHB 

elastomers at low prestrains achieve 40% area actuation at 55 V µm-1, and can have upwards of 

300% actuation at over 100 V μm-1 using high levels of prestrain. Silicones with similar pre-

stretching achieve area strains of 93% at 110 V µm-1; very high fields.  

 It is unlikely that the thiourethane elastomers in its current form can achieve performance on-par 

with these materials. Even when far above the glass transition, the material remains an order of 

magnitude more stiff than the VHB and silicones. Furthermore, the increased permittivity of the 
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thiourethane does not fully account for the decreased dielectric strength, as the dielectric constant 

is increased by just over 2 times but the strength is reduced by four to five times. Performance 

increases gained by use of thiourethane chemistry do not outweigh the losses in performance 

elsewhere. 

7.5 Conclusion 

Thiourethane elastomer films have been synthesized through the photopolymerization of thiol 

and isocyanate monomers. These elastomers have glass transition temperatures below ambient 

levels, displaying elastomeric properties at room temperature. Dielectric constant is relatively 

high for a polymeric material at low excitation frequencies. Actuation up to 13% is achieved 

using 20 V μm-1 applied fields. Actuation underperforms in comparison to currently used 

materials such as VHB and silicones, despite the increased dielectric constant. This seem related 

to the high stiffness and a decreased breakdown strength of the elastomer in comparison to 

commonly used films. While it may be possible to decrease the elastomer stiffness, it would 

likely come at the cost of lowering the dielectric constant of the material. It is unlikely that the 

breakdown strength may be improved without compromising dielectric constant entirely. Thus, 

thiourethane elastomers do not, in their present form, make a strong basis for dielectric elastomer 

actuators. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

This goal of this work was to leverage the advantages inherent to thiol-isocyanate chemistry to 

address fundamental materials challenges in the additive manufacturing, bioelectronics, and 

electroactive polymer fields. Thiol-isocyanates have been under-utilized in comparison to other 

thiol systems due to processing difficulties related to the cure speed. Chapter 3 demonstrates that 

quaternary ammonium salt photo-bases may be synthesized which allow thiol-isocyanate resins 

to be processed in a manner similar to the more common free-radical based thiol-ene or acrylate 

systems. The photo-bases can be synthesized at scale, are stable in solution, and rapidly cure 

resins under irradiation at wavelengths up to visible light. Chapter 4 describes the development 

of a semi-crystalline thiol-isocyanate resin system in which the thermal and mechanical 

properties may be adjusted by tuning the crystallinity. In combination with the photo-bases 

described in Chapter 3, this constitutes a photopolymer system which has an order of magnitude 

increase in toughness and double the heat deflection temperatures of comparable acrylic 

materials used in the 3D printing field. 3D printing is demonstrated as a proof of concept using 

SLA techniques. A thermoplastic variant of this resin is extended to FFF-type printing in Chapter 

5, showing performance matching a commercially available engineering grade filament. In 

Chapter 6, photocured thiol-isocyanates are used to implement a resin system for bioelectronics 

substrates that allows for independent control of the glass transition temperature and rubbery 

modulus. These substrates show increased softening and mechanical durability in comparison to 

previously used thiol-ene/acrylate softening substrates. This corresponds to improved 
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physiological responses in vivo, with minimal inflammation and scarring post-implantation. 

Functional intra-cortical neural probes are fabricated and used to record neuronal activity in rats. 

Chapter 7 shows that thiourethane elastomers have a heightened dielectric constant in 

comparison to other materials used for dielectric elastomer actuators. While overall performance 

still lags behind the state of the art materials, it may provide a basis for further ways to improve 

DEA performance. This work demonstrates that photo-cured thiol-isocyanate resins may have 

useful applications across a wide range of industries where current photo-cured polymer systems 

fall short. 

8.2 Future Work 

While the ability to use thiol-isocyanate photopolymers in 3D printing, bioelectronics, and soft 

actuator applications has been demonstrated, further work is necessary to achieve the full 

potential of these materials. The photo-bases shown in Chapter 3 are highly effective, but 

improvements to the synthetic procedure are likely necessary to reduce cost and improve yields 

if commercial scales are to be considered. The 3D printing resins demonstrated in Chapter 4 have 

vastly improved performance in comparison to the acrylic materials available today. However, 

challenges remain in the printing system itself. The SLA technique used to print the resin is both 

slow and wasteful, as the resin has a limited shelf life once the thiol and isocyanate components 

are mixed. Alternative printing techniques such as polymer jetting have been demonstrated, but 

further refinements to the resin and printing system would likely be needed to ensure reliability. 

Improvements to the photopolymer resins thermal operating range might be achieved through 

new combinations of monomers to both decrease the glass transition temperature and increase 

the crystal melt. New semi-crystalline resins based on aromatic structures are also a possibility. 
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These might have high stiffness, glass transition temperatures, and impact resistance similar to 

commercially available poly-aromatics. Further development is also necessary for the 

bioelectronics substrates described in Chapter 6. Chronic performance needs to be further 

studied, and there are concerns that long-term behavior might be compromised by polymer 

degradation due to the sensitivity of the esters in TMTMP to hydrolysis. In this case, an ester-

free crosslinking molecule will need to be procured or, if possible, synthesized. Previously 

synthesized thiol-ene/acrylate devices tend to suffer from delamination and electronics failure 

over time in vivo. Similar studies need to be done on the thiourethane-based devices to determine 

if they suffer from the same effects. It may take a combination of substrate modification, 

encapsulation materials, and processing control to ensure that the electronics placed on the 

substrate are able to continue operating with predictable behavior in a chronic in vivo 

environment. The dielectric elastomer actuators demonstrated in Chapter 7 have a high dielectric 

constant, but fall short in actuation efficiency due to high stiffness and low breakdown strength. 

One potential route towards reducing stiffness is curing a thiol-ene/isocyanate hybrid polymer 

using the initiators shown in Chapter 3, although this would come at the expense of decreasing 

the dielectric constant. It is unclear if this will have a meaningful effect on the dielectric strength 

of the material, although this must be increased if the actuator is to compete with acrylic or 

silicone elastomers. While further development is needed to bring each of these applications to 

the world stage, this work shows the potential of polythiourethanes to bring exciting new 

properties to these fields. 
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APPENDIX 

SUPPLEMENTARY FIGURES 

 

Figure A.1. Hysteretic behavior of a semi-crystalline polythiourethane thermoset 
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Figure A.2. Time-dependent softening behavior of TU-50 softening thiourethane substrate when 

exposed to different aqueous media 

 

 

Figure A.3. Modulus as a function of temperature for the TU-50 thiourethane substrate when 

soaked in varying aqueous media
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