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ABSTRACT OF THE DISSERTATION 
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Professor Qibing Pei, Chair 

 

Stimuli-responsive polymers are materials that undergo physical or chemical properties changes 

triggered by light, temperature, mechanical force, insertion of small molecules, electric fields, magnetic 

fields, or pH. Stimuli-responsive materials can be designed for a desired physical response, such as 

compression, shape change, or variable stiffness and have been used in coatings, sensors, drug delivery, 

self-healing, and mechanical actuators. Some stimuli-responsive materials utilize several trigger 

mechanisms to amplify and increase the resulting change in physical properties. For example, cellulose 

polymer nanocomposites exhibit stiffness changes triggered by both water and temperature to increase 

the modulus differential of the material. The modulus ranges from GPa range to the low MPa range with 

the assistance of the dual-stimuli technique. Although this modulus differential is large, for applications 

in biomaterials, the low-end modulus of the material must be in the kPa range to limit mechanical 

mismatch of an implant for practical use. Another category of stimuli-responsive materials is dielectric 
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elastomer materials, electric-field responsive materials that expand and contract with an applied voltage. 

Rather than change stiffness, these materials change shape. When sandwiched between two compliant 

electrodes and an electric field is applied, the material is compressed by the attraction of the opposite 

charges formed on the electrodes. With electro-response, these materials are useful in soft robotics 

applications, however, commercially available dielectric elastomer materials require prestretching for 

high actuation performance and are incapable of molecular modification.  Additionally, dielectric 

elastomers are difficult to process due to the crosslinked nature, a controlled synthetic approach to more 

precisely design molecular architectures is desired. Overall, these materials can be precisely tuned to 

respond to triggers based on the application requirements. Synthesizing and optimizing new stimuli-

responsive materials that are precisely tuned opens the door for expanded applications in fields such as 

biomedicine or soft robotics. 

The research outlined in this dissertation focuses on the synthesis and fabrication of novel stimuli-

responsive polymer materials to address challenges previously outlined. The main body of this 

dissertation describes new cellulose polymer composite materials with ultra-wide stiffness range, new 

dielectric elastomers with high actuation performance without prestretch, and new BAB triblock 

copolymers with variable stiffness. The first chapter surveys current stimuli-responsive polymer 

materials technology with a focus on thermo-responsive, photo-responsive, electro-responsive, and dual 

responsive materials. The second chapter outlines research aimed to increase the modulus differential in 

cellulose composite materials using a thermo-responsive variable stiffness polymer and cellulose 

microfibers.  The resulting composite utilizes two stimuli, the first is temperature to soften the stiff 

polymer matrix by melting the crystalline segments to form a soft crosslinked polymer. The second 

stimulus is the addition of water, to nullify the reinforcing network formed by percolating cellulose 

fibers and further soften the material. The material exhibits an ultra wide modulus differential from 1 
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GPa down to 40 kPa stimulated by water and temperature.  An ultra wide modulus range allows for 

further applications development with potential for biomedical devices. The third chapter outlines a new 

dielectric elastomer (DE) material that exhibits performance similar to commercially available materials 

in an aim to address the limitations of prestretching and to introduce DEs capable of modification. A 

bimodal interpenetrating crosslinked network was established by combining a short chain di-functional 

acrylate monomer with a long-chain high molecular weight di-functional acrylate monomer to form a 

material with mechanical properties similar to commercially available DEs. Additional mono-functional 

diluents were added to further tune the electro-mechanical properties and improve performance. The 

new DE exhibited maximum actuation strains near 200% and rapid response over 100% strain at 2 Hz. 

The new DE material exhibits performance higher than other synthetic dielectric elastomer and opens 

the door to optimization of DE materials for a new generation of polymer actuator materials. The fourth 

and last chapter of the main text presents a comparison study of three different length BAB triblock 

copolymers in an aim to synthesize a triblock copolymer for use as a bistable electroactive polymer 

(BSEP).  BSEP materials are stiff at room temperature and softened at elevated temperature to actuate as 

dielectric elastomers. BSEP is typically processed by bulk polymerization making it difficult to modify 

post-fabrication. In the BAB polymer described, a two-sided RAFT chain transfer agent was 

synthesized, for symmetrical synthetic processing, using poly (ethylene glycol) for high stiffness at 

room temperature and increased flexibility at elevated temperature. The poly (stearyl acrylate) B-blocks 

were then incorporated to add further stiffness at room temperature and control the material 

microstructure. Of the three BAB copolymers synthesized, two exhibited variable stiffness from 1 GPa 

to 10 kPa with spherulite microstructural formations confirmed by optical and scanning electron 

microscopy. By introducing a controlled synthetic pathway using RAFT living polymerization, these 

materials can be finely tuned for specific properties before and after fabrication.  
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Chapter 1. Introduction and Dissertation Objectives 

1.1. An overview of stimuli- responsive polymers 

Quintessential polymer materials, such as polyethylene or polyurethane, are synthesized and designed for 

fixed mechanical, thermal, and photo properties, for utilization defined by specific applications.  

Polyethylene is ubiquitous, found in biomedical implants, sealants, packaging, and many other 

applications 1–3.  Polyurethanes are used as insulation, adhesives, and fibers. 4, 5 These materials have set 

purposes and are designated for use in static, stationary applications that require motionless, set parameters 

and properties. In some applications, however, properties controlled or activated by external triggers are 

desired for materials used in varying working conditions such as soft robotics, biomedicine, or wearable 

electronics. 6–9 

Stimuli- responsive materials change properties when an internal or external trigger is applied, such as 

light, heat, or electric fields. Several stimuli-responsive systems are seen in nature from the chameleon 

responding to its surroundings to human muscle (Fig. 1-1). These materials represent an enormous field 

of research with applications spanning across all platforms. Synthetic stimuli-responsive materials can 

utilize dynamic bonding or phase-change as tools to control crosslink density or polymer architectures for 

a resulting change in physical properties. 10 The overall chemical structure is dependent on the stimulus 

chosen or the application. Stimuli-responsive materials are often used for biomedical applications in 

targeted drug delivery systems, 11–14 and engineered tissues scaffolds, 15–17 triggered by light, 18–21 heat, 22–

24 electric/magnetic fields, 25, 26 and many more. 27–30 They can also be used in robotics for actuation, 8, 31 

locomotion 32–34 or even autonomous deployment. 35 
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Figure 1-1. Stimuli-responsive systems found in nature, a) chameleons and b) muscles. Adopted from 

Ref 8. 

 
1.2. Thermo-responsive materials 

Thermo-responsive materials are one of the largest categories of stimuli responsive materials due to the 

rapid response, ease of fabrication and ease of design. Many dynamic bonds are triggered by thermal 

response, such as Diels-Alder bonding or hydrogen bonding, but additionally, polymer materials can be 

designed to undergo phase changes with elevated temperatures, such as shape memory polymers. Rather 

than using dynamic covalent or secondary bonding, targeted polymer crystalline domains melt to change 

the physical and mechanical properties of the material.  

1.2.1. Thermo-responsive dynamic bonds 

Stimuli-responsive materials triggered by temperature can be designed by using thermo-responsive 

dynamic bonding for controlling crosslink density or polymer architecture. Several examples of this exist, 

but Diels-Alder (DA) bonding between furan/maleimide moieties have been extensively studied for their 

self-healing properties and tunable stiffness. 36, 37 DA bonds undergo a [4+2] cycloaddition involving a 

diene and dienophile, furan and maleimide are typically used in thermally reversible applications due to 

the mild reaction temperature. The Wudl group exploited this attribute to improve capabilities and 
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mechanical properties of self-healing materials by synthesizing a tetra-functional furan monomer and tri-

functional maleimide monomer for a macromolecular network formed entirely of thermally reversible 

bonds. 38 The reversibility of Diels-Alder reactions can also be used to control stiffness of materials. Hu 

et al established a material with thermally reversible modulus controlled by the concentration of Diels-

Alder moieties for a polyacrylate-based reversibly crosslinked polymer with variable stiffness (Fig. 1-2a). 

The DA adduct is repeatedly formed and broken for controlled crosslink density and variable elastic 

modulus. Initially, the DA adduct is fully formed, as synthesized. The material is heated at 130 °C to break 

the DA bonds and soften the polymer. The polymer is heated once again at 80 °C to reform the adduct and 

stiffen the material for a variable stiffness range from 0.17 MPa (DA adducts broken) to 0.52 MPa (DA 

adduct present) (Fig. 1-2b).  

 

Figure 1-2. Variable stiffness polyacrylate with Diels-Alder bonds. a) Polyacrylate crosslinked by a 

thermo-reversible Diels-Alder reaction. b) Cyclic thermal treatment for modulus reversibility. Adopted 

from Ref 37. 
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1.2.2. Shape memory polymers 

Shape memory polymers (SMPs), a large class of stimuli-responsive materials, are polymers that can 

deform into temporarily fixed, strained, non-equilibrium shapes. The fixed shape comes about when 

strong-intermolecular interactions between polymer chains overcomes restoring forces allowing for shape 

fixture. Energy is stored within the material until triggered, usually by heating, to revert to the permanent 

equilibrium state. The general principal is outline in Figure 1-3 showing the stiff material at room 

temperature, heated above a transition temperature (Ttrans), formed or shaped, cooled below the transition 

temperature, to freeze the molded form, then heated again to revert to the original, programmed shape. 

Typically, these materials are block-copolymers or elastomers controlled by dynamic bonding or cooling 

into a crystalline or glassy state to ensure shape fixture. Block co-polymer SMPs must have covalently 

bonded copolymers with a soft block, low transition temperature (Ttrans) and a hard block, with high Ttrans. 

When heated, the soft block melts while the hard block remains stiff, preventing a full melt, but allowing 

for flexibility to form a shape. For this reason, semi-crystalline elastomer materials are typically used, for 

elastic properties above Ttrans, and stiff below the transition temperature.  One example of this, presented 

by Meng and company, describes a body temperature triggered shape memory polymer that changes 

stiffness when heated. The transition temperature is adjusted by changing the size of the crosslinker in the 

poly (caprolactone) (PCL) network. The storage modulus of the PCL network when heated at body 

temperature changed from 650 MPa at room temperature to around 40 MPa at body temperature. 39 
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Figure 1-3. Shape memory polymer principles 

1.3. Photo-responsive materials  

Photo-response is an attractive sub-class of stimuli-responsive materials due to the non-destructive nature 

of light and the allowance for remote, localized activation. Additionally, reactions can be conducted at 

room temperature and often in the solid-state. 40 These materials can be designed to induce shape change 

17, 41 or drug delivery 20 and in some cases these changes are reversible 42, 43. Mechanisms for reversible 

photo-response typically utilize dynamic bonds, such as azo-benzenes  or moieties that undergo 

dimerization , such as anthracene, which undergoes a [4π+4π] cycloaddition, 42  thymine 44, 45, or coumarin 

43, 46 which undergo [2π+2π] cycloadditions (Fig. 1-4a-c). One such example uses azobenzene, which upon 

radiation, reversibly undergoes cis-trans isomerization. This small change in form and ordering results in 

a volume contraction thereby converting light energy into mechanical energy. Combining a mono-

functional azo-benzene monomer with an azo-benzene-containing crosslinker (Fig. 1-4d) results in a 

highly crosslinked film that will change shape upon exposure to different wavelengths of light. As 
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fabricated, the azo-benzene moieties within the film are in the trans conformation, but when exposed to 

long wave UV (356 nm), the azo bond isomerizes to the cis conformation. This causes a molecular 

disordering to occur, resulting in a macroscopic volume contraction of the film. The cis-trans 

isomerization is reversed by exposure to visible light (over 540 nm), resulting in the macroscopic 

flattening of the film (Fig. 1-3d). 47  

 

Figure 1-4. a) Anthracene dimerization reaction. b) Coumarin dimerization reaction c) Thymine 

dimerization reaction. Adopted from Ref 40. d) Images of polymer film bending in different directions 

in response to irradiation from different angles of 366 nm light, then flattening with visible light longer 

than 540 nm with chemical structures of liquid crystalline monomers (mono-functional) and crosslinker 

(di-functional) used for light controllable photo-switching. Adopted from Ref 47. 

1.4.  Electro-responsive materials 

Electro- responsive materials change their physical properties upon application of an electrical stimulus 

or electric field. Electro-responsive materials are of particular interest due to the convenience of applying 

an electric field, tunability afforded by electric fields, and their particular use in sensing and actuation. 
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Electro-responsive materials include ionic types such as conducting polymers, 48, 49 ionic polymers, 25, 50 

and electronic type such as dielectric elastomers. 26, 51  

 

1.4.1.  Dielectric elastomers 

Dielectric elastomers (DEs) are low modulus crosslinked polymers that act as flexible capacitors when 

sandwiched between two compliant electrodes. When a voltage is applied, the opposite charges on the 

electrodes attract towards each other, compressing the polymer. Due to the incompressible nature of the 

material, when a voltage is applied and an electric field is generated, the material expands outward (Fig. 

1-5). By this mechanism, DEs can expand and contract in response to an applied electric field. 52 DE 

actuators (DEA) can exhibit large strains, large stresses, fast response speeds, good reliability, and high 

energy density. The Clarke and Wood groups were able to achieve controlled flight of a microrobot 

powered by silicone based dielectric elastomers. They achieved lift-off of 23 cm by actuating a bi-layer 

silicone elastomer at 300 Hz with applied voltage of 1.3 kV. 34 

 

Figure 1-5. Operating actuation principles of planar DEAs. Adopted from Ref 53. 
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1.5  Dual responsive materials systems  

Dual or multi-responsive polymers have been considered advanced smart materials because of their 

applications in the fields of biomedicine and sensors. Using multiple stimuli can widen the applications 

of stimuli-responsive materials and amplify physical or chemical changes. One such example is the 

bistable electroactive polymer (BSEP) which combines shape memory polymer thermo-response with that 

of dielectric elastomer electro-response. 54 The BSEP is stiff at room temperature, can be heated past a 

transition temperature to become a soft polymer. This rigid to soft transition exhibits a stiffness change of 

about 3,000x, making BSEP a very useful variable stiffness material. 54, 55 Once softened, it can be actuated 

as a dielectric elastomer, then cooled back below the transition temperature to “freeze” the actuated state. 

Heated once more, it will revert to the original form (Fig. 1-6a). These materials exhibit rigid-to-rigid 

actuation with a narrow temperature transition band for rapid heating. 54 One of the most notable 

applications is in tactile displays. 55  

Another material that utilizes dual-response is cellulose polymer nanocomposites. These materials exhibit 

variable stiffness by the reversible reinforcement effect of cellulose percolating networks. Cellulose fibers 

are strongly bonded together by hydrogen bonds. When used as a filler material, they offer strong 

mechanical reinforcement. These bonds can be reversibly controlled by the addition of water or other 

polar solvent, at which point the filler-to-filler interaction is broken in favor of filler-solvent interaction. 

By utilizing cellulose nanofibers as a filler material within a phase-changing, thermally responsive 

polymer matrix, such as poly (vinyl acetate) (PVAc), 56 the composite changes stiffness with both 

temperature and water. The PVAc composites exhibit modulus change from 5.3 GPa at room temperature 

to 12.7 MPa at elevated temperature, in water. Both dual-stimuli responsive materials exhibit unique 

properties that can be useful in biomedicine or actuators. 
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Figure 1-6. a) BSEP triggered by elevated temperature and electric field. Adopted from Ref 54. b) 

Cellulose polymer nanocomposites triggered by temperature and solvent. Adopted from Ref 57. 

 

1.6 Motivation of this dissertation 

Stimuli responsive materials exist over an extremely wide range of applications with varying trigger 

mechanisms. One important area of focus is variable stiffness polymers (VSPs). Synthetic variable 

stiffness materials exhibit stiffness changes using dynamic bonds, external addition of soft media, or phase 

transitions. Exploiting previously studied mechanisms to fabricate new materials for improved response 
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speed and improved stiffness change is beneficial to widen the application range of VSPs. A material that 

can change stiffness from GPa range, ensuring structural support and load bearing, down to kPa range, 

modulus range of many biomaterials and tissues, could be used in biomedical implant applications. 

Typically, materials with stiffness in the kPa range are hydrogels with low mechanical strength. Thus, 

there is a need to develop new VSPs or improve current VSPs for wider tunable stiffness range from rigid 

to soft regions, while maintaining high mechanical strength. Thus, a VSP materials with an ultra-wide 

temperature range must be developed.  

 

Current high-performance dielectric elastomer (DE) materials are based on commercial films, e.g. VHBTM 

acrylate adhesive films, or resins, e.g., silicone elastomers, that are manufactured for unrelated 

applications. 58–61 The VHBTM films require high-strain pretretching to achieve the high actuation 

performance, are viscoelastic, and lack the processing flexibility essential for many applications that 

require high actuation force and work output. 62, 63 Silicone elastomers, have low viscoelasticity but exhibit 

lower maximum strains and energy density due to their low maximum stable operable field. 64 Despite 

efforts to improve these materials, the field remains reliant upon prestretching to exhibit high strain in 

acrylic elastomers, and rapid response in silicone elastomers. Thus, a new DE that does not require 

prestretching with that exhibits high performance actuation with rapid response, is needed for further 

development of dielectric elastomer actuators.  

 

Lastly, suitable synthesis and fabrication methods are required to best utilize the variable stiffness 

properties of VSPs. Previously mentioned bistable electroactive polymers (BSEP), require a random, bulk 

polymerization mechanism that leaves much up to chance, with difficulty controlling molecular 

architectures and limiting materials processability, due to the crosslinked nature. BSEP materials show a 
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wide stiffness range that can be beneficial in many applications, such as actuators or sensors. By 

developing a controlled synthetic approach to the fabrication of these materials, BSEP can be finely tuned 

for wide stiffness change, transition temperature, and actuation performance with the processability 

afforded to linear polymers.  

 

1.7 Scope and layout of the dissertation 

This dissertation consists of five chapters. 

Chapter 1 gives an introduction into stimuli responsive polymer materials outlining the importance and 

broad range of applications of these materials. This is followed by an explanation of several different 

types of trigger mechanisms divided into thermo-responsive, photo-responsive, electro-responsive, and 

dual-responsive materials. These sections will correspond to other chapters. 

 

Chapter 2 presents the development of a variable stiffness composite material using a modified BSEP 

matrix and bacterial cellulose microfibers. The composite combines temperature-responsive phase 

changing BSEP with reversible water-responsive reinforcement of cellulose filler. The material exhibits 

an ultra-wide modulus differential from 1 GPa down to 40 kPa stimulated by water and temperature.  An 

ultra-wide modulus range allows for further applications development with potential for biomedical 

implant devices.  

 

Chapter 3 presents a new dielectric elastomer material that exhibits performance similar to commercially 

available materials without prestretching. The new DE exhibited maximum actuation strains near 200% 

with energy density of 3.5 J/cm3 and rapid response over 100% strain at 2 Hz. The new DE material 
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exhibits performance higher than other synthetic dielectric elastomer and opens the door for the next 

generation of polymer actuator materials. 

 

Chapter 4 outlines a multiblock copolymer thermoplastic elastomer as a bistable electroactive polymer. 

Three BAB triblock copolymers of different lengths were synthesized for use as a bistable electroactive 

polymer with reversible variable stiffness and a controlled synthetic pathway using RAFT 

polymerization. This material is then characterized by 1H NMR, GPC, FTIR, DSC, DMA, and SEM. 

 

Chapter 5 summarizes each chapter and discusses the potential directions of each project. 
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Chapter 2. Dual stimuli-responsive polymer composite with ultra-wide tunable 

stiffness range triggered by water and temperature 

2.1. Background of this study 

Variable stiffness materials are materials that change stiffness with different loads or output variations 

and represent an important class of polymer materials. Most commercially used materials have a fixed 

modulus, unchanging over time or under operating conditions. For examples, contact lenses require 

relatively low stiffness, around 1 MPa,65 ideal to hold the contoured shape to fit the human eye, and 

building materials, such as steel alloys, must be stiff, around 200 GPa 66 for practical use. However, 

tunable materials that vary stiffness are desirable for application in soft robotics, reconfigurable devices, 

and artificial muscle.67–69  Variable stiffness polymers (VSPs) are defined as polymer materials that change 

stiffness in response to external stimuli (i.e. temperature, humidity, electric field, etc.) and are useful for 

increasing adaptability and robustness of materials in different environments. Explorations of VSP 

materials have been widely targeted to utilize the polymer networks for shape transitions and elastic 

energy storage. However, limited explorations have been done to improve the stiffness variation, essential 

to broader application of VSPs. 27, 39, 70–72 

2.1.1 Synthetic variable stiffness materials 

VSP materials can be found in nature or are synthesized to fit the desired application. In nature, there are 

several examples of VSPs, such as human muscle and tendon tissues, which change stiffness in response 

to the load applied. Additionally, the Cucumaria frondosa (sea cucumber) dermis stiffens in response to 

predatory triggers from 5 to 50 MPa.73 Strategies reported to achieve tunable stiffness in synthetic 

materials can be divided into several categories. The first utilizes reversible dynamic bonds, such as Diels-

Alder 37 or hydrogen bonding,74 to vary the chain segment lengths, and crosslink density to adjust the 
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polymer stiffness. The second requires the insertion and/or subtraction of external media, i.e. solvent or 

gas. An example of this can be seen in polypyrrole, used as an electroactive polymer artificial muscle, 

triggered during electrochemical oxidation, during which the stiffness, as well as other properties, vary as 

a result of charge balance and ion swelling.75 Another example draws inspiration from the sea cucumber 

dermis, which stiffens as a result of reversible interactions between adjacent collagen fibrils. The Weder 

group utilized cellulose nanowhiskers (isolated from tunicates) within a rubber matrix to create a polymer 

nanocomposite that can change from a few GPa to 10 MPa.56, 76 The material exhibits thermally induced 

transition of the rubber polymer matrix in conjunction with the cellulose softening in water and 

isopropanol to change modulus at 42 °C. However, the material developed by the Weder group has a 

transition temperature that is too high for use in the human body and is not biocompatible due to the 

possible diffusion of cellulose nanowhiskers out of the polymer matrix to puncture human cells. The final 

category of VSP materials exhibits stiffness change through phase transitions of semi-crystalline, glass 

transition polymers, and magneto-rheological elastomers. For example, many shape memory polymers 

(SMPs) are glass transition polymers. The stiffness variation property of an SMP is achieved by changing 

from glassy state to rubbery state with temperature stimulus. These materials have slow stiffness variation, 

limiting applications where quick transitions are desired.  

2.1.2 Bistable electroactive polymer 

A bistable electroactive polymer (BSEP) is a unique VSP that combines the properties of semi-crystalline 

VSPs with glass transition polymer for a material with temperature activated stiffness variation 

properties.54, 77  BSEP realizes its stiffness change by phase changing from semicrystalline to amorphous, 

exhibiting steep modulus change, tunable transition temperature, and narrow transition temperature range. 

The phase-changing BSEP exhibits a drastically narrowed temperature transition band of 10 °C range and 

a low inflection point below 50 °C, ideal for applications involving human-contact. The phase changing 
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BSEP is mainly comprised of stearyl acrylate (SA) and long chain urethane diacrylate (UDA) to form a 

crosslinked polymer network. The narrow transition range results from the rapid crystallization and 

melting of SA moieties in the polymer network. By varying the ratio between SA and UDA, the modulus 

and the temperature inflection point can be adjusted to fit various applications. Adding a small amount of 

acrylic acid could increase the stiffness variation to 3000-fold.55 

2.1.3 Bacterial cellulose 

Bacterial cellulose (BC) has been widely studied due to the beneficial properties of high aspect ratio, high 

porosity, biocompatability, biodegradability, and high hydophilicity, assisting in high water holding 

ability. BC has shown promise in the fields of biomedicine, electronics, and the food industry.78 The 

molecular structure of BC comprises terminal hydroxyl groups susceptible to inter- and intra-molecular 

hydrogen bonding. The BC fibers form a percolated network derived from strong hydrogen-bond 

interactions. Fiber-fiber interaction is then broken in water, or other polar solvents, due to the competitive 

hydrogen bonding between the solvent and fiber.76  By this mechanism, BC nanofibers create a percolating, 

stiff, network when “switched on” in the dry state and are “switched off” in water or other polar solvents. 

When embedded into a polymer matrix, the switching of the nanofiber can create a material with variable 

stiffness. BC is desirable for switching due to the unique three-dimensional porous network, consisting of 

continuous nanofibers. Each nanofiber is a bundle of cellulose microfibrils, the key to the porous nature 

of this material (Fig. 2-1). Due to the low stress-bearing threshold of BC, it is ideal for use in a composite 

material, with the porosity allowing infiltration of another material to form a homogeneous matrix 

interaction. In forming composite materials, BC maintains its original functionality, while providing 

additional properties to the composite.  
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Figure 2-1. Chemical structure and production of bacterial cellulose. Adopted from Ref 79. 

 

2.1.4 Bacterial cellulose reinforced BSEP composite 

We report a novel biocompatible polymer composite combining the phase-changing BSEP and tunable 

stiffness mechanism of bacterial cellulose (BC) for an ultrawide modulus differential. The BSEP polymer 

matrix contributes a sharp transition temperature tuned to around human body temperature. The BC 

nanofiber percolating network increases the storage modulus in ambient conditions to as high as 1 GPa. 

Upon heating, and exposure to water, the BC reinforcement effect nullifies to form water channels 

allowing for water uptake into the composite. With the plasticization effect from the water molecules, and 

the softening of the BSEP matrix, the material softens to 40 kPa. The BC-BSEP composite exhibits a large 

stiffness change of 24 000 times with a dual stimulus of temperature and water. The composites also show 

good biocompatibility. Although cellulose composites with variable stiffness have been developed, a 

modulus variation of this magnitude has not been observed before. 
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2.2. Experimental design 

2.2.1 Raw materials 

Urethane diacrylate (UDA, catalog name: CN9021), SR9035, and SR415 were obtained from 

SARTOMER and used as received. Stearyl acrylate (SA), trimethylolpropane triacrylate (TMPTA), 

acrylic acid (AA), 2-carboxyethyl acrylate (CEA), 2,2-Dimethoxy-2-phenylacetophenone (DMPA), 

benzophenone (BP), and isopropyl alcohol (IPA) were purchased from Sigma-Aldrich and used as 

received. Hexadecyl acrylate (HA) was purchased from Tokyo Chemical Industry Co., LTD. and used as 

received. Bacterial cellulose was obtained from Hannan Yeguo Foods Co., Ltd. 

2.2.2 Preparation of BSEP prepolymer solution and thin film fabrication 

The BSEP prepolymer solution was made by mixing the components listed in the Table 2-2 at 50 °C. To 

make a BSEP thin film, the prepolymer solution was then injected between a pair of glass slides on a hot 

plate with two strips of tape as spacers. The thickness of the liquid layer was defined by the thickness of 

the spacers. Spacers of 90 µm were used to fabricate the BSEP film. Next, the prepolymer was cured 

through a UV conveyor equipped with a Fusion 300S type “H” UV curing bulb for about 3 minutes. Then 

the film was gently peeled off the glass slide after cooling to room temperature. 

2.2.3 Preparation of bacterial cellulose aerogel 

The bacterial cellulose was first dissolved in boiling deionized water with different BC content. The 

solutions were sonicated for 30 minutes to degas and form uniform aqueous solutions. The solutions were 

then carefully poured into plastic petri dishes and sealed using Petri Seal TM. Next, the petri dishes were 

placed in Nalgene® Mr. Frost® Cryo 1 °C (Thermo Scientific TM) freezing containers filled with isopropyl 

alcohol (IPA) and placed in a -80 °C freezer. The system was designed to achieve a rate of cooling close 

to -1 °C/minute for uniform freezing process. Finally, the frozen cellulose solution was freeze-dried 
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overnight to sublimate the water molecules. The resulting cellulose aerogel formed a 3D percolative 

network with porous structure. The pore size is determined by the concentration of the BC aqueous 

solution. Thicker solution results in denser aerogel. 

2.2.4 Fabrication of BC-BSEP composite 

The freeze-dried BC aerogel was first immersed in a BSEP prepolymer solution at 50 °C. The porous 

structure enables the BSEP prepolymer solution to absorb into the BC foam, filling the pores inside the 

aerogel. The system was then transferred into a vacuum oven with the temperature and the pressure set at 

50 °C and 30 torr, respectively. The vacuum oven was used to initiate the infiltration of the BSEP 

prepolymer solution into the BC network. Next, the fully soaked BC foam was compressed between two 

glass substrates with applied pressure of 1.7 kPa for 10 min. The BC-BSEP prepolymer “sponge” was 

then cured by UV conveyor equipped with a Fusion 300S type “H” UV curing bulb in ambient temperature 

for 3 minutes. Finally, the composite film is gently peeled off after the BSEP matrix cooled down to room 

temperature. 

2.2.5 Biocompatibility test for BC-BSEP composite 

All cell culture materials were purchased from ThermoFisher Scientific. To ensure normal cellular growth 

and low cytotoxicity of the materials, cell viability test was carried out according to ISO 10993-5.80 In a 

certified A2 biosafety cabinet, BSEP matrix and BC-BSEP composite were placed at bottoms of a standard 

12-well cell culture plate. A total of 100,000 NIH3T3 mouse fibroblast cells were seeded in each well and 

cultured in Dulbecco’s modified eagle medium with 10% fetal bovine serum plus 1% penicillin. The cell 

cultures were placed in 37 °C and 5% CO2 cell incubator for 72 hrs. At the end of 72 hrs., LIVE/DEADTM 

assay working solution (Catalog number L3224) was prepared in phosphate buffered saline and warmed 

to 37 °C in heated water bath. Cell culture medium was replaced with the prepared working solution and 
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incubated in 37 °C and 5% CO2 for another 30 mins. Last, all samples were imaged with Zeiss Axio-

Observer microscope (Carl Zeiss). All fluorescent/phase contrast images within the same comparison 

groups were imaged with same parameters, and all samples within each comparison group were prepared 

and processed together. 

2.3. Results and discussion 

2.3.1 Composite fabrication design 

The BC-BSEP composite material includes the hydrophobic BSEP matrix and hydrophilic bacterial 

cellulose filler, combining the tunable stiffness mechanism of the temperature induced phase changing 

and water induced competitive hydrogen bond switching. However, preparation of the BC-BSEP 

homogenous composite could not be conducted by a simple solution casting method with difficulty 

combining a hydrophilic cellulose filler with a hydrophobic polymer matrix. Here, a new fabrication 

method is introduced that combines the matrix and filler materials with different hydrophilicity into a 

uniform thin film composite using dry BC foam with vacuum assistance. Previously fabricated BC 

composite use a wet template method with water or solvent swollen BC.76, 81–83 This procedure includes 

three main steps: (1) freeze-dry, (2) immerse-vacuum, (3) compress-cure (Fig. 2-2). The process begins 

by freeze-drying frozen BC aqueous solution to create a 3D percolative network of bacterial cellulose as 

the foundational structure for the composite. The BC aerogel is then immersed in the BSEP prepolymer 

solution, under vacuum to ensure the full penetration of the BSEP solution into the BC network. The low 

pressure of the vacuum oven forces the diffusion of the hydrophobic BSEP prepolymer solution by 

“pumping” the solution into the hydrophilic BC network. The resulting BC-BSEP soaked “sponge” was 

compressed into a thin film with thickness reduced from 2 mm (original BC aerogel) to a range of 0.1 – 

0.3 mm (BC-BSEP composite) dependent on the BC loading. The BC-BSEP compressed “sponge” was 

cured under UV light. The difference in the thickness of the final BC-BSEP composite is a result of the 
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different densities of the BC aerogel. BC aerogel with higher density is more difficult to compress, thus, 

BC-BSEP film with higher BC loading are thicker. The three-step procedure offers a simple and effective 

way to fabricate a uniform cellulose composite with the different hydrophilicity of matrix and filler 

materials, while maintaining functionality for both BC and BSEP.  

BC-BSEP composite with different filler contents can be achieved by controlling the density of the BC 

aerogel. The density of the aerogel is determined by the concentration of BC in the aqueous solution. As 

seen in Table 2-1, increasing the concentration of BC aqueous solution causes the density of the resulting 

aerogel and the filler content of the composite to increase. Thus, BC-BSEP composite with different filler 

content can be obtained. 

Table 2-1. Filler content of BC-BSEP composite and density of resulting aerogel from BC aqueous 

solution with different concentrations. 

 
BC concentration in 

aqueous solution 
(wt%) 

BC aerogel density 
(mg/ml) 

Filler content (wt%) 

BC-BSEP-1 0.7 9.36 4.7 

BC-BSEP-2 1 13.37 8.2 

BC-BSEP-3 1.5 20.06 16.7 

BC-BSEP-4 2 26.74 23 
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Figure 2-2. Fabrication process of the BC-BSEP composite material. 

 

2.3.2 Matrix modification of BSEP 

The synthesis of the BC-BSEP composite centers on uniform dispersion or inter-penetration between the 

BSEP matrix, which is largely hydrophobic, and the BC nanofibers, which are hydrophilic. The BSEP 

matrix is formulated from a precursor containing urethane diacrylate, stearyl acrylate, hexadecyl acrylate, 

and carboxyethyl acrylate (See Table 2-2). The long chain urethane diacrylate (UDA, CN9021) used in 

this formulation has a high elongation at break (1100% for the homopolymer) 54 and crosslinks to afford 

the BSEP elasticity, improving the toughness of the matrix in the rubbery state. This is important for the 

incorporation of bacterial cellulose (BC) as the percolation network created by BC provides high stiffness, 

but also creates a brittle framework within the matrix. Stearyl acrylate (SA) and hexadecyl acrylate (HA) 

were used as crystalline segments and to adjust transition temperature range. Carboxyethyl acrylate (CEA) 
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is added to create hydrogen bonding between the matrix and BC as well as increase tear strength. 2,2-

dimethoxy-2-phenyl acetophenone (DMPA) and benzophenone (2:1) were employed as co-photoinitiators 

for complete bulk and surface curing of thin films. The first design consideration of the matrix is to tune 

the transition temperature to body temperature for a sharp transition from rigid to rubbery at 37 ºC. Second, 

the BSEP matrix inherent hydrophobicity must be considered.  Carboxyethyl acrylate, a hydrophilic 

component, is utilized to facilitate the incorporation of and bonding to BC.  

The transition temperature of BSEP was tuned to body temperature by modifying the BSEP formulation 

to include hexadecyl acrylate (HA). Hexadecyl acrylate has a lower melting temperature than stearyl 

acrylate. By combining the two components in different ratios, the transition temperature can be precisely 

tuned to that of body temperature. Higher amounts of stearyl acrylate increase the transition temperature 

due to the high crystallinity resulting from long sidechains that require higher temperatures to melt. The 

matrix was comprised of stearyl acrylate and hexadecyl acrylate to provide a reversible and sharp rigid to 

rubbery transition between 30 ºC and 50 ºC. A temperature below 30 ºC or above 50 ºC could result in a 

loss of shape memory capability at room temperature or use in biomedical devices.  
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Table 2-2 Formulations of different BSEPs. 

BSEP Sample Weight Part * 

SA HA UDA CEA Tm (ºC) 

BS1H7 10 70 20 10 30 

BS4H4 40 40 20 10 35 

BS7H1 70 10 20 10 38 

CEA5 70 10 20 5 37 

CEA10 70 10 20 10 37 

CEA15 70 10 20 15 37 

BS80 80 0 20 0 45 

 

Dynamic mechanical analysis (DMA) of the BSEP copolymers during temperature ramp up was 

conducted to observe the mechanical properties of the material as a function of temperature (Fig. 2-3). 

The temperature ramp for the three ratios of HA:SA (Table 2-2) showed varying, ratio dependent, 

transition temperatures between 30 ºC and 43 ºC. The higher amount of SA, the higher the transition 

temperature and the higher the modulus at room temperature. The moduli at room temperature ranged 

from 280 MPa (BS1H7) to 360 MPa (BS7H1) due to the crystallinity of the SA and HA moiety acting as 

hard segments in the copolymer. The rigid-to-rubbery transition is completed within a range of 5 ºC, 

showing quick phase changing capabilities. Once the transition is complete, the softened modulus remains 

constant in the rubbery state. The storage modulus during the rigid-to-rubbery transition changes nearly 

5,000 fold for each ratio.  
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Figure 2-3. Storage modulus versus temperature of the BSEPs with transition temperature below, at, and 

above body temperature. 

For seamless integration of BC into the hydrophobic BSEP matrix, it was necessary to use a hydrophilic 

component in the formulation. BC is highly hydrophilic, bonding strongly to materials of similar character. 

Carboxyethyl acrylate was used for hydrophilicity and added hydrogen bonding with BC. Additional 

hydrogen bonding contributes to the uniformity and stability of the composite. The formulation was tested 

with different amounts of carboxyethyl acrylate (CEA) (Table 2-2) without BC to review the mechanical 

properties of the matrix and miscibility with the BSEP prepolymer solution (Fig. 2-4).  The prepolymer 

solutions were obtained by the method described above and shows CEA can effectively strengthen the 

BSEP matrix. BS80, which contained no CEA, has an elongation at break of 191% and a tensile strength 

of 0.26 MPa. The addition of CEA results in an increase in tensile strength from 2.5 MPa (CEA5) to 4.5 
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MPa (CEA15) as more CEA is introduced. All samples had an elongation at break of about 900%, showing 

the addition of CEA improves the strength of BSEP. CEA10 had a resulting tensile strength of 3.5 MPa 

and strain of 890%. When compared with the BS80, CEA10 strengthened the BSEP matrix and was 

miscible in the BSEP prepolymer solution. CEA10 was used as the BC-BSEP matrix 

 

Figure 2-4. Tensile stress-strain behavior of BSEPs in the soft state with different amount of CEA at  

40 oC.  
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2.3.4 BC-BSEP composite 

The BC-BSEP composite materials were fabricated with different filler content based on the procedure 

mentioned previously. BC-BSEP composites were tested with four different weight % of BC loaded into 

the BSEP matrix with filler content of around 4.7 wt% (BC-BSEP-1), 8.2 wt% (BC-BSEP-2), 16.7 wt% 

(BC-BSEP-3), and 23 wt% (BC-BSEP-4), respectively. The SEM images of the composite reveal that the 

BC fibers are deeply embedded in the BSEP matrix in a uniform manner (Fig. 2-5a-b). 

 

Figure 2-5. a) SEM images of the cross section from a BC-BSEP composite. b) A closer view of the 

cross section showing BC nanofibers deeply embedded in the BSEP matrix.  

The tensile stress-strain behavior and modulus change of the BC-BSEP composite were conducted on 

fully softened (immersed in water heated to 50 °C) BC-BSEP composite materials (Fig. 2-6). The BC-

BSEP-1 showed the tensile strength and strain at break of 0.32 MPa and 974% respectively. As more BC 

was introduced, 23 wt% for BC-BSEP-4, the tensile stress and strain decreased to 0.24 MPa and 313%, 

respectively. Overall, as the loading of BC increases, the mechanical toughness decreases. This 

phenomenon can be attributed to the water absorption of BC fortifying the filler dilution effect. 
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Notwithstanding, BC-BSEP-1, BC-BSEP-2, and BC-BSEP-3 exhibit high elongation with high tensile 

strength due to the added CEA, contributing flexible hydrogen bonding within the matrix and with BC 

hydroxyl groups. 

 

Figure 2-6. Tensile stress-strain behavior of BC-BSEPs in the soft state with different filler content in 

water at 50 °C. 

The storage modulus was measured on a dynamic mechanical analyzer to determine the strengthening 

effect of the BC network within the BSEP matrix. The resulting storage moduli show significant 

reinforcement effect of the BC percolating network resulting from strong fiber-fiber interaction. The 

moduli ranged from 200 MPa for neat BSEP to 1.5 GPa for BC-BSEP-4 (Fig. 2-7). The 5-fold increase in 

modulus results from the strong reinforcement provided by hydrogen bond interactions among BC 
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nanofibers. In the soft state, the composite was immersed in hot water (50 °C) for 10 minutes, the storage 

modulus also exhibited an increase from 14 kPa (neat BSEP) to 69 kPa (BC-BSEP-4). This discrepancy 

could arise from inherent incompatibility between BC and BSEP, resulting in the incomplete penetration 

of water through the hydrophobic channel, allowing remaining BC fiber-fiber interactions to increase 

mechanical stiffness.  

 

Figure 2-7. Storage modulus comparison of BS-BSEP composites in the rigid (dry and low temperature) 

and soft (wet and high temperature) state. 

The change from rigid-dry to soft-wet state of the composite results in an ultra-wide change in stiffness 

proving the response to both temperature and water. Both phases in the composite are stable and 

sustainable under the necessary conditions demonstrated in Figure 2-8. The moduli were tested for BC-

BSEP-3 at room temperature and dry (RT-dry), room temperature and wet (RT-wet), elevated temperature 
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and dry (HT-dry), and elevated temperature and wet (HT-wet) to compare mechanical properties. As 

demonstrated by Figure 2-8, the composite has a modulus of 900 MPa at room temperature (RT-dry). 

When wet, the modulus decreases to 114 MPa (RT-wet) indicating the BC percolating network hydration 

and nullification. At elevated temperature and dry state, the modulus decreased to 77 MPa (HT-dry). The 

difference in the modulus is due to the melting of the crystalline domains of the SA and HA within the 

BSEP matrix, but the reinforcement of percolating network from the BC persists even at elevated 

temperature. With the combination of water and temperature the BC network begins to weaken, and the 

percolating network absorbs water to drastically reduce the modulus to 38 kPa. The ratio of modulus 

changes from RT-dry (900 MPa) to HT-wet (38 kPa) is 24,000:1. Compared to VSP materials of similar 

character, with ratios as high as 5000:1,56, 57 this ratio far exceeds what has been done with cellulose 

composites. The composite in the RT-dry state can cut through a piece of printer paper. It can also poke 

into an agar gel in hot water if the operation was done quickly. Leaving the composite in the hot water for 

7 minutes, it will become too soft to penetrate the soft agar gel in hot water. After leaving it to dry in air, 

the composite returns to the rigid state and can again cut the paper.   
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Figure 2-8. The storage modulus measurement of BC-BSEP-3 in room temperature-dry state, room 

temperature-wet state, high temperature-dry state, and high temperature-wet state. 

 

2.3.5 Biocompatibility of BC-BSEP composite 

The biocompatibility of the composite was further characterized for potential use in the biomedical field. 

Bacterial cellulose is a well-known, biocompatible material,78 tests were conducted on the BSEP matrix 

and BC-BSEP composite (Fig. 2-9). Figure 2-9 shows BSEP neat (top) and BC-BSEP (bottom) in a 

Live/Dead cell assay. The assay determines biocompatibility by observing cell growth and death when 

exposed to the material. Both materials showed distinct cell growth after seeding. This result is indicative 
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of polymer materials that are biocompatible and will not cause cell death. The existence of dead cells is 

due to the natural cell growth cycle, which can also be observed in other biocompatible materials.  The 

biocompatibility, in combination with large-range stiffness tunability, grants the BC-BSEP composite the 

opportunity to be used in biomedical applications. One possible application is to substitute traditional 

cortical probes which are made from intrinsically rigid materials like silicon or polyimide for easy 

penetration into brain. The traditional probe has large mechanical mismatch between brain tissue and 

implant, which can cause inflammation, long term damage, and scar tissue generation. Additionally, this 

material could be used as a tissue scaffold for small, difficult to reach places. When the transition 

temperature of BSEP matrix is tuned to body temperature, the dual-stimuli responsive nature is suitable 

for human body environment. In the rigid state, the BC-BSEP composite can be stiff enough to penetrate 

through the different body tissues. The physiological environment of human body will then soften the 

material to match the mechanical property of the tissue, which reduces immune response and scar tissue 

formation for more stable, long term lifetime. 
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Figure 2-9. Representative fluorescent staining images of live (green) and dead (red) assay of NIH3T3 

cells 3 days after cell seeding on BSEP matrix a) and BC-BSEP composite b). Scale bar = 100 µm. 

 

2.4. Conclusion 

Several composite materials utilizing dual-stimuli response with an ultra-wide tunable stiffness range were 

fabricated. The hydrophobic BSEP matrix combined with the hydrophilic BC percolating network 

warranted a modified fabrication process to ensure uniform compositions. The BC percolating network 

contributed to an increase in the modulus at room temperature, while the BSEP matrix contributed a large 

modulus differential when heated. With the dual activated stiffness response to water, nullifying the BC 

contribution, and temperature, to soften the BSEP matrix, the modulus of the BC-BSEP composite can be 

tuned 24,000 times. A storage modulus of nearly 1 GPa dry at room temperature, decreases to around 40 

kPa, wet at 37 °C. The composite exhibits excellent mechanical strechability with maximum elongation 
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of over 600% and tensile strength of 0.3 MPa. The composite also passes the biocompatibility test for 

potential biomedical applications.  
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Chapter 3. A dielectric elastomer with high strain and rapid response 

3.1.  Background of the study 

Dielectric elastomers (DEs) are a class of polymer smart materials that transduce electrical energy into 

mechanical energy to provide large actuation strain and rapid response speed. 26, 52, 53, 84, 85 DEs not only 

have similar energy density to natural muscle, but they can also exhibit large actuation strain and high 

response speed which has earned them the moniker “artificial muscles”. 86 As a result, DEs have 

tremendous potential in not only soft robotics applications, 34, 87, 88 but also soft motors, 89 diffraction 

gratings, 90, 91 vibration control, 92, 93 and haptic feedback devices. 55, 94, 95 In comparison with other 

actuation technologies, they are light weight and exhibit large electromechanical strain, high energy 

density, high coupling efficiency, fast response speed, and silent operation. 96 

3.1.1. Dielectric elastomer principles 

Dielectric elastomer actuators (DEAs) act as flexible capacitors that generate mechanical work in response 

to an applied electric field. For electromechanical actuation, a DE film is sandwiched between two 

compliant electrodes. When a voltage is applied, an electric field is generated within the film, and the 

electrostatic interaction between the electrodes compress the film, expanding it in area (Fig. 3-1). The 

working model describes the Maxwell stress, p, as the effective compressive stress produced from the 

compression of the actuated film under an applied electric field 52 

Equation 3-1      " = $%$&'( = $%$& ) * ( 

where E is the electric field, $&is the dielectric constant of the DE material, $% is the permittivity of vacuum, 

V is the applied voltage and z is the film thickness. The electromechanical energy density, e, is often used 

for high strain, nonlinear materials, where the compressive stress, sz, is known. The electromechanical 
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energy density, 52 the amount of electrical energy converted to mechanical energy per unit volume of 

material for one cycle under constant field actuation, is estimated as 

Equation 3-2      + = −"	./ 1 + 23 = −$&$%'(	./(1 + 23) 

Based on the equations above, the important parameters used to determine DE performance and guide 

materials selection include stress-strain relationship, elongation at break, dielectric constant of the material, 

and dielectric breakdown field. When designing DEs it is important to consider elastomeric networks with 

long segment length between crosslinks, i.e., low crosslink density, tends to have high elongation at break, 

but exhibit a long plateau during elongation that is vulnerable to electromechanical instability, whereas a 

network with short segment length would have high stiffness and low actuation strain. 97 High performing 

DE materials exhibit low modulus, with high elongation at break with rapid stiffening at high strains. 

 

Figure 3-1. Dielectric elastomer actuator working principle. Adopted from Ref 53. 
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3.1.2. Current DE technology and downfalls 

The most widely used DE materials are VHB4905 and VHB4910 which are acrylic elastomers developed 

by 3MTM. These commercially available films can achieve actuation strain over 150% when prestretched. 

However, for DEA applications, the material must be prestretched to achieve large actuation 

performance.52 Prestretching applies uniform strain prior to actuation to suppress the electromechanical 

instability, improve breakdown strength, and improve energy density. Without prestretching, VHB cannot 

achieve actuation over 33% strain. 52 Prestretching limits the material applications by reducing the shelf-

life of the DE and complicating the fabrication by requiring a rigid frame to maintain the stretch thus 

limiting its applicability, particularly in soft robotics. Prestretch can also lead to stress concentrations 

causing non-uniform actuation, rapid fatigue, and premature failure from crack propagation. 98 

Furthermore, the response speed of acrylic elastomers is limited to under 5 hertz at large strains due to its 

high viscoelasticity. Other DE materials, such as silicone elastomers, have low viscoelasticity but exhibit 

lower maximum strains and energy density due to their low maximum stable operable field. Advances in 

DE materials such as bottle-brush polymers with ultralow stiffness, 99, 100 silicone elastomers with 

enhanced dielectric constants 64, 101, 102 have partially improve actuation performance of DEAs. Despite 

these efforts, the field still lacks a material that does not require prestretching and exhibits both high 

actuation strain and rapid response. 

3.1.3. New DE material with high performance 

In this work, we introduce a new bimodal dielectric elastomer that exhibits high actuation strain, fast 

response, and low viscoelasticity that does not require prestretching. This material utilizes a short chain 

crosslinker with a long chain crosslinker to create an interpenetrating polymer network with high tensile 

strength, high elongation at break, and rapid stiffening at high strain. Diluents were added to improve 

mechanical and electromechanical performance by lowering the viscoelasticity and increasing the 
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toughness of the material. The new DE exhibits electromechanical properties similar to VHB with 

maximum actuation near 200% strain with a resulting energy density is 3.48 MJ/m3 and Maxwell stress 

of 3.2 MPa. The material exhibited response speeds as fast as 10 Hz with actuation response over 100% 

strain at 2 Hz.  

3.2.  Experimental design 

3.2.1. Raw materials 

Urethane diacrylate (UDA, catalog name: CN9021), isodecyl acrylate (IDA) and isobornyl acrylate 

(IBOA) were obtained from Sartomer Company and used as received. Butyl acrylate (BA), acrylic acid 

(AA), neopentyl glycol propoxylate diacrylate (PNPDA), poly (propylene glycol) acrylate (PPGA), 

isopropyl alcohol (IPA),  poly(acrylic acid) solution (Mw ̴ 100,000, 35 wt % in H2O),    benzophenone 

(BP) and 2,2-dimethoxy-2-phenylacetophenone (DMPA) were purchased from Sigma Aldrich and used 

as received.  

 

3.2.2. Preparation of DE prepolymer solution and thin film fabrication 

Each prepolymer solution was weighed out according to wt % predetermined ratios and mixed overnight. 

The pre-polymer solution was then spincoated onto a poly (acrylic acid) 5% solution in IPA (PAA) coated 

glass substrate. The PAA coating acts as a sacrificial layer. The prepolymer solution coated on the glass 

was then UV cured on a UV curing conveyor equipped with 2.5 W/cm2 Fusion 300s type “h” UV curing 

bulb for 2 passes at a speed of 6 ft/min. The glass with the film still coated on it was affixed to an acrylic 

frame (1/16in thick, 0.8in x 2.5in opening) with double sided tape. The outside of the glass was also taped 

to the frame and submerged in a water bath. After 1 hour, the film peeled off the glass and left to dry for 
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at least 1 hour. Once completely dry, the film was coated (cotton swab) on both sides of the film with a 

thin layer carbon grease (NyoGel 756G, Nye Lubricants) as compliant electrodes. 

 

3.2.3. Dynamic mechanical analysis 

Mechanical properties were measured on a TA Instruments RSAIII dynamic mechanical analyzer 

(DMA). Dynamic temperature sweep tests were conducted at a temperature ramping rate of 2 °C/min 

and a frequency of 1 Hz from -50 to 100 °C with samples of 8 mm wide and 50 µm thick loaded onto 

the DMA with a 10 mm gap between the thin film grips. The maximum elongation strain of the samples 

were obtained at room temperature with a stretching rate of 0.5 mm/s. The tested samples used were 8 

mm wide and 50 µm thick with a 6 mm gap between the thin film grips of the DMA. Samples were 

measured in triplicate at least.  

 

3.2.4. Permittivity measurement 

Elastomer materials of known thickness were coated in carbon grease to form circular electrodes with 

diameter 0.3 inches. Capacitance was measured using GwInstek LCR-819 LCR meter at 1 V excitation 

and 12 Hz-100 kHz frequencies. Relative permittivity ɛ was calculated by:  

Equation 3-3     ɛ = 7*/ɛ%9 

Where C is the measured capacitance, z is the thickness of the elastomer film, ɛ0 is the vacuum permittivity, 

and A is the effective area. 

 

3.2.5. DE actuation measurement 

The electrode coated elastomer films were attached to a diaphragm chamber made of aluminum with a 
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0.333mm circular opening onto with the DE films were attached. A positive air pressure was applied 

such that when the films were actuated, they would deform out of plane to form a raised dome. The 

active area of the DE films was flat and circular with a diameter of 0.3 mm, before actuation. A high 

voltage supply was used to drive the actuation. A digital camera was used to record the actuation of the 

DE films. The actuation strain was measured from the video frame-by-frame through MATLAB image 

processing tools and calculated using an equation for the surface area of a dome. 

Equation 3-4    2: =
;<=>< ?(;@<=>@<)

(;@<=>@<)
 

Where h is the height of the dome and R is the radius. The strain values at each voltage were calculated 

after a constant driving voltage at 0.1 Hz. The frequency of the voltage was then increased to 0.5 Hz up 

to 50 Hz. The applied electric field was calculated by dividing the applied voltage by the instantaneous 

thickness of the elastomer film at maximum strain. At least three samples were tested for each formulation. 

3.3.  Results and Discussion 

3.3.1. Design principles of new DE materials 

New dielectric elastomer materials were designed to optimize actuation strains and dielectric breakdown 

field without prestretching to ensure high actuation performance and rapid response at high frequencies. 

A short-chain difunctional acrylate crosslinker and a long-chain difunctional acrylate crosslinker were 

chosen to form a bimodal interpenetrating base matrix network. The bimodal network combines the high 

elongation at break of low crosslink density (long-chain) with the stiffness exhibited by high crosslink 

density elastomers (short-chain) to suppress electromechanical instability while retaining elasticity. These 

base components were formulated with additional mono-functional reactive diluent species (Table 3-1) 

for quick reactivity and to precisely control the mechanical properties of the DE. The diluents introduce 
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additional bonding between crosslinks to control the crosslink density and lower the modulus of the 

material. Urethane diacrylate (UDA, CN9021) was used as a flexible long-chain crosslinker with a high 

molecular weight for high elasticity and create part of the bimodal base crosslinked polymer matrix. 

Propoxylated neopentyl glycol diacrylate (PNPDA) was used as a short chain crosslinker to adjust the 

mechanical and electromechanical properties of the material by adjusting the crosslink density of the 

bimodal base matrix. Butyl acrylate (BA), isodecyl acrylate (IDA), and poly(propylene glycol) acrylate 

(PPGA) were used as monofunctional softening diluent materials to lower the viscosity of the prepolymer 

solution, and lower the modulus of the material. Isobornyl acrylate (IBOA) was used to improve the 

toughness of the polymer by introducing additional secondary bonding. Acrylic acid (AA) was used to 

lower the viscoelasticity by introducing hydrogen bonding. 2,2-dimethoxy-2-phenylacetophenone 

(DMPA) and benzophenone (BP) were used as co-photoinitiators. Each new DE, with monikers P(10)-

BA(13), P(10)-IDA(13), P(10)-PPGA(13), and AA(2.5), contained 10 wt% PNPDA, 70 wt% UDA, 13 

wt% BA, IDA, or PPGA, 5 wt% IBOA, 1 wt% DMPA and 0.5 wt% BP with an additional AA  in 2.5 wt % 

only for AA(2.5). 
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Table 3-1 Chemical structures of formulation components and materials selection of new DE polymer 

materials 

 

3.3.2. Permittivity determination of new DEs 

The dielectric constant of the material was determined to ensure it is sufficient for use within DEAs. The 

capacitance was measured and permittivity was calculated from Equation 3-3 to be 3.18 and 2.8 for 

AA(2.5) and 3.58 and 2.9 for P(10)-BA(13) at 12 Hz and 1kHz, respectively. Nominal VHB4905 has been 

reported with a permittivity of 4.2 at 1kHz. The corresponding permittivity of new DEs are well within 

the range for DE materials, with values similar to silicone elastomers, specifically Dow Corning HS3 and 

Nusil CF19-2186 with dielectric constants of 2.8. 52 

 

 



52 
	

3.3.3. Mechanical properties of new DEs 

 

Figure 3-2. Mechanical properties of new DEs a) tensile stress-strain properties of four different 

formulations with four different diluents b) modulus as a function of temperature for AA(2.5) and P(10)-

BA(13) c) tan delta as a function of temperature for AA(2.5) and P(10)-BA(13). 

Dynamic mechanical analysis (DMA) was done to determine the mechanical properties of the several new 

DE materials (Fig. 3-2a). Four formulations were tested, P(10)-BA(13), P(10)-IDA(13), P(10)-PPGA(13), 

and AA(2.5), for tensile stress-strain properties looking for a rapid rise in the stiffness at high strain. The 

two materials with the lowest tensile strength and elongation at break were P(10)-IDA(13) and P(10)-

PPGA(13) with tensile strength of 1.3 MPa and 4.5 MPa, respectively and strain of 98% and 109%, 

respectively (Fig. 3-2a). P(10)-IDA(13) had a slight rise in the stiffness at higher strain, but P(10)-
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PPGA(13) had a higher slope, thus more pronounced stiffening. The two highest performing materials 

had similar tensile strengths of 7.3 MPa for P(10)-BA(13) and 7.1 MPa for AA(2.5) (Fig. 3-2a). In addition 

to the tensile stress-strain test, both materials underwent a temperature ramp test to measure the modulus 

and tan delta as a function of temperature. At room temperature, the DEs had similar moduli of 1.67 MPa 

and 1.54 MPa for P(10)-BA(13) and AA(2.5), respectively (Fig. 3-2b). When compared to the modulus 

and tensile strength of VHB, 0.5 MPa and 0.85 MPa, respectively, the new DE materials have a superior 

properties. This is likely due to the strong intermolecular bonds formed by the interpenetrating bimodal 

network of PNPDA and UDA. One significant attribute when determining the potential response speed in 

the two formulations is the viscoelasticity, as quantified by tan delta. A viscoelasticity below 0.5 indicates 

a higher contribution of elastic behavior, which is ideal for actuation at higher frequencies. The tan deltas 

for the new DEs were determined as 0.38 for P(10)-BA(13) and 0.2 for AA(2.5) (Fig. 3-2c).  Both 

materials exhibit a larger contribution of elastic behavior, with AA(2.5) having more elastic behavior as 

evidence by the lower tan delta. 

 

3.3.4. Static actuation performance of DEs 

The actuation performance of these materials was characterized by actuation on a diaphragm to limit 

wrinkling of the film. The films were spincoated onto treated glass and cured in air under UV light to 

quickly screen optimized formulations. The four DEs were tested were P(10)-BA(13), P(10)-IDA(13), 

P(10)-PPGA(13), and AA(2.5) using carbon grease electrodes with an applied voltage ranging from 0.5 

kV to 5 kV or until failure. Actuation performance was measured in static actuation tests (Fig. 3-3a), where 

the material had a constant voltage applied for 5 seconds, to test the actuation stability, and characterized 

by Equation 3-4. Actuation performance for P(10)-IDA(13) was lowest compared with the other diluent 

materials, with an actuation strain of 125 ± 4.5 % and nominal dielectric breakdown field of 109 ± 4.9 
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V/µm. P(10)-PPGA(13) had high actuation over 150 ± 18.9 % strain, however the breakdown field was 

108 V/µm, lower than P(10)-IDA(13) with high inconsistency. The materials with the highest, most 

consistent performance were P(10)-BA(13) and AA(2.5). P(10)-BA(13) had highest actuation of each 

formulation with strain of 189% and nominal breakdown field of 135 V/µm. BA proved to be the best 

diluent material, by far, likely due to the short, flexible side chain compared to the longer side chains of 

the other two diluent materials. The formulation with the highest nominal field was AA(2.5) at 151 ± 4.9 

V/µm, with a maximum strain of 188 ± 4.5 %. P(10)-BA(13) and AA(2.5) had very similar actuation 

performance. A visualization of the dome formed by the actuated material can be seen in Figure 3-3b. The 

AA(2.5) sample was actuated at 4.5 kV with a resulting strain of 188% using a carbon grease electrode. 

The material has very stable actuation, even at high voltage, with high actuation strain and high breakdown 

field. 
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Figure 3-3. a) Static actuation performance of four formulations with different diluent materials b) 

Images of dome shape formed when AA(2.5) is actuated at 4.5 kV. 

 

3.3.5. Cyclic actuation performance of DEs 

The highest performing formulations of AA(2.5) and P(10)-BA(13) were tested for frequency response at 

2 Hz. Figure 3-4 shows over 110% average actuation strain of AA(2.5) at 2 Hz and P(10)-BA(13) with an 
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average of about 75% strain. Although these materials have similar static actuation character, when high 

frequencies are applied, AA(2.5) shows better performance than P(10)-BA(13). This is due to the 

difference in the viscoelasticity. AA(2.5) has a tan delta of 0.2 and P(10)-BA(13) has a tan delta of 0.38. 

The tan delta relates to the viscoelasticity of the material and is indicative of the response speed. The 

closer to 0.1 the material tan delta, the more elastic and the faster the response speed, thus a higher strain 

when actuated at high frequencies. AA(2.5) has a lower viscoelasticity, thus a faster response speed, and 

higher actuation strain at 2 Hz. When comparing the actuation performance of AA(2.5) at 2 Hz (110%) to 

static actuation at the same voltage (140%) the material actuation recovery at high frequency is 78%, 

showing high elastic performance and rapid response speed. 

 

Figure 3-4. Frequency response of AA(2.5) and P(10)-BA(13) at 2 Hz. 
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3.3.6. Comparison of DEs to VHBTM 

The actuation performances of AA(2.5) and P(10)-BA(13) were compared to 300% biaxially 

prestretched VHB4905 with carbon grease electrodes. When comparing AA(2.5) to VHB (Fig 3-5a), 

actuation strain of AA(2.5) at 188 ± 4.5 % and P(10)-BA(13) at 189%, VHB is much lower, at 163%. 

The highest preforming AA(2.5) can achieve actuation strain far beyond 300% biaxially prestretched 

VHB with actuation strains near 200% without prestretch. The nominal electric field of AA(2.5) is 

higher than VHB at 151 ± 4.9 V/µm , whereas VHB has a field of 110 V/µm. Additionally, as seen in 

Figure 3-4, AA(2.5) can also achieve actuation over 100% strain at 2 Hz, which VHB cannot achieve 

without modification.  This indicates AA(2.5) can withstand higher fields, achieve similar actuation 

compared, and actuate at high frequencies than VHB without prestretching.  

The maximum energy density and Maxwell stress were calculated based on Equation 3-2 and Equation 

3-1, respectively. AA(2.5) had a maximum energy density at 3.48 MJ/m3, slightly higher than VHB, 

which has a maximum energy density of 3.4 MJ/m3. 52 The Maxwell pressure generated by the new 

materials are very similar, with the exception of P(10)-BA(13), which had the lowest compared Maxwell 

pressure at 1.6 MPa. AA(2.5) was comparable to VHB with maximum of 3.2 MPa for AA(2.5) and 3.5 

MPa for VHB4905 300% biaxially prestretched. The difference in Maxwell pressure could be attributed 

to the lower dielectric constant in the new DE materials. However, AA(2.5) did not require prestretch 

and achieved a high Maxwell pressure, whereas VHB required 300% biaxial prestrech to achieve nearly 

the same pressure.  
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Figure 3-5. a) Static actuation of AA(2.5) and P(10)-BA(13) compared to 300% biaxially prestretched 

VHB 4905. b) Comparison of the Maxwell pressure of AA(2.5) and P(10)-BA(13) to VHB 4905 300% 

biaxially prestretched. Information for VHB 4905 adopted from Ref 96. 

 

3.4.  Conclusion 

In conclusion, a new dielectric elastomer was synthesized with properties similar-to and better-than 

prestretched VHB without prestretching.	Several new dielectric elastomers were synthesized for optimized 

actuation performance and all achieved actuation over 100% strain and breakdown fields over 100 V/ µm. 

From the materials developed, two showed actuation performances similar to 300% biaxially prestretched 

VHB, without prestretching. These materials exhibited static actuation performance of nearly 200% strain, 

exceeding 300% biaxially prestretched VHB. AA(2.5) showed Maxwell pressure and energy density 

similar to prestretched VHB with a pressure of 3.2 MPa and energy density of 3.48 MJ/m3. Lastly, AA(2.5) 

showed excellent response speed with actuation over 100% at 2 Hz, far exceeding the capability of VHB. 
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Overall, AA(2.5) exhibited high actuation strain and high pressure similar to VHB, with rapid response 

without the requirement of prestretch. 
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Chapter 4. Synthesis and comparison of three BAB triblock copolymers featuring 

poly (ethylene glycol) and poly (stearyl acrylate) using RAFT polymerization 

4.1. Background of the study 

Block copolymers (BCP) consist of two or more homopolymer materials covalently linked together. In 

some cases these two blocks are amphiphilic, in which one homopolymer is a water-soluble hydrophilic 

block and one is a water-insoluble hydrophobic block. These covalently bonded dissimilar materials yield 

a combination of distinct properties within the macromolecule for unique nanoscale formations that lead 

to macroscale properties. BCPs have been used as rubber materials, 103–105 biomedical assemblies, 106, 107 

surfactants, 108 coatings, 109 nanolithography, 110 and more. 111, 112 

 

4.1.1. Triblock copolymers 

Several types of triblock copolymer exist, ABA, BAB, and ABC. These different alphanumerical systems 

represent block formations where A represents the solvophilic block, B represents the solvophobic block, 

and C represents an additional block of a third homopolymer that can be either solvophilic or solvophobic. 

These different formations result in very different nanostructure and self assembly. The most common 

type of triblock is ABA which forms corona-core micelles, where B blocks aggregate within a shell of A-

block tails. However, BAB triblock copolymers offer a different self-assembly that can be beneficial in 

resulting mechanical properties. BAB copolymers in A selecting solvents form a flower-like micelle in 

which the A middle-block forms a shell around the dangling B-block ends (Fig. 4-1). In some cases, a 

dangling end of a B-block occurs, branching the micelle aggregated for interconnected micelles, in which 

two different B-blocks can incorporate into different micelle cores. 113 This bridging results in additional 

entanglements that lead to interesting thin film properties. 
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Figure 4-1. Morphology of symmetrical amphiphilic BAB triblock copolymers in A-selecting solvent. 

Adopted from Ref 113. 

4.1.2. RAFT polymerization 

Reversible addition-fragmentation chain-transfer polymerization (RAFT) is a type of “living” 

polymerization often used to synthesize block copolymers. Typical free radical polymerization techniques 

yield a wide range of number average molecular weights with a high polydispersity index. RAFT 

polymerization process begins with a chain transfer agent, typically containing thiocarbonylthio groups, 

then utilizes a thermal initiator, such as 2,2’-azobisisobutylnitrile (AIBN) to produce radicals. RAFT is 

considered controlled free radical polymerization because it cannot occur without an external supply of 

radicals from an initiator and “living” due to the potential for chain reinitiation. The RAFT mechanism is 

such that individual polymer chain growth begins at the same time equilibrium is achieved, key to 

obtaining good control of molecular architectures, low polydispersity index (PDI), and high number 

average molecular weight. Additionally, RAFT chain transfer agents can be designed and modified for 

multiple initiation cites to form symmetrical block-copolymers or other complex symmetric architectures.  
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4.1.3. Synthesized BAB triblock copolymers  

We introduce three BAB copolymers with poly (ethylene glycol) (PEG) and stearyl (acrylate) (PSA) with 

different lengths of PSA. The BAB triblock copolymer consists of a poly (ethylene glycol) (Mn=100,000 

g/mol) (PEG100K) A- block synthesized as a double sided macro-RAFT chain transfer agent flanked by 

a poly (stearyl acrylate) (PSA) B-block. Three different lengths of poly (stearyl acrylate) were added to 

the double-sided macro RAFT chain transfer agent (DDMAT-PEG) synthesized with a degree of 

polymerization of 100 (50 on each side), 200 (100 on each side), and 400. The polymer combines the 

flexibility of PEG with the crystallization characteristics of stearyl acrylate for maximum stiffness. The 

crystallization contributes to high stiffness in the rigid state at room temperature, then melts to viscous 

liquid at elevated temperature (around 70 ºC). The polymer has a modulus at room temperature of 1 GPa 

and reversibly transitions from a stiff film to a viscous liquid. The polymer also exhibits amphiphilic 

behavior wherein it is soluble in both water and chloroform. 

 

4.2.  Experimental design 

4.2.1. Raw materials 

Poly (ethylene oxide) Mn=100,000 g/mol, 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(DDMAT), 4-dimethylainopyridine (DMAP), dicyclohexylcarbodiimide (DCC), 2,2′-Azobis- 

(isobutyronitrile) (AIBN), and octadecyl acrylate were purchased from Sigma Aldrich and used as 

received. Dichloromethane and toluene were purchased form Fisher Scientific and used as received. 

 

4.2.2. Proton nuclear magnetic resonance (H NMR) 

Copolymers composition and microstructure were determined by NMR spectroscopy. 1H NMR spectra 
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were recorded in chloroform-d1 (CDCl3) using a Bruker AV400 spectrometer operating at 400 MHz. The 

sample solutions were prepared by dissolving dried polymer in CDCl3 in 5 mg/mL concentration. 

4.2.3. Gel permeation chromatography (GPC) 

The number- average molecular weights (Mn) of copolymers were determined by GPC, using a Shimadzu 

i-Series Plus that was equipped with a set of one 5 cm styrene column with two 30 cm columns in series. 

A Wyatt Optilab Rex differential refractometer and a Dawn Eos (Wyatt Technology Corporation) laser 

photometer (MALS) were used as detectors. The measurements were conducted at 40 °C. The dn/dc 

increment of the refractive index of 0.0562, 0.0646, and 0.0685 mL g-1 were used for PSA50-PEG-PSA50, 

PSA100-PEG-PSA100, and PSA200-PEG-PSA200, respectively. Tetrahydrofuran (THF) was used as 

eluent at a flow rate of 0.7 mL min-1.  

 

4.2.4. Fourier transform infrared (FTIR) spectroscopy 

Fourier transform infrared (FTIR) spectra were measured with a Jasco 420 FTIR spectrometer. The spectra 

were obtained by adding 32 scans at a resolution of 4 cm-1. 

 

4.2.5. Differential scanning calorimetry (DSC) 

Differential scanning calorimetry (DSC) analyses were performed under a nitrogen atmosphere at heating 

and cooling rates of 5 °C min-1, respectively, on a Perkin Elmer DSC 800. The measurements were 

performed from 0 °C to 100 °C for the three triblock copolymers.  

 

4.2.6. Dynamic mechanical analysis (DMA) 

Mechanical properties were measured on a TA Instruments RSAIII dynamic mechanical analyzer 
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(DMA). Dynamic temperature sweep tests were conducted at a temperature ramping rate of 3 °C/min 

and a frequency of 1 Hz from 25 to 70 °C with samples of 5 mm wide and ∼0.1 mm thick loaded onto 

the DMA with a 10 mm gap between the thin film grips. The maximum elongation strain of the rubbery 

copolymers were obtained at 70 °C at a stretching rate of 7.0 mm/s. The tested samples used were 5 mm 

wide and 100 µm thick with a 6 mm gap between the thin film grips of the DMA.  

 

4.2.7. Scanning electron microscopy (SEM) 

The morphology of obtained microparticles and nanospheres were monitored via scanning electron 

microscopy (SEM). The images were taken with a JEOL Scanning Electron Microscope (Model JXA-

8230) in high-vacuum mode at an acceleration voltage of 5 kV. Samples were coated with a gold 

conductive layer, ∼10 nm thick, using a sputter coater (Anatech Hummer 6.2 Sputter Coater).  

 

4.2.8. Synthesis of macro-RAFT chain transfer agent 

A PEG based macro-RAFT chain transfer agent (DDMAT-PEG) was synthesized by esterification using 

the methods described by Liang 114 with slight modification. The reaction was carried out under argon in 

by dissolving PEG100K (15 g, 1eq) and 2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

(DDMAT) (0.164 g, 3 eq) RAFT chain transfer agent in 50 mL of dichloromethane. The solution was 

stirred under argon at 0 ºC for 20 min. After 20 min, a solution of 4-dimethylainopyridine (DMAP) (0.007 

g, 0.4 eq) and N,N’-dicyclohexylcarbodiimide (DCC) (0.123 g, 4 eq) dissolved in 50 mL of 

dichloromethane was added dropwise to the flask (Scheme 4-1). The reaction was then stirred at room 

temperature for 48 hours. The contents of the flask was dried by rotary evaporation and the light yellow 

product was precipitated by adding an excess of diethyl ether to the filtrate two times. The product was 
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then washed twice by centrifugation (8000 rpm for 15 min) in excess acetone. The resulting product was 

dried under vacuum and the structure was proven by 1HNMR spectroscopy.  

 
Scheme 4-1: Synthetic process for PEG-based macro-RAFT chain transfer agent, DDMAT-PEG 

 
 

4.2.9. Synthesis of three PSA-PEG-PSA triblock copolymers 

To synthesize three BAB triblock copolymers, the DDMAT-PEG macro-RAFT chain transfer agent (3 eq) 

was dissolved in a 2:1 mixture of toluene and dichloromethane with 2,2’-Azobis(2-methylpropionitrile) 

(AIBN) (2 eq) and stearyl acrylate (1000 eq, 2000 eq, and 250 eq) (Scheme 4-2). The solution was added 

into a Schlenk flask and deoxygenated by three consecutive freeze-pump-thaw cycles. The reaction was 

then heated to 65 ºC for 18 hours. The reaction was then immediately cooled, and the solvent was 

evaporated via rotary evaporation and vacuum drying. The polymer (PSAx-PEG-PSAx) structure was 

characterized by 1HNMR spectroscopy, gel permeation chromatography (GPC), Fourier transform 

infrared (FTIR) spectroscopy, and differential scanning calorimetry (DSC). The polymer thin film was 

characterized by dynamic mechanical analysis (DMA), optical microscopy, and scanning electron 

microscopy (SEM) 

 

Scheme 4-2: Synthetic process for BAB Triblock PSAx-PEG-PSAx 
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4.3. Results and Discussion 

4.3.1. Proton nuclear magnetic resonance (H NMR) 

1HNMR spectroscopy was performed to confirm synthesis of both the DDMAT-PEG macro-RAFT chain 

transfer agent (Fig. 4-2) and PSAx-PEG-PSAx RAFT BAB triblock copolymer (Fig. 4-3). DDMAT-PEG 

macro-RAFT agent (Fig. 4-2) contains a peak at ∂ 3.67 ppm corresponding to the methylene protons of 

PEG group [-CH2-CH2-O-]. The dodecyl segments from the chain ends have a chemical shift at ∂ 1.28 

ppm. The methyl end group protons from the dodecyl chain have a chemical shift of ∂ 0.90 ppm. The 

methyl peaks from –C(CH3)2- segment have a chemical shift of ∂ 1.72 ppm. The ratios between H1,2 and 

H6 is consistent with the theoretical prediction and the spectra confirms formation of DDMAT-PEG 

macro-RAFT agent.  

 

Figure 4-2.  DDMAT-PEG100K 1HNMR in chloroform-d1 
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Figure 4-3 overlays each of the three BAB triblock copolymer 1HNMR spectra for a direct comparison of 

chemical shifts. The presence of PEG is indicated by the large peak at ∂ 3.67 ppm corresponding to the [-

CH2-CH2-O-] methylene groups. The peak at ∂ 4.0 ppm appears and increases corresponding to the 

methylene protons adjacent to the oxygen atom of PSA. The peaks at ∂ 0.9 ppm corresponds to the methyl 

groups in PSA and dodecyl methyl end groups. The peaks at ∂ 1.28 ppm correspond to the alkyl chain 

methylene groups in the dodecyl segments and PSA segments.  As the polymer molecular weight increases 

with additional poly (stearyl acrylate) (PSA) segments, peaks at 2.25 ppm and 1.6 ppm appear and increase 

corresponding to the methylene groups along the backbone of the polymer. The overlay plot displays three 

different, increasing, lengths of triblock copolymer with the same chemical makeup suggesting the 

formation of three BAB triblock copolymers containing PEG and PSA. 

 

Figure 4-3. PSA50-PEG-PSA50 (red), PSA100-PEG-PSA100 (green), PSA200-PEG-PSA200 (blue) 

1HNMR in chloroform-d1 
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4.3.2. Gel permeation chromatography (GPC) 

GPC was performed to determine the molecular weight of each synthesized polymer. It was performed in 

tetrahydrofuran (THF) using MALS light scattering. The change in refractive index with respect to the 

change in concentration (dn/dc) was determined by creating a standard curve with concentrations of 0.25 

mg/mL, 0.5 mg/mL, 1 mg/mL, 2 mg/mL, 4 mg/mL and 5 mg/mL. The dn/dc increment of the refractive 

index of 0.0562, 0.0646, and 0.0685 mL/g were used for PSA50-PEG-PSA50, PSA100-PEG-PSA100, 

and PSA200-PEG-PSA200, respectively. The GPC results can be seen in Table 4-1. The GPC results were 

consistent with the predicted results, except in the case of PSA50-PEG-PDSA50, with a determined 

molecular weight of 132,220 g/mol and PDI of 1.18. PSA50-PEG-PSA50 was formulated for a degree of 

polymerization of 50 (25 on each side), but reaction conditions resulted in higher conversion than expected. 

The polymer had twice the amount of PSA than predicted, likely due to higher reaction temperature. 

PSA100-PEG-PSA100 and PSA200-PEG-PSA200 had molecular weights of 163,400 g/mol and 238,200 

g/mol, respectively, which matched the predicted results. The PDI of each synthesized polymer was very 

low ranging from 1.13-1.18. Equation 4-1 was used to determine the molar ratio for each reaction. By 

using the desired final molecular weight minus PEG molecular weight (Mn=100,000g/mol) as the 

theoretical Mn and an assumed conversion of 60% as seen in prior iterations, the desired molar ratio was 

determined. An example calculation for the determination of PSA100-PEG-PSA100 molar ratio is given 

in Equation 4-2. The GPC results confirm the molecular weights and formation of each synthesized 

polymer with low polydispersity and high consistency.  
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Table 4-1. Gel Permeation Chromatography Results for PSAx-PEG-PSAx 

 

Equation 4-1: RAFT polymerization prediction model 

 

BC Dℎ+FG+DHIJ. =
[B]%

[M9NO]%
×	IF/Q+G2HF/	×	BR 

 

where [M]0 is the initial monomer concentration, Mi is the monomer molecular weight, [RAFT]0 is the 

initial RAFT concentration.  

 

Equation 4-2: Example of theoretical prediction for PSA100-PEG-PSA100 

 

BC	 Dℎ+FG+DHIJ. = 164800
W
XF.

− 100,000
W
XF.

Z'[ = 64800
W
XF.

 

64800
W
XF.

=
[B]%
M9NO %

×	0.6	×	324	W/XF. 

[B]%
M9NO %

= 333.33 

 

4.3.3. Fourier transform infrared spectroscopy (FTIR) 

FTIR was performed for additional characterization of the synthesized polymers and determine 

distinguishing features from PEG100K. The results of the FTIR (Fig. 4-4) confirm the presence of PSA 

and PEG in the synthesized polymers. Overall, the peaks grow with the addition of increasing amounts of 
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PSA to the PEG100K middle block. The CH2-CH2 peak (Fig. 4-5a) from 3000-2600 cm-1 is present in 

every sample due to the presence of sp3 carbons in the PEG block alkyl components but grows with the 

addition of PSA resulting from the long chain alkyl segments. The formation of a split peak, causing a 

shrinkage of what would have been a peak similar to PSA100-PEG-PSA100, in PSA200-PEG-PSA200 

can be explained by the presence of symmetric and asymmetric bonds. The splitting does not occur in 

PSA50-PEG-PSA50 or PSA100-PEG-PSA100 because the concentration of PSA is not higher enough. 

The concentration of PSA is not higher than the PEG methylene concentration and thus a split does not 

occur.  The C=O peak (Fig. 4-5b) at 1770-1650 cm-1 is another differentiating peak. There is no C=O 

bonds present in PEG100K, however, each synthesized polymer has this peak present from the carbonyl 

in the acrylate of PSA. The C=O intensity from the acrylate increases as the PSA amount increases. This 

confirms the presence of increasing amounts of PSA in the co-polymer.  

 

Figure 4-4. FTIR overlay of each synthesized triblock copolymer compared to PEG Mn=100,000 g/mol  
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Figure 4-5.  a) Zoom in of FTIR for long chain alkyl peak from 3000-2600 cm-1 b) Zoom in of FTIR 

carbonyl peak from 1770-1650 cm-1 
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4.3.4. Differential scanning calorimetry (DSC) 

DSC was performed to determine the transition temperatures of the synthesized polymers and determine 

the phase separation of the triblock copolymer. The spectra (Fig. 4-6) show two peaks, thus there is 

significant phase separation between the PSA domain and PEG domains in each synthesized polymer. In 

a BAB triblock copolymer, this is expected due to the homopolymers formed within each block. PEG100K 

has melting peak at 70 ºC, which is the melting temperature. PSA50-PEG-PSA50 has a broad glass 

transition temperature, Tg, peak from 55-59 ºC, then a large Tm peak at 65ºC. This indicates that there is 

little crystalline PSA present in the sample. This is likely caused by the much higher ratio of PEG:PSA 

resulting in little phase separation and crystallization within the PSA blocks. The shift from 70 ºC in 

PEG100K to 65 ºC for each synthesized polymer is due to the physical bonding and intertwining of the 

crystalline portions of PEG with PSA in the synthesized polymers. The same explanation can be used for 

the increase in Tm of PSA. The reported melting temperature for PSA is 31-34 ºC, 54 however, the DSC 

spectra shows 50 ºC, which is slightly higher. As the amount of PSA increases, a large endothermic peak 

at 50 ºC forms, indicating an increasing amount of PSA crystalline segments and the melting of those 

segments. Overall, the DSC spectra confirm the presence of crystalline PSA and PEG in the three 

synthesized polymers with transition temperature values as expected for triblock copolymers. 
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Figure 4-6. Differential scanning calorimetry of synthesized triblock copolymers and PEG100K 

4.3.5. Dynamic mechanical analysis (DMA) 

Dynamic mechanical analysis was performed to test the mechanical properties of the synthesized triblock 

copolymer materials. The polymer films were fabricated by dispersing the three synthesized polymers in 

a water (7 wt%) solution. PSA200-PEG-PSA200 could not be characterized due to aggregation in water. 

The solution was sonicated for 15 minutes to assist with dispersion. The solution was then dropcast onto 

untreated glass at 80 ºC. The films were left at 80 ºC for 40 minutes, with incremental temperature ramp 

down to 70 ºC for 10 minutes, 60 ºC for 10 minutes, 50 ºC for 20 minutes, 45 ºC for 20 minutes, 40 ºC for 

20 minutes, then 38 ºC for 10 minutes, and 30ºC for 10 minutes. The films were gently peeled off the glass 

slides and prepared for DMA testing. The results are outlined in Table 4-2. PEG100K has a modulus at 

room temperature of 0.745 GPa with elongation at break 356% at 70 °C. As stearyl acrylate is added in 
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increasing quantities, the modulus increases to 0.838 GPa for PSA50-PEG-PSA and 1.08 GPa for 

PSA100-PEG-PSA100. This is expected due to the stiff crystalline segments introduced by the addition 

of stearyl acrylate. The elongation at break only slightly decreases with PSA100-PEG-PSA100 to 320%. 

This shows high elasticity at elevated temperature with high stiffness at room temperature even with the 

addition of a large quantity of PSA.  

Table 4-2. Average DMA results for PSAx-PEG-PSAx 

	

 

Modulus vs temperature (Fig. 4-7) ramp was conducted to determine the transition temperatures of the 

synthesized polymers. Each polymer has a distinct initial transition temperature determined by the amount 

of poly (stearyl acrylate) present in the polymer. Both synthesized materials have a room temperature 

modulus near or over 1 GPa (Table 4-2). The first transitions occur at 46 ºC for both PSA100-PEG-

PSA100 and PSA50-PEG-PSA50. The modulus drops, then plateaus, with a second transition determined 

by the PEG segment that occurs at 65 ºC. The second decrease in modulus results in a viscous melt, with 

difficult to determine modulus in the kPa range. The transition is significantly more distinct in PSA100-

PEG-PSA100 likely due to the increase in amount of PSA resulting in an increase of crystalline segments 

of PSA. The phase separation is more distinct in this sample, leading to smaller grains, and as the PSA 

phase melts, the smaller PEG crystal segments are less mechanically stable than the larger crystalline 

segments in PSA50-PEG-PSA50, thus a sharper transition.  Overall, the materials exhibit a large change 
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in modulus from about 1 GPa down to kPa range with temperature indicating the synthesis of variable 

stiffness materials.  

Within Figure 4-7 optical images under 10x magnification and polarized light show the spherulite 

crystalline formations of the triblock copolymer. Spherulite have semicrystalline structure where highly 

ordered, crystalline lamellae regions are disrupted by amorphous regions, creating a spherical shape. This 

pattern occurs commonly in linear polymers crystallized from melt. The formation of sherulites within the 

synthesized polymers confirms the smaller crystalline segments in PSA100-PEG-PSA100, likely due to 

the higher concentration of PSA.  

 

Figure 4-7. Modulus as a function of temperature for PSA50-PEG-PSA50 (blue) and PSA100-PEG-

PSA100 (red) with optical microscope images under polarized light at 10x magnification. 
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4.3.6. Scanning electron microscopy (SEM) 

The synthesized polymers were imaged using SEM to determine the morphology and dispersion of the 

polymer materials in water as compared to PEG100K. PEG100K cast from water (10 mg/mL solution), 

shows clear spherulite crystallization (Fig. 4-8a) with large spherulites on the order of 100 µm. This is 

expected and typical crystallization patter for PEG100K. In PSA50-PEG-PSA50, there is spherulite 

formation (Fig. 4-8b), with indications of bridging, a phenomenon present in BAB triblock copolymers in 

A-selecting solvents. The spherulites formed are on the order of 20 µm, smaller than those formed by pure 

PEG100K. As more PSA is introduced into the triblock copolymer in PSA100-PEG-PSA100, the 

spherulites formed become even smaller, about 10 µm, and less defined (Fig. 4-8c) tightly packed 

spherulites create strong molecular interaction within the lamellae. Bridging is also present within 

PSA100-PEG-PSA100 indicating both synthesized triblock copolymers exhibit phenomena of BAB 

triblock copolymers in A selecting solvents. 
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Figure 4-8. SEM images of a) PEG100K b) PSA50-PEG-PSA50 bulk material (left) and individual 

spherulites (right) c) PSA100-PEG-PSA100 bulk material (left) and individual spherulites (right) 

4.4.  Conclusion 

A series of BAB triblock copolymers of different molecular weights were synthesized by RAFT 

polymerization, characterized, compared and confirmed via 1H NMR, GPC, FTIR, DSC, DMA, and SEM. 

A highly efficient double-sided macro-RAFT chain transfer agent was successfully synthesized to include 

a PEG A-block. The macro-RAFT chain transfer agent was then used to synthesize three BAB triblock 

copolymers with different lengths of poly (stearyl acrylate) B-block. 1H NMR confirmed the inclusion of 

PEG and PSA within the triblock copolymer, GPC confirmed different chain lengths of BAB triblock 
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were synthesized, and FTIR confirmed the inclusion of PSA into the polymer. DSC and DMA indicated 

two distinct transition temperatures at 45 ºC and 60 ºC corresponding to PSA and PEG, respectively. 

Additionally, DMA showed the mechanical properties indicated the material exhibits variable stiffness 

triggered by temperature from a stiff polymer at room temperature with modulus of 1 GPa to a viscous 

polymer melt at elevated temperature with modulus in the kPa range. Lastly, the SEM images showed 

distinct molecular self-assembly formations of spherulites micelles interconnected through dangling B-

block ends, distinctive of BAB triblock copolymer.   
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Chapter 5. Conclusions and future directions 

5.1. Summary of the dissertation 

This dissertation focuses on the research of stimuli responsive polymer materials, specifically thermo- and 

electro-responsive materials. The study covers important developments of new stimuli responsive 

materials for variable stiffness with ultra-wide tunable modulus differential, development of high 

performance electro-responsive materials, and development of a controlled synthetic pathway for thermo-

responsive variable stiffness polymers. 

The development of a new stimuli responsive variable stiffness material triggered by water and 

temperature was achieve by combining cellulose fibers with a modified BSEP matrix. The resulting 

composite had two stimuli, the first was temperature to soften the BSEP by melting the crystalline 

segments to form a soft crosslinked polymer. The second stimulus was the addition of water, to nullify 

the reinforcing network formed by percolating cellulose fibers and further soften the material. Combining 

the BSEP matrix and cellulose fiber network, resulted in a material that softens when exposed to water 

and heat. The material exhibits a modulus differential of 24,000 times from 1 GPa to 40 kPa. This is a 

significant improvement on previously studied cellulose composites that exhibited stiffness change up to 

5100 times. 

New dielectric elastomer materials were designed and fabricated for high performance actuation and rapid 

response speed. The new materials exhibited electromechanical actuation over 100% with nominal electric 

field of 100 V/µm. Two formulations, AA(2.5) and P(10)-BA(13), achieved actuation near 200% with 

high nominal electric fields. They were further studied for actuation at frequencies of 2 Hz. Although 

P(10)-BA(13) did not exhibit actuation strain over 100% at 2 Hz, AA(2.5) exceeded this with actuation 

performance of 110% average strain. AA(2.5) and P(10)-BA(13) were compared to 300% biaxially 



83 
	

prestretched VHB4905 and achieved higher actuation, faster response speed, and higher energy density. 

The one condition these materials did not exceed VHB performance was Maxwell pressure, where VHB 

achieved 3.5 MPa, however AA(2.5) was only slightly lower with 3.2 MPa. AA(2.5) showed performance 

similar to 300% biaxially prestretched VHB4905, but did not require any prestretching. 

Lastly, three BAB triblock copolymers were developed for use as a thermo-responsive variable stiffness 

bistable electroactive polymer (BSEP). BSEP materials are difficult to process due to the crosslinked 

nature. A controlled synthetic pathway for microstructure control and finely tuning mechanical properties 

is desirable. Three BAB triblock copolymers of different lengths were synthesized via RAFT 

polymerization using poly (ethylene glycol) (PEG) A-block and poly (stearyl acrylate) (PSA) B-block.  

The synthesized materials were characterized and confirmed by 1H NMR, GPC, FTIR, DSC, DMA, and 

SEM. The materials exhibited two distinct transition temperatures at 45 ºC and 60 ºC corresponding to 

PSA and PEG, respectively. The mechanical properties indicated the material exhibits variable stiffness 

triggered by temperature from a stiff polymer at room temperature with modulus of 1 GPa to a viscous 

polymer melt at elevated temperature with modulus in the kPa range.  

5.2. Future directions 

Development of the BSEP synthetic process can be perfected to design a thermoplastic elastomer BSEP 

material. A linear polymer with the attributes of an elastomer material, could open more applications of 

BSEP and finely tune the properties for each application. The modified BSEP composite material shows 

great promise for future biomedical applications. The material shows biocompatibility and a large 

modulus differential, which could widen the application range. This material could be used as part of an 

intercortical implant. Such materials are desired in cortical probe applications due to the mechanical 

mismatch of current probe materials. The mechanical mismatch can cause an inflammatory response 

resulting in scar tissue formation and a loss of signal. With a material that can change stiffness at body 
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temperature, it would be stiff upon insertion, then soften over time to match the modulus of brain tissue 

and slow the inflammatory response. However, the lowest modulus the material can currently reach is 40 

kPa, but the modulus of brain tissue is 6 kPa. Another future direction of this material would be lowering 

the low-end modulus for exact match to brain tissue or other body tissues. 

Dielectric elastomer materials that are commercially available are not made for DE applications. By 

developing a new DE material from design to fabrication, modifications can be made to further optimize 

the material. AA(2.5) shows great promise with characteristics similar to VHB without the need for 

prestretching. Additional modifications could be made such as increasing the dielectric constant for lower 

driving voltage or improving the elongation at break. As the material is optimized, it could be used in a 

multilayer dielectric elastomer to improve robustness, lower driving voltage and increase work output to 

further widen the application range of DE materials. 
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