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Dielectric polymers are widely used in a plurality of applications, such as electrical 

insulation, dielectric capacitors, and electromechanical actuators. Dielectric polymers with large 

strain deformations under an electric field are named dielectric elastomers (DE), because of their 

relative low modulus, high elongation at break, and outstanding resilience. Dielectric elastomer 

actuators (DEA) are superior to traditional transducers as a muscle-like technology: large strains, 

high energy densities, high coupling efficiency, quiet operation, and light weight.  

One focus of this dissertation is on the design of DE materials with high performance and 

easy processing. UV radiation curing of reactive species is studied as a generic synthesis 

methodology to provide a platform for material scientists to customize their own DE materials. 

Oligomers/monomers, crosslinkers, and other additives are mixed and cured at appropriate ratios 

to control the stress-strain response, suppress electromechanical instability of the resulting 

polymers, and provide stable actuation strains larger than 100% and energy densities higher than 
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1 J/g. The processing is largely simplified in the new material system by removal of the 

prestretching step. Multilayer stack actuators with 11% linear strain are demonstrated in a 

procedure fully compatible with industrial production.   

A multifunctional DE derivative material, bistable electroactive polymer (BSEP), is 

invented enabling repeatable rigid-to-rigid deformation without bulky external structures. 

Bistable actuation allows the polymer actuator to have two distinct states that can support 

external load without device failure. Plasticizers are used to lower the glass transition 

temperature to 45 oC. Interpenetrating polymer network structure is established inside the BSEP 

to suppress electromechanical instability, providing a breakdown field of 194 MV/m and a stable 

bistable strain as large as 228% with a 97% strain fixity.  

The application of BSEP in tactile display is investigated by the prototyping of a large scale 

refreshable Braille display device. Braille is a critical way for the vision impaired community to 

learn literacy and improve life quality. Current piezoelectrics-based refreshable Braille display 

technologies are limited to up to 1 line of Braille text, due to the bulky size of bimorph actuators. 

Based on the unique actuation feature of BSEP, refreshable Braille display devices up to 

smartphone-size have been demonstrated by polymer sheet laminates. Dots in the devices can be 

individually controlled via incorporated field-driven BSEP actuators and Joule heater units.  

A composite material consisting of silver nanowires (AgNW) embedded in a polymer 

substrate is brought up as a compliant electrode candidate for BSEP application. The AgNW 

composite is highly conductive (Rs: 10 Ω/sq) and remains conductive at strains as high as 140% 

(Rs: <103 Ω/sq). The baseline conductivity has only small changes up to 90% strain, which 

makes it low enough for both field driving and stretchable Joule heating. An out-of-plane 

bistable area strain up to 68% under Joule heating is achieved.   
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Chapter 1 Introduction 

 

1.1 Overview 

1.1.1 Background and mechanisms of dielectric elastomers 

A lot of polymers are dielectrics or insulators with poor bulk conductivity and resist the flow 

of current. These polymers can survive high electric fields as they have no free charge carrier 

and large band gaps in their electronic structures.[1] Due to their simpler fabrication and lower 

cost with respect to traditional inorganic materials, polymer dielectrics are extruded into thin 

films or sheets, and are widely used in capacitors,[2] gate dielectrics in transistors,[3] electrical 

cable wraps,[4] microelectronic encapsulation,[5] etc.  

When a high electric field is applied on a dielectric polymer film, opposite charges 

accumulate on both surfaces of the dielectric film. An electrostatic attraction force builds up 

between the opposite charges. Meanwhile, like charges on the same electrode repel each other. 

The synergistic effect of the two forces presses the polymer film in the direction of the electric 

field and stretches in the orthogonal directions, causing it to shrink in thickness and expand in 

area. The phenomenon was firstly discovered and named after James Clerk Maxwell, as Maxwell 

stress or Maxwell pressure,[6,7] with the expression of:  

 � = ε���� (1) 

where ε0 is the vacuum permittivity, ε is dielectric constant of the dielectric material, and E 

is the electric field applied across the material thickness. This equation is only valid assuming 

that ε does not change in its value along with the applied electric field, the stress or strain in the 

material.  
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Maxwell pressure is a phenomenon to be avoided in traditional capacitor industries. Even 

slight shape changes will crack the thin film metal electrodes used in capacitors and prevent the 

device from functioning. Localized thinning of the dielectric sheet will lead to drastic charge and 

electric field localization. Ultimately the device will be shorted. The phenomenon has been 

found in a number of dielectrics including polyethylene and polyisobutylene.   

Recently, scientists at Stanford Research Institute (SRI International) found that Maxwell 

pressure can be useful with the use of some special polymers.[8–10] Specifically, when a soft 

elastomeric dielectric polymer was used with compliant carbon grease electrodes, an 

electrostrictive strain as large as 32% could be achieved.[8,9] The same group further 

demonstrated more than 100% strain with biaxially or uniaxially prestretched polymer films.[10] 

Compared to less than 1% strain people previously thought the Maxwell pressure can 

generate,[11] there is a three orders of magnitude increase in the amount of electromechanical 

strain generated when soft elastic dielectrics were used.  

Due to their electric field-driven nature, these polymers are given the name of dielectric 

elastomers (DE). Figure 1-1 shows an illustration of a common DE actuator structure, 

comprising of an elastomer film sandwiched between a pair of compliant electrodes. Similar with 

the traditional dielectrics, opposite charges are conducted to the both surfaces of the DE film 

through the compliant electrodes, upon the application of an electric field. A local electric field is 

established across the DE film and Maxwell pressure develops. The DE film is squeezed in the 

thickness direction and expands in area. The resilient force in DE is not large enough to balance 

out the Maxwell pressure, likely due to lower stiffness in DE (normally on the order of 0.1-10 

MPa) than in other polymers (e.g. 250 MPa in LDPE for electrical cables[12]). Therefore the 

strain in DE could be considerably large, as long as no electrical or mechanical failure is present. 
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Figure 1-1. Mechanism of actuation in dielectric elastomers.   

 

DE serves as a transducer material converting electrical and mechanical energy. With a 

linear storage modulus assumption, one can roughly estimate the electrostrictive strain in the 

thickness direction by taking the Maxwell pressure p divided by the modulus Y of the 

elastomer:[10]  

 �� = −
�� = −

ε����

� = −
ε��� �	
�

�

 (2) 

where sz is the strain in the thickness direction, V is the voltage applied, and d is the 

thickness of the DE film. Assume the material is incompressible, the strain in area sA can be 

calculated as:  

 �� =
1

1 + �� − 1  (3) 

Electromechanical energy density e is a simple but useful measure of the amount of 

electrical energy converted to mechanical energy per unit volume of material for one cycle:  

 � = −0.5� ln
1 + ��� (4) 
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With this equation one can compare the estimated performance of high strain DE materials 

to traditional low strain piezoelectrics.  

However, the strain calculation is only valid with the actual strain is small, for instance, less 

than 20%, as Y only stays constant in that range and will change along with further increase of 

strain. For higher strains, non-linear strain energy functions have to be used to simulate the 

stress-strain behavior of the elastomer. Different strain energy functions were well developed by 

Ogden,[13] Yeoh,[14] and Mooney-Rivlin.[15] Electromechanical models based on these strain 

energy functions were further presented by physicists, taking the electrostatic force into 

consideration.[16–20] Recently, thermodynamics has been used to explain the non-linear 

electromechanical behavior in DE.[21–25] Further improvements in modeling considered 

mechanical viscoelasticity and electrical leakage current.[26,27]  

 

1.1.2 Materials and compliant electrodes 

Firstly, an ideal DE film must be a good insulator. The typical nominal electric field needed 

can be larger than 100 MV/m in order to generate strains greater than 100%.[10] True electric 

field can be as large as 250 MV/m, since the local thinning in the DE film has to be taken into 

consideration. Leakage current should be minimized to avoid local thermal failure of the DE 

material.[28] Typical bulk resistivity of dielectric polymers should be higher than 1015 ohm-

cm.[29] Moreover, improvement of dielectric constant � is also essential. It can be enhanced by 

means of increasing the polarization of the polymer backbone and side chains. More charges can 

be induced in the soft capacitor charging process, and a higher effective local electric field can 

be reached. The driving voltage can potentially be brought down by this means.[30]  
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From the mechanical point of view, low Young's modulus, high elongation at break, and low 

viscoelasticity are critical for DE materials. Young's modulus Y bridges electrical and 

mechanical responses of the material and is important in reducing electromechanical instability 

as discussed in Chapter 2. A lower Y and high elongation at break determine the physical limit of 

the electromechanical strain. Material will experience mechanical loss when actuated repeatedly 

because of the friction and dissipation between molecule chains. Low viscoelasticity can 

minimize the mechanical loss in the material, and increase its dynamic response speed and 

efficiency to the external field driven actuation.[30]  

Compliant electrodes are needed in a wide range of applications beyond DE actuators,[31] 

such as in stretchable electronics.[32,33] The materials used as compliant electrodes usually have 

good intrinsic conductivity to ensure the conductance of charges onto the elastomer 

surfaces.[10,30] They must be able to keep their mechanical integrity under a large stretch, for 

example 100%, and still maintain a relative high conductivity. The reliability must be high upon 

a large number of repetitive stretches.[34] A broken electrode layer may lead to degraded 

maximum strain and/or respond speed. Since the compliant electrodes are bonded to the DE film 

and moving together, the use of compliant electrodes should not significantly increase the 

stiffness of the DE.[35] An ideal compliant electrode material has a high conductivity that does 

not change with strain, and zero stiffness. Compliant electrode is even not necessary in some 

cases to prevent electromechanical instability.[36] Compliant electrodes should be deposited 

onto designated areas of the DE film with an easy and straightforward process, as the actuator 

designs vary.  
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1.1.3 Advantages and applications 

Table 1-1 indicates a detailed summary of literature reported DE actuators and other 

transducer technologies that converts electrical energy to mechanical energy.[30,34,37] It is easy 

to identify that DE is the only material with performances comparable or beyond mammalian 

skeletal muscles in strain, energy density, efficiency and speed.[38] Actually, DE is known as a 

candidate "artificial muscle" due to this similarity.  

 

Table 1-1. Electrical-mechanical transducer technology summary 

Property Dielectric 
Elastomer

s 

Mammalia
n Skeletal 
Muscles 

Electromagneti
c Coils 

Piezoelectri
c Ceramics 

Electrostrictiv
e Polymers 

Maximum Strain 
(%) 

10->100 20-40 50 1.7 0.1 

Maximum 
Pressure (MPa) 

7.2 10-60 0.1 131 3.8 

Electromechanica
l Energy Density 

(J/g) 

<3.4 0.008-0.04 0.003 0.13 0.0013 

Maximum 
Efficiency (%) 

60-80 <40 >90 >90 - 

Response Speed Medium to 
Fast 

Slow Fast Fast Fast 

 

DE artificial muscles enable a plurality of commercial actuator applications as shown in 

Figure 1-3. Danfoss Polypower A/S, a Denmark based company, developed their own silicone-

based DE material in high volume roll-to-roll manufacturing.[39] Optotune AG in Switzerland 

used DE in electrical focus tunable lenses and laser speckle reducers, to build fast and more 

compact optical systems without using complex mechanical systems.[40] By applying a driving 

voltage, the radius of the tunable lens will change and the focus length can be controlled in 

milliseconds. Artificial Muscle Inc. (AMI), a spin-off of SRI International and now part of Bayer 
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MaterialScience, developed their first commercial haptic feedback module for consumer 

electronics such as smartphones, tablet computers, and gaming controllers.[41,42] The mounting 

actuator module shakes the whole consumer electric device, providing a perfect mimic of real 

object movements as seen on the screen. Another project being developed by the company is a 

force-feedback headphone for out-of-ear 4D sound experience.  

The commercial potential of the dielectric elastomer actuators has been broadly recognized, 

and reflected in the attendance of over a hundred technology developers from a variety of 

companies and research institutes in the annual SPIE Conferences on Electro-Active Polymers 

Actuators and Devices (EAPAD). A number of demonstrations of prototypes have attracted 

significant attention of the society. In the early stage, a walking robot made from DE spring roll 

actuators was demonstrated by SRI.[43] (Figure 1-3(a)) The spring rolls were made so that 

multi-degree-of-freedom can be realized in the actuations. Also demonstrated were applications 

in MEMS, for example a micro cell-stretchers (Figure 1-3(b)). Multiple DE actuators were 

stacked to give a force output large enough to arm-wrestling with human beings.[44] (Figure 

1-3(c)). Active vibration control is important in precise manufacturing and semiconductor 

fabrication. Vibration attenuation up to 40dB was achieved with DE technology.[45] A remote 

control for portable music players with haptic feedback was demonstrated in Germany.[46–48] 

(Figure 1-3(d)) Lately, DE materials were widely used in refreshable Braille displays. A number 

of prototypes were demonstrated and one of them was shown in Figure 1-3(e).[49–53] Other 

applications of DE actuators include inchworm robots,[54] gripper hands,[55] gear motors,[56] 

and linear motors.[57]  
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Figure 1-2. Commercialized dielectric elastomer products: (a) roll-to-roll manufactured DEAP
TM

 films made 

by Danfoss Polypower; (b) electronically tunable lens made by Optotune AG, Switzerland; (c) illustration of 

Vivitouch
TM

 haptic feedback module made by AMI; (d) Mophie Pulse
TM

 haptic feedback accessory using 

Vivitouch
TM

 technology; (e) illustration of 4D haptic feedback headphones using Vivitouch
TM

 technology.  
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Figure 1-3. Prototypes based on dielectric elastomers that are under development: (a) a walking robot built by 

SRI International; (b) a cell stretcher; (c) an arm-wrestling machine; (d) a remote control of music player with tactile 

feedback; (e) a 3-cell refreshable Braille device.  

 

1.2 Motivation of the thesis research 

It has been more than 10 years since the debut of the first large-strain dielectric actuation 

concept. Researchers have made great achievements on both fundamental and application 

oriented research in this field. To further thrive this area, breakthroughs in the following aspects 

are highly desired:  

• high performance dielectric elastomer materials;  
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• easy processing of DE materials; 

• new compliant electrodes;  

• innovative functionality, device structures and application concepts.  

Specially designed DE materials are necessary to achieve adjustable electromechanical 

performances according to applications. Current DE materials on the market are originally 

developed for unrelated purposes. The commonly used acrylic based DE giving largest 

electromechanical strain and highest energy density, 3M VHBTM 4905/4910, is an industrial 

adhesive. The reference silicone DE that has wide temperature stability and low viscoelasticity, 

Dow Corning HS3, is a high strength moldmaking rubber for detailed reproduction of figures 

and objects. The high performance of these materials as DE is indicated simply by exclusive 

screening tests. Further improvement of these materials is considered difficult since the chemical 

composition and molecular structure are unknown due to business proprietary. One motivation of 

this dissertation is to establish a material synthesis platform open to custom designs, with tunable 

electromechanical properties that can be adapted into specific applications. A design guideline or 

structure-property relationship should be established to keep record of effect of different 

components to the property.  

Reliability and cost control are of great importance to make a prototype into a real product. 

Simple processing is essential make to reliable and low cost products. A higher yield in each 

processing step and a small number of total steps are always desired, especially in the conversion 

from a prototype to high volume production. For instance, prestretching dominates the 

fabrication of high performance acrylic and silicone materials, but it is at the same time a great 

pain to device makers. Most of the products and prototypes shown in Figure 1-2 and Figure 1-3 

were fabricated with prestretched DE films. As shown in Figure 1-4(a), the equipment used for 
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prestretching can be bulky in size and high in fabrication cost. The prestretched films have to be 

held on a rigid frame to prevent them from relaxing. (Figure 1-4(b)) Tension from prestretching 

will cause the film to mechanically fatigue and become vulnerable in actuation. Also the 

mismatch in modulus between the frame and prestretched film will lead to local stress 

concentration at the contact edges, causing mechanical failure. To dig the full potential of DE 

materials, the ideal solution would be designing a material with no need of prestretching. A lot of 

research efforts have been given with promising results, such as acrylic IPNs and pre-swollen by 

solvents. However, the related fabrication processes to the alternative materials are even more 

complex than prestretching itself, and are not compatible with industrial production. The material 

system explored in this dissertation with tunable electromechanical performance will be 

demonstrated with industry compatible coating process with no need of prestretching.  

 

  

Figure 1-4. (a) A prestretching machine built in EMPA, Switzerland; (b) a prestretched VHB film attached to a 

rigid plastic frame (MIT).  

 

As a novel transducer technology, DE features certain advantages to traditional technologies. 

How to better utilize these features in real applications is an open question to all scientists and 
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product development engineers. Market needs should be clearly identified by an extensive 

market research. The technology itself also has to be further developed and well modified to 

adapt into the niche market. For instance, it is recognized that there is an urgent need in the 

vision impaired community for a large-scale refreshable Braille display technology.[59] With 

this purpose in mind, this dissertation will present a novel set of solution with a new bistable 

electroactive polymer (BSEP), a derivate of DE. The research will focus on both material 

development and device integration to bring this innovative product concept to a successful 

demonstration.  

The performance of DE actuators is highly determined by the compliant electrodes used.[31] 

Conductivity, stretchability, and low stiffness are the basic requirements for a compliant 

electrode material. The compliant electrode should also be easy to integrate into the final device 

structure. The candidates so far include flat and rugged thin film metal,[60,61] carbon grease and 

carbon black powder,[8,10,57,62] polymer paste with conductive fillers,[63–65] conducting 

polymers,[66] carbon nanotubes,[35,67–70] graphene,[71] implanted metal ions,[72–74] etc. 

Each of these candidates has its comparative advantages in some of these features. However, 

there is no ideal solution to cover all the aspect yet. In this dissertation a new compliant electrode 

material candidate is described with an emphasis on high conductivity and stretchability. It can 

also be applied in the BSEP material system as Joule heating electrode so that the overall device 

structure can be simplified.  

 

1.3 Scope and layout of the dissertation 

The dissertation is divided into seven chapters.  
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Chapter 1, the current chapter, gives an overview of the research field, including working 

mechanism of dielectric actuation, dielectric materials and electrode materials, advantages and 

applications of dielectric elastomers. Also covered is the motivation and layout of the 

dissertation.  

Chapter 2 discusses the development of an open DE material system with tunable 

electromechanical properties. The material has suppressed electromechanical instability and 

simple, scalable processing.  

Chapter 3 covers the invention and concept of a new multifunctional dielectric elastomer 

derivative, bistable electroactive polymer (BSEP). Improvement of the actuation stability of 

BSEP is achieved by introducing interpenetrating network into the material structure.  

Chapter 4 presents prototypes of refreshable Braille display devices up to smartphone size 

made by BSEP. By using a polymer sheet laminate structure and a separate heater, each dot can 

be individually driven to a buckled ON state and refreshed to flat OFF state in a bistable way. 

The technology advancement made meets the urgent need of a large scale refreshable Braille 

display device.  

Chapter 5 reports a new silver nanowires (AgNW) polymer composite material that is 

conductive enough for Joule heating purpose even at a large strain of 90%. It is especially 

suitable for BSEP devices as it provides a solution combining the actuator and the heater 

together in a thin film architecture.  

Chapter 6 provides an outlook for future research and Chapter 7 concludes the dissertation.  
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Chapter 2 New Prestrain-Free DE with tunable electromechanical properties 

 

2.1 Background of the study 

2.1.1 Materials 

A large number of elastomer materials were investigated, including isoprene rubber 

latex,[75] acrylics,[8,10,75] silicones,[10,75–77] polyurethanes,[75] fluoroelastomers,[78] 

thermoplastic elastomers,[63,64,79–86] and other synthetic rubbers.[87,88] Of these categories 

acrylics are widely used in fundamental research and proof of concept prototypes, since they 

provide excellent electromechanical strain and energy density. The reference material, 3M VHB 

series, can be driven to as large as 158% in a biaxially prestretched circular actuator and 380% in 

a linear actuator.[10] In some precisely controlled device structures the strain can be as high as 

1692%.[89] A 3.4 J/g energy density is reported in acrylics.[10] Further improvements are 

considered difficult since the crosslinked elastomer network in VHB has already been formed in 

the commercial product. 

Silicones have better performance in thermal and electrical stability, and viscoelasticity.[90] 

The Si-O-Si bonds have higher bond energy than C-C bonds to provide high temperature and 

electrical stability. Also Si-O-Si units have larger bond angels and more compliant molecular 

configurations, providing lower internal dissipation.[91] As a result, silicone elastomers will 

retain their elasticity even at -60 oC. Common silicone elastomers are supplied in one or two 

parts before vulcanizing from various suppliers. Some modifications can be done during this step 

to improve the properties, such as tuning the polymer structure,[92,93] blending with high 

permittivity nanofillers,[94–96] grafting with high polarity side groups,[97] etc. Due to their 

better processibility, silicones are used more in product development.  
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2.1.2 Prestretching process 

A general protocol during employment of most DE materials to obtain actuation strains 

greater than 33% is prestretching.[9,10] It is known to suppress the electromechanical instability 

(EMI) of the elastomeric material when being actuated, and improve its breakdown strength and 

energy density.[9,23,24,98] However, prestretching complicates the device structure, limits the 

application, and lowers the lifetime of DEAs due to the stress relaxation and fatigue in the 

biaxially prestretched material, as well as the stress concentration along the rigid frame 

supporting the prestrain. 

Attempts to modify this system include forming a second interpenetrating polymer network 

(IPN) to maintain the prestrain needed for good actuation performance.[99–102] These IPN films 

are fabricated by spray coating thermal curable multifunctional additives and initiators onto a 

prestretched VHB film, letting the additives diffuse into the film, and cure the additives to form a 

second rigid polymer network. Upon releasing from the prestretch support, the resulting film will 

have most of prestrain "locked-in" by the rigid second network resisting the contraction of the 

first VHB host. The IPN films are capable of reaching a performance similar with prestreched 

VHB films in both strain and energy density. Also the IPN films have a balanced internal stress 

state that would not lead to long time fatigue of material. Models were developed to describe the 

mechanical and electromechanical behaviors of the IPN films.[103–105] However fabrication of 

IPN is somehow cumbersome, involving prestretching, spray-coating, vacuum heating, and 

releasing, and is not proper for industrial production and to replace acrylics with prestrain.   

Pre-swollen thermoplastic elastomer gels (TPEG) are another kind of materials that have 

good performance without prestretching.[63,64,79–83] The material is a triblock copolymer 
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(SEBS or MBM) swollen in a low-volatility rubber selective solvent (oil or plasticizer). The 

solvent molecules separate the rubbery chains, in analogy to prestretching the crosslinked 

polymer chains. The actuation strain can be 115% with a MBM copolymer.[64] However, 

similar with the IPN approach, fabrication of TPEGs involves a complicated process which 

prevents the material from being widely used.  

 

2.1.3 Electromechanical instability and analysis 

Theoretical analysis of the large electromechanical strain in DE and the effect of 

prestretching are of great interest to researchers. Physicists start from constructing models by 

derivation and numerical simulations, and then fit experimental measurements with the models 

to validate them, with the hope of predicting the electromechanical behavior of new materials. 

Starting from the basic small strain assumption, hyperelastic and viscoelastic materials are being 

considered in recent modeling work. Mechanical and thermodynamic approaches are both being 

studied and widely used in predicting behaviors of DE materials. These models are validated 

with most of the existing DE materials such as acrylics, silicones, and polyurethanes.  

The thermodynamic theory developed by Suo et al is of special interest in explaining the 

electromechanical behavior during the actuation.[21–25] According to this model, dielectric 

elastomers can be divided into type I, II, and III, depending on their voltage-stretch curve �
��, 
breakdown-stretch curves ��
��, and the intersections of these two curves: 

 �
�� = ���� ��
���  (5) 

 ��
�� = ������ (6) 
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where � is the stretch, H is the original thickness, �
�� is the stress-strain relationship, and 

EB is the electric breakdown strength of the material. (Figure 2-1) In type I dielectrics, such as 

glassy polymers or ceramics, the breakdown will not happen until the voltage mobilizes charged 

spices in the dielectric and creates a conductive path. The electromechanical strain is commonly 

small. In type II dielectrics the maximum strain is normally limited by electromechanical 

instability (EMI), or pull-in effect. Maxwell pressure is larger than the resilient force of the 

elastomer, causing the elastomer film to thin down excessively when actuated and finally fails. 

The intrinsic breakdown curve intersects the voltage-stretch curve in the saddle area. The model 

predicts the existence of a type III dielectrics, in the intrinsic breakdown curve is higher than the 

voltage-stretch curve, until a very large stretch. The material can survive the EMI, reach a stable 

state without electrical breakdown, and attain large strains. This model successfully explains the 

effects of prestretching,[24] prestrain-locked IPN,[23] and the giant strain under varying 

chamber pressures.[89]  
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Figure 2-1. Three types of dielectrics described in Suo's model.  

 

2.1.4 Scope 

In this chapter it is reported that a series of DE materials with tunable electromechanical 

properties[106] were synthesized by UV curing, a technology known as an effective method for 

fabricating high performance coatings, inks, and adhesives.[107] No prestretching is needed to 

reach the best performance. EMI in the materials can be selectively suppressed with the addition 

of crosslinkers. Potentially the formulation of the materials can be adjusted with almost limitless 

possibilities to achieve materials ranging from extremely soft or gel-like elastomers, to rigid, 
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scratch-resist materials. Deployment of such materials can be easily accomplished by industrial 

thin film coating techniques such as blade coating, slot die coating, and spin coating. The form 

factor of cured materials (thin films with a few to tens of micrometer thickness) meets the 

requirement of DEs. The ability to tune the composition also allows for an adjustable adhesion 

between different layers of coatings which will ease the fabrication of DE devices, such as 

multilayer stack DEA.[57]  

 

2.2 Experimental 

2.2.1 Chemicals and Prepolymer Solutions 

CN9021 (difunctional acrylic esters resin), isodecyl acrylate (IDA), isobornyl acrylate 

(IBOA), trimethylolpropane triacrylate (TMPTA), 1,6-hexanediol diacrylate (HDDA), and 

dibutoxyethoxyethyl formal (DBEF) were obtained from Sartomer Company and used as 

received. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) and benzophenone (BP) were 

purchased from Acros and used as received. The acrylate monomers and a photoinitiator were 

mixed thoroughly by mechanical stirring to form a homogeneous prepolymer solution. 

 

2.2.2 Elastomer Film Preparation 

Two methods were used to prepare elastomer films for tensile and actuation tests. For tensile 

stress-strain tests, a prepolymer solution was coated on a Teflon plate with a controlled thickness 

by a doctor’s blade. Then it was cured on a UV curing conveyor equipped with a 2.5 W cm-2 

Fusion 300S type “H” UV curing bulb, at a speed of 6.0 feet per minute for 2 passes. (Figure 2-2) 

The film was gently peeled off. For actuation tests, the prepolymer solution was spin-coated onto 

a plastic petri dish at a speed of 800 rpm for 18 s, and then cured under the same conditions 
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mentioned above. Carbon grease (NyoGel 756G, Nye Lubricants Inc.) was smeared onto both 

sides of the films as compliant electrodes. 

 

 

 

Figure 2-2. Auto drawdown machine and UV curing conveyer used in fabrication of UV-DE material.  

 

The 3M VHB material was used as a reference material in our study and was referred to as 

VHB4905. Similarly, the modified VHB material with interpenetration polymer network was 

fabricated as reported previously[99] and was referred to as IPN4905.  

 

2.2.3 Mechanical Tests 

Mechanical properties of UV-DE are characterized on a TA RSA3 dynamic mechanical 

analyzer. For tensile tests, type IV dumbbell shape samples were made with a cutting die as 

defined in ISO 37, and tested at a strain rate of 3.33 mm s-1. At least three repetitive samples 

were tested for each formulation. Dynamic mechanical properties, including loss factor (tan δ), 
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of the elastomer films were measured with blade-cut rectangle samples of around 0.3 mm in 

thickness and 10 mm in width. A 15 mm gap between the thin film grips was used when the 

samples were loaded onto the equipment. All tests were carried out at 1 Hz frequency, <2% 

strain, and a temperature ramping rate of 7 oC min-1. 

 

2.2.4 Actuation Tests 

The electroded elastomer films were attached to a diaphragm chamber made of aluminum 

with a 10 mm circular opening onto which the thin DE films were mounted. A bias air pressure 

of 2.5 Torr was applied such that when the DE films were actuated, they deform out of plane to 

form a raised dome shape. The active area of the DE films was flat and circular with a diameter 

of 6.35 mm (before actuation). A high voltage power supply fabricated in house was used to 

drive the actuators. A digital camcorder was used to record the actuation process. The actuation 

strain was measured from the video frame-by-frame and calculated by an equation already 

reported.[99] The strain values for a particular voltage were taken after the constant driving 

voltage has been applied for 5 seconds. The nominal electric field was calculated by dividing the 

applied voltage by the initial thickness of the elastomer film. The breakdown field was calculated 

by dividing the applied voltage by the instantaneous thickness of the elastomer film at maximum 

strain. At least three repetitive samples were tested for each formulation. The whole setup is 

illustrated in Figure 2-3.  
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Figure 2-3. Experimental setup for actuation tests.  

 

2.2.5 Permittivity Measurement 

Elastomer films of known thickness were coated with silver grease (MGChemicals, Cat. No. 

8463) to form circular electrodes with a diameter of 12.7 mm. Capacitance was measured using a 

GwInstek LCR-819 LCR meter at 1 V excitation and 12 Hz frequency. Relative permittivity ε of 

the materials was calculated by: 

 � =
��

ε�� (7) 

where C is the measured capacitance, z is the thickness of the elastomer film, ε0 is the 

vacuum permittivity, and A is the effective area. 

 

2.3 Design Guidelines 

The electromechanical pressure and strain can be estimated with a linear assumption as in 

Equation (1), (2) and (3). Due to the nonlinearity of the elastomer, the modulus of the elastomer 

changes along with stretching. The apparent modulus of the elastomer at the actuation strain 

should be used to calculate the strain. 
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Therefore, the actual performance of DE actuators is determined by a few factors: the 

hyperelastic stress-strain response (stiffness-strain relationship), stretchability (elongation at 

break and reversibility), the macroscopic permittivity (dielectric constant) of the polymer, and 

dielectric breakdown strength (the maximum field applied without causing arcing). These 

parameters govern material selection and processing. Viscoelasticity or dynamic mechanical loss 

factor plays a key role in response speed and energy efficiency. Most DE materials investigated 

so far exhibit EMI, or pull-in failure, at an electric field much lower than the polymers’ intrinsic 

breakdown field strength or actuation performance potential. 

 

Table 2-1. Formulations (parts of weight) and nomenclature of prepolymer solutions and corresponding 

elastomer films. 

Name CN9021 HDDA DBEF IDA IBOA TMPTA DMPA BP 

C0-P0 70 0 0 23 5 1 1 0.5 

C2-P0 70 2 0 21 5 1 1 0.5 

C3-P0 70 3 0 20 5 1 1 0.5 

C4-P0 70 4 0 19 5 1 1 0.5 

C5-P0 70 5 0 18 5 1 1 0.5 

C5-P10 70 5 10 18 5 1 1 0.5 

C5-P20 70 5 20 18 5 1 1 0.5 

C5-P30 70 5 30 18 5 1 1 0.5 

 

With these considerations in mind, we formulated DE precursor solutions containing a 

prepolymer (oligomer), reactive diluents, photoinitiators, and other additives. In general, the 

oligomer, or a blend of a few oligomers, is selected as the framework responsible for the basic 
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mechanical properties of the material system. Reactive diluents, including monofunctional and/or 

multifunctional acrylates, are used to adjust rheology, provide crosslinking, and precisely tune 

the mechanical properties of the material. Photoinitiators are used to initialize the polymerization. 

Additives can be added into the precursor solutions when special requirements must be met. 

Table 2-1 summarizes the formulations screened in this work. Here CN9021 acrylic ester resin 

was chosen as the oligomer. It is a urethane acrylate compound comprising a flexible polyether 

diol segment, a relatively flexible aliphatic diisocynate segment in its structure, and a high 

molecular weight. The resulting homopolymer of CN9021 has high flexibility, low modulus, and 

is moisture resist.[108] DMPA and BP were synergistically used as co-initiators, to achieve 

complete bulk and surface curing in thin films.[109] A few reactive diluents were used, including 

IDA to reduce the viscosity of the precursor solutions, lower the modulus of the co-polymers, 

and increase hydrophobicity. IBOA was used to improve the toughness, and TMPTA to provide 

the baseline crosslinking.[107] HDDA was used as the main crosslinker to adjust the mechanical 

and electromechanical properties of the material. DBEF was used as a plasticizer. 

 

2.4 Effect of Crosslinker 

Radiation polymerization is known to form a complex network structure, in a heterogeneous 

way with microgel formation.[110] But qualitative analysis of the crosslink density can still be 

performed by analyzing the equilibrium swelling ratio as well as the gel fraction of the elastomer. 

The swelling ratio Q is defined as cubic of the ratio of the diameter of a swollen elastomer disc 

to its initial diameter. The gel fraction is defined as the ratio of the mass of the deswollen 

elastomer over its initial mass, and measures the weight loss during swelling. Figure 2-4(a) 

shows such data of a series of UV-DE elastomers, with various crosslinker concentrations. C0-
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P0, with no additional crosslinkers, has the largest Q of 8.37 and the smallest gel fraction of 

75.7%. Q decreases drastically to 4.57 in C2-P0, and then slightly decreases along with further 

increases in the amount of crosslinker, to 3.11 in C5-P0 containing 5% by weight of HDDA. The 

gel fraction increases to 88.7% in C4-P0, and saturates after that. The high gel fractions in this 

series indicate that the polymer networks formed are close to ideal.[111] According to Flory-

Rehner theory,[112] if the degree of swelling is large, the average molecular weight between 

crosslinks, Mc, can be defined as: 

 �� =
��	�


�

�

���
  (8) 

where ρ is the density of the polymer network, V1 is the molar volume of the solvent, and K 

is a constant depending on temperature, polymer, solvent, and their interaction. The crosslink 

density, which is inversely proportional to Mc, therefore has a negative correlation to Q. With a 

higher HDDA concentration, the crosslink density in the UV-DE material system is effectively 

increased. The oligomer and monomers have been effectively incorporated into the crosslinked 

network and thus will contribute to the better rubbery elasticity in such materials. 
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Figure 2-4. (a) Swelling ratio Q (□ ) and gel fraction (∎ ) and (b) nominal stress versus stretch ratio 

relationship of UV-DE with different crosslinker concentrations. 

 

Figure 2-4(b) shows the nominal stress versus uniaxial stretch curves of UV-DE materials 

with different crosslinker concentrations. VHB4905 and IPN4905 fabricated by a method 

previously reported[99] were chosen as reference materials. The tensile strength is improved 

from 2.46 MPa in C0-P0 to 4.38 MPa in C5-P0. The stretch ratio at break is compromised from 

7.13 in C0-P0 to 2.73 in C5-P0. The modulus of the elastomer at small stretch ratios (λ<1.1) 

increases along with crosslink density, from C0-P0 similar to non-prestretched VHB4905, to C5-

P0 similar to IPN4905. The behavior is due to additional chemical bonds between polymer 

chains that prevent them from shearing, which can be derived by thermodynamics and rubbery 

elasticity, and even used as a measurement of crosslink density.[113] Another important feature 

of the UV-DE is the stiffening after a critical stretch ratio. As the crosslink density increases, a 

smaller stretch is needed in UV-DE to drive the elastomer into its non-Gaussian region, wherein 

the non-crystalizable elastomer starts to have stress redistribution and causes substantial 

stiffening.[114–116] Such critical stretch ratio shifts to a smaller value at a higher crosslink 
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density, which makes the mechanical properties of the elastomer to shift from  being VHB-like 

to IPN-like in nature. 

 

 

Figure 2-5. (Top) Storage modulus and (Bottom) loss factor of UV-DE with different crosslinker 

concentrations, compared to the reference VHB4905 and IPN4905 materials. 

 

The modulus increase with increasing crosslink density is further demonstrated in Figure 2-5. 

The observed storage modulus of UV-DE varies in between the values of non-prestretched 

VHB4905 and IPN4905. Also observed is a higher glass transition temperature (Tg) in the highly 

crosslinked elastomers. A smaller free volume in higher crosslinked elastomers, which leads to a 

confined chain movement, is responsible for the higher Tg. Also due to this confinement, the 

amplitude of the chain segment movement is limited. As a result, the loss peak of highly 

crosslinked elastomers is flattened compared to those with lower crosslink density. Compared to 

non-prestretched VHB4905 (tan δ = 0.642), the UV-DE materials have up to 76% decrease in the 
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loss factor (C2-P0, tan δ = 0.157) at room temperature. It indicates that the material is expected 

to have a better electromechanical frequency response. 

 

 

Figure 2-6. (Top) Electromechanical strain versus applied electric field relationships of UV-DE with different 

crosslinker concentrations; (Bottom) Pictures of the actuated elastomer films. 

 

The electromechanical performance of UV-DE materials is compared to prestretched 

VHB4905 (300% by 300% biaxially) and IPN4905 in Figure 2-6. VHB4905 has a maximum 

strain of 163%. Very little EMI can be observed in the biaxially pre-stretched VHB material. In 

IPN4905, the stiffness of the second polymer network is responsible for balancing the prestrain 

applied to the first network, so no EMI is observed even when the material is freestanding. The 
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observed actuation strain is 67%. The UV-DE materials, with no prestretching applied during 

actuation, show various electromechanical behaviors. C0-P0 has a large maximum strain of 

318%, and a significant EMI snap-through from 23% at 21.0 V µm-1 to 262% at 25.8 V µm-1, 

with three intermediate states in between. This large strain snap-through is very similar to a giant 

strain snap-through in VHB reported recently,[89] where adjustment of chamber pressure was 

used to suppress EMI. The EMI is suppressed in C2-P0, where the snap-through is from 31% at 

44.1 V µm-1 to 102% at 54.5 V µm-1. The maximum strain decreases to 125%. If more 

crosslinker is used, as in C5-P0, the maximum strain is further reduced to 89%. No significant 

strain snap-through can be observed, which indicates that EMI has been completely suppressed. 

The similarity of C5-P0 and IPN4905 are further evidenced by the observed electromechanical 

properties. 

 

 

Figure 2-7. (a) Maximum electromechanical strain (□) and breakdown field (∎) and (b) permittivity of UV-

DE with different crosslinker concentrations.   

 

The ultimate electromechanical behavior and permittivity have been summarized in Figure 

2-7, from a full set of actuation tests of UV-DE materials with various crosslinker concentrations. 
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The apparent electrical breakdown field, defined by the voltage applied divided by the thickness 

at the maximum strain, increases monotonically, from 114 V µm-1 in C0-P0 to 236 V µm-1 in 

C5-P0. The increase could be explained as the synergic effect of the suppression of EMI 

(explained below) and improvement of the intrinsic breakdown field. On the other hand, the 

maximum area strain sA shows a non-linear decrease along with increased crosslink density, 

from 318% in C0-P0, 125% in C2-P0, to 70% in C3-P0, a minimum of 56% in C4-P0, and then 

increasing to 89% in C5-P0. As seen in Figure 2-6, EMI is responsible for the large strains in the 

lightly crosslinked elastomers (C0-P0). A small fluctuation in electric field can thin down the 

elastomer by a significant amount. Although not fully suppressed, the EMI becomes less 

significant in materials with higher crosslink densities (C2-P0, C3-P0, and C4-P0). Larger forces 

are needed to initiate the strain snap-through due to the stiffening effect in such materials. If the 

crosslink density is further increased (C5-P0), EMI will no longer be the main electrical 

breakdown mechanism and intrinsic dielectric breakdown will take over. The increased intrinsic 

breakdown strength will allow the material to attain a higher strain. 

Further explanation of the suppression of EMI in the non-prestretched UV-DE materials can 

be given by the model developed by Zhao and Suo.[23] Figure 2-8(a) shows the voltage-stretch 

curves of UV-DE materials with various crosslink densities, as well as non-prestretched 

VHB4905 and IPN4905. An original thickness of 50 µm and the permittivity measured by LCR 

have been employed as model parameters. The inset shows the true stress and uniaxial stretch 

relationships of these materials. VHB4905 is compliant at small stretches and does not display 

any significant stiffening up to λ=9.5 (limit of test equipment). As a result, its voltage-stretch 

curve reaches a peak, and then monotonically decreases. As such, non-prestretched VHB4905 is 

a typical type II dielectric, which will fail due to EMI. On the other hand, IPN materials are 
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reported to have a type III dielectric behavior, where the minimum on the voltage-stretch curve is 

eliminated by the steep stiffening of the stress-strain relationship, and is monotonically 

increasing. 

 

 

Figure 2-8. (a) Voltage versus stretch Φ��� curves and (b) intersection of Φ��� and breakdown field versus 

stretch Φ�
��� curves of UV-DE with different crosslinker concentrations. 

 

The UV-DE materials show both types of behaviors, according to their different crosslinker 

amounts. The one with no additional crosslinker, C0-P0, has a lowest Young’s modulus at small 

stretches (λ<1.1). It has a stiffening effect after λ=4.75 and a minimum can be found on the 

corresponding voltage-stretch curve. As the amount of HDDA increases, the Young’s modulus 

of the material at small stretches increases, while the stiffening effect tends to show up earlier 

and steeper. The minimum on the voltage-stretch curves also shifts to a smaller stretch, and 

finally diminishes in C5-P0, similar with IPN4905. The Zhao-Suo model predicts that C5-P0 will 

have a similar electromechanical behavior as the IPN material, which matches well with the 

experimental observation shown in Figure 2-6. Note that no prestretching is involved during the 

fabrication and testing of the new DE materials. 
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The intersections of the voltage-stretch curves and breakdown-stretch curves in UV-DE 

materials can be used to fit or predict the ultimate electromechanical properties, as shown in 

Figure 2-8(b) The electric breakdown strengths of the materials are determined by dividing the 

nominal electric field at failure by the thickness strain. In C0-P0 two curves intersect at λ=2.24, 

which is beyond the maximum on the curve (λ=1.30), but much smaller than the minimum on 

the voltage-stretch curve (λ=4.75). This indicates a possible meta-stable strain snap-through 

along the voltage-stretch curve from the peak at λ=1.30. Therefore C0-P0 should be categorized 

as a type II dielectric. Similarly in C2-P0, the intersection at λ=1.92 is between the maximum 

(λ=1.30) and the minimum (λ=2.60), but much closer to the minimum. It is still a meta-stable 

type II dielectric, while the stability of the strain after snap-through is better than the C0-P0 case. 

In C5-P0 the intersection is at λ=1.71. Since the minimum is eliminated, it can be categorized as 

a type III dielectric which is able to totally suppress EMI. The theoretically predicted values 

deviate from the experimental strain values, but they follow the same trend. The deviation is 

probably due to the problematic assumption of estimating biaxial actuation strain with a uniaxial 

stretch in a much stiffer system. 

 

2.5 Effect of Plasticizers 

Increasing crosslink density can suppress EMI and improve breakdown field, while still 

allowing a useful large strain. One problem is the high modulus brought in by the high crosslink 

density. Although not a linear term, the modulus could be taken as a measurement of sensitivity 

of the material to an electric field, as explained previously in literature.[10] A lower modulus is 

preferred so that a lower field is needed for the material to be deformed. Although the overall 

viscoelasticity has been reduced, the glass transition temperature increases with higher crosslink 
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density, and viscoelastic behavior still limits the frequency response of the UV-DE. Plasticizers 

are known as an effective low molecular weight additive to plastics and rubbers that can lower 

the Tg and make the material more flexible.[102,117] Although the flexible monomer IDA can 

serve as an internal plasticizer to a certain level, we choose dibutoxyethoxyethyl formal (DBEF) 

as an external plasticizer of the UV-DE system due to its good low temperature performance, 

good compatibility with acrylate elastomers, as well as low volatility.[102,117]  

 

 

Figure 2-9. (a) Swelling ratio Q (□ ) and gel fraction (∎ ) and (b) nominal stress versus stretch ratio 

relationship of UV-DE with different plasticizer concentrations. 

 

Based on the highly crosslinked UV-DE (C5-P0), the effect of DBEF on the crosslink 

density is studied again with equilibrium swelling tests (Figure 2-9(a)). In the calculation of gel 

fractions, the weight of the plasticizers was excluded, as the plasticizers are small molecules 

without reactive functional groups and will not be incorporated into the network. As the 

plasticizer concentration increases, the swelling ratio increases slightly and the gel fraction 

decreases slightly. The reason could be the double bond concentration has been diluted by the 

plasticizer. Also the ether-based plasticizer has a higher chain transfer constant, which could 
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sacrifice the efficiency of the incorporation of double bond into the polymer network. Overall, 

the swelling ratio with 30 parts of DBEF is still comparable with sample with 4 parts of HDDA 

and no plasticizer. As such, plasticizing with DBEF has no significant effect on the network 

structure of UV-DE. Basic stress-strain relationships of plasticized UV-DE (Figure 2-9(b)) show 

that plasticized materials have a lower modulus, higher elongation, and a lower tensile strength. 

Plasticizers present improve the mobility of polymer chains, resulting in softening.[117] The 

stiffness increase with stretching is still present, although the slope decreases with higher 

plasticizer loading. Voltage-stretch curves of the plasticized UV-DE materials (Fig. S2) show 

similar shapes as C5-P0.   A longer “necking” after the maximum at λ~1.3 indicates that the 

suppression of EMI becomes less effective when too much plasticizer is used. 

 

 

Figure 2-10. (Top) Storage modulus and (Bottom) loss factor of UV-DE with different plasticizer 

concentrations.  
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Another important improvement of using plasticizers is the lower Tg. As shown in Figure 

2-10, Tg, defined by the peak of mechanical loss factor, has shifted from 7.8 oC for C5-P0, to -

30.5 oC for C5-P30. Because of the free volume increase in plasticized materials with lower 

Tg,[117] a number of mechanical properties have been tuned. The storage modulus at 25 oC 

decreased from 1.8 MPa of C5-P0 to 0.4 MPa of C5-P30. The loss factor at 25 oC decreased 

from 0.28 for C5-P0 to 0.05 for C5-P30, which is much lower than that of VHB4905 (0.64 at 25 

oC) and comparable with most of silicone elastomers (0.06 for CF19-2186).[10] The 

electromechanical frequency response is a complex process that involves the loss factor, 

modulus at small strains, and the non-linear modulus change as the material is stretched. 

Although more comprehensive studies are still being carried out, the improvement in loss factor 

and modulus at small strains already demonstrates that plasticizing with DBEF is promising for 

improving the electromechanical frequency response of UV-DE materials. 
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Figure 2-11. (a) Electromechanical strain versus applied electric field relationships, (b) maximum 

electromechanical strain (□) and breakdown field (∎), and (c) permittivity of UV-DE with different plasticizer 

concentrations. 

 

Figure 2-11 shows the permittivity measurement and electromechanical actuation 

performance of plasticized UV-DE with a high crosslink density. As the plasticizer concentration 

increases the permittivity is seen to decrease slightly, from 4.84 in C5-P0 to 4.19 in C5-P30. 

While the mobility of chain segments is improved, no overall permittivity improvement was 

observed, due to the non-polar nature of the network structure. A larger strain can be achieved 

under a given nominal electric field, especially when the plasticizer concentration is above 20 

parts per 100 parts of resin. The achievable maximum area strain remains around 90%, while the 
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breakdown field remains high, but decreases gradually from 236 V µm-1 in C5-P0 to 160 V µm-1 

in C5-P30. The lower stiffness in the plasticized materials results in a more sensitive strain 

response to electric field. At the same time, the small DBEF molecules also lead to a reduced 

resistivity in the material, which results in a higher leakage current during the actuation and a 

lower breakdown strength. 

 

 

Figure 2-12. Modulus and loss factor change of C5-P20 along with frequency.  

 

The response of the material to an externally introduced strain reflects its viscoelasticity. 

Figure 2-12 shows the measurement of storage modulus and loss factor changes along with 

frequency. The modulus of C5-P20 slightly increases from 0.7 MPa at 0.1 Hz, to around 0.8 MPa 

at 10 Hz. After that rapid increases can be observed. The loss factor does not change 

significantly over the whole range. Compared to VHB 4905 (δ = 0.642 at 1 Hz), the loss factor 

of C5-P20 is much lower, which indicates the viscoelasticity has been reduced in C5-P20. 
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2.6 Energy Density 

The maximum energy density of UV-DE is calculated based on the maximum thickness 

strain sz, breakdown field EB, and permittivity ε of the material,[10] as in Equation (4).Error! 

Reference source not found. To maximize the achievable energy density, an improvement in all 

three parameters is preferred. By increasing the crosslink density, the permittivity does not 

change too much, the maximum strain is limited, while the breakdown field is improved. As a 

result of the balancing of these parameters, the energy density shows the complex trend in Figure 

2-13(a). The effects of increasing breakdown field and decreasing strain balance out in materials 

with up to 3 parts of HDDA. After that, the improvement of breakdown field overweighs and the 

energy density increases. The formulation C5-P0 stands out with a maximum energy density of 

1.51 MJ m-3. Note that this number is achieved with no external prestretching applied. By 

plasticizing, the maximum strain does not change due to the limitation of mechanical stiffening. 

The breakdown field decreases while the permittivity remains. The energy density generally 

decreases due to the sacrificed breakdown strength. (Figure 2-13(b)) 

 

 

Figure 2-13. Energy density of UV-DE with different (a) crosslinker (no plasticizer) and (b) plasticizer (HDDA 

kept at 5%) concentrations.  
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2.7 Multilayer actuator demonstration 

With the objective of making prestrain-free linear actuators in mind, we spin coat and cure 

multiple C5-P20 layers and spray coat electrodes alternatively. Figure 2-14 shows a general look 

of a fabricated multilayer stack actuator. It has 10 active C5-P20 layer spin coated at 800 rpm for 

18 s. Two encapsulation layers were spin coated with the same material at 3000 rpm for 18 s to 

protect the device from scratching and arcing. The electroded area has a diameter of 3/16" and a 

1/32" wide passive area is given when die-cutting the device. Electrical contacts are made from 

the side with aluminum foil and carbon grease. The device is then attached to a cantilever so that 

the laser displacement sensor can record the displacement from above. The passive area and 

contact with the cantilever are made minimum to avoid sacrificing the actuation strain. 

 

 

Figure 2-14. A typical multilayer stack linear actuator. The device is attached to a piece of adhesive tape to 

keep freestanding during the actuation strain measurement. 

 

Actuation performance of the fabricated actuators are shown in Figure 2-15. At 0.1 Hz, a 

maximum displacement of 0.12 mm can be measured at 5000 V (Figure 2-15(a)). The strain can 



 

almost relax to zero at this frequency without significant creeping. Considering the overall 

thickness of the device, the maximum strain at 5000 V is 11.1%. The maximum driving voltage 

is higher than that of the buckling type actuator, since we have to coat thicker active layers to 

minimize the number of defects. This problem will be resolved in future by making the devices 

in a cleaner environment. Similarly as in the buckling actuators, the strain increases non

along with driving voltage in the linear actuators as shown in 

displacement is only measured from one side of the freestanding actuator. Ideally, the total 

displacement or strain should be twice a

proven in our on-going study with two laser displacement sensors measuring simultaneously 

from both sides. 
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almost relax to zero at this frequency without significant creeping. Considering the overall 

thickness of the device, the maximum strain at 5000 V is 11.1%. The maximum driving voltage 

uckling type actuator, since we have to coat thicker active layers to 

minimize the number of defects. This problem will be resolved in future by making the devices 

in a cleaner environment. Similarly as in the buckling actuators, the strain increases non

along with driving voltage in the linear actuators as shown in Figure 2-15(b)

displacement is only measured from one side of the freestanding actuator. Ideally, the total 

displacement or strain should be twice as large, since both free ends can move. This will be 

going study with two laser displacement sensors measuring simultaneously 

 

 

2.00 3.00 4.00 5.00

Applied voltage (kV)

almost relax to zero at this frequency without significant creeping. Considering the overall 

thickness of the device, the maximum strain at 5000 V is 11.1%. The maximum driving voltage 

uckling type actuator, since we have to coat thicker active layers to 

minimize the number of defects. This problem will be resolved in future by making the devices 

in a cleaner environment. Similarly as in the buckling actuators, the strain increases non-linearly 

(b). Note that the 

displacement is only measured from one side of the freestanding actuator. Ideally, the total 

s large, since both free ends can move. This will be 

going study with two laser displacement sensors measuring simultaneously 
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Figure 2-15. (a) Vertical displacement versus time of a 10-layer linear actuator. Tested at 5000 V, 0.1 Hz. The 

overall thickness of the device is measured 1.08 mm; (b) Vertical displacement versus driving voltage, 5th cycle 

tested at 0.1 Hz. 

 

2.8 Conclusions 

In conclusion, we have synthesized a new category of dielectric elastomers, UV-DE, via UV 

curing of a formulated precursor solution. By controlling the mechanical and electromechanical 

properties via the amount of crosslinkers, the elastomers can be customized to achieve an 

electromechanical strain of 314%, or a maximum breakdown field of 236 V µm-1 with a fully 

suppressed EMI. By introducing plasticizers, the Tg of elastomers is decreased making the 

elastomer softer and less viscoelastic for improved strain sensitivity and better frequency 

response. No prestretching is needed in any of these new elastomers to achieve the peak 

performance. The experimental results are consistent with the thermodynamic model. The 

stiffening of the elastomers via crosslinking is found critical in optimizing the electromechanical 

actuation performance. The results here should point to experimental approaches to synthesizing 

new, improved dielectric elastomers by design. Ease of fabrication in multilayer stack dielectric 

elastomer actuators can be expected with the application of this new material. 
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Chapter 3 Performance Improvement of Bi-Stable Electroactive Polymers 

 

3.1 Background of the study 

The ability of materials to respond to external stimulations is always considered useful and 

has broad applications. Dielectric elastomer falls in the "smart material" category. However, one 

limitation of DE is that, the low modulus of the material cannot provide enough support to the 

applied load. The high driving field has to be applied at all times to keep the large strain 

generated. Current will be constantly drain from the external power source. Also there will be 

safety concerns when used in consumer electronics. Bistable electroactive polymer (BSEP) is 

developed to provide a solution to this problem. A BSEP is a multifunctional polymer material 

that combines the electrically induced large strain actuation of dielectric elastomers and the 

bistable deformation of shape memory polymers. BSEP may find applications in tactile displays, 

adaptive structures, and biologically-inspired robots.[118–120] 

 

3.1.1 Mechanism 

A BSEP polymer has a glass transition temperature (Tg) above room temperature. The basic 

structure of a BSEP actuator consists of a BSEP thin film coated with a pair of compliant 

electrodes on opposing surfaces.[118,119] When heated to above Tg, it behaves as a rubbery 

dielectric elastomer and can be actuated to a temporary shape by Maxwell stress in a high 

electric field.[10] The actuation is fast and reversible at the elevated temperature. The deformed 

shape can be made meta-stable by cooling the polymer to below Tg while the Maxwell stress is 

maintained. The cooled shape is rigid and will maintain its shape whether the applied field is 

kept, changed, or removed, until the polymer is heated again to recover to its original shape.  
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Figure 3-1. BSEP Mechanism 

 

With BSEP rigid-to-rigid deformation can be achieved with a lower energy consumption. 

Assumption is made that 0.1 mm3 BSEP material is considered, with similar density and heat 

capacity with polyethylene terephthalate (PET), which are 1.39 g/cm3 and 2.17 J/(g oC) 

separately. A common Young's modulus of the BSEP polymer is about 1 GPa at room 

temperature and 1 MPa at above Tg. To directly deform the BSEP material in its glassy state to 

100%, the Maxwell pressure needed is around 500 MPa and the energy density is 346.6 MJ/m3, 

according to Equation (1) and (4) in Chapter 1. The total energy consumed will be 36.2 mJ. Note 

that in practice, the rigid polymer would fracture at strains much smaller than 100%. In the case 

of BSEP, the material is firstly heated to above Tg, for instance 70 oC, and then actuated by 

Maxwell pressure at rubbery state. The energy density needed is only 0.404 MJ/m3 and total 

electrical energy consumption is only 0.041 mJ. The thermal energy consumption is 13.5 mJ 

under a 100% heat transfer efficiency assumption. Totally, the ideal energy consumption via 

BSEP is less than one half of that needed to deform a rigid polymer directly.  
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3.1.2 Material improvements 

To achieve high performance BSEP actuation, both material properties and device structures 

have to be investigated. Typical material properties related to BSEP include dielectric strength, 

modulus at rigid and rubbery state, glass transition temperature, viscoelasticity, etc. They will 

determine the theoretical limitation of the performance. Device structure engineering can give 

solutions to other practical issues such as heat transfer efficiency, stability, and so on. In this 

chapter fundamental material issues will be addressed. Fabrication of an efficient BSEP device 

will be discusses in detail in Chapter 4.   

An ideal BSEP film at room temperature is rigid, with an elastic modulus greater than 100 

MPa to support load as a structural material. In the rubbery state, its elastic modulus must be 

smaller than 10 MPa to obtain large Maxwell strain.  Most dielectric elastomers have moduli on 

the order of 1 MPa to produce Maxwell strains as high as 100% or larger. Similar with DE, the 

strain is inversely proportional to modulus, and becomes non-linear at larger strains.[10,37] The 

BSEP film also needs to have high dielectric strength to support electric fields greater than 100 

MV/m. With a typical dielectric constant of 3 for elastomers,[37] 100 MV/m produces a stress of 

266 kPa. Also low viscoelasticity in the rubbery state can lower the internal friction and ensure a 

large number of stable actuation cycles.  

Poly(tert-butyl acrylate) (PTBA) has been synthesized previously to demonstrate the 

concept of BSEP.[118,119] Tg of this material is around 45℃  (defined as the point where 

Young’s modulus begins to drop). At ambient conditions it is a rigid thermoplastic and has a 

Young’s modulus of around 1GPa. When heated to 70℃ the material behaves like a dielectric 

elastomer and has a Young’s modulus of 0.7MPa. This transition temperature is too high for 

some specific applications. For example, for haptic displays users do not want to touch a device 
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that is at a temperature much higher than their body temperature. Additionally, a lot of energy is 

consumed in the heating process and the required time to heat the polymer to its elastomeric state 

is too long for most applications. 

The actuation in linear thermoplastic PTBA is rather unstable at strains greater than 100%. 

Two factors were considered responsible to the instability. One stems from the thermoplastic 

nature of the polymer. The physical crosslinks responsible for the rubbery elasticity in PTBA 

above 60 °C are nanocrystalline domains of various sizes and melting temperatures around 190 

oC.[119,121] As such, the modulus changes rapidly with temperature. Temperature fluctuation 

and non-uniformity will cause localized over-actuation and dielectric breakdown. 

Electromechanical instability (EMI, or pull-in effect) is another factor that often causes the 

breakdown field of a dielectric to appear substantially lower than its intrinsic dielectric strength, 

especially in dielectric elastomers without prestrain.[23,29] The origin of the pull-in effect is that, 

above a threshold field during constant voltage operation, a soft actuator film will be driven 

thinner and thinner until the local electric field exceeds the dielectric strength of the film.[37] 

The threshold voltage is lower than the dielectric strength and is dependent on the polymer’s 

hyperelastic stress-strain response.  

 

3.1.3 Scopes 

Plasticizers were first added to linear thermoplastic PTBA to bring down its glass transition 

temperature. The amount of plasticizers is controlled so that with a lower Tg of 45 oC, the 

modulus at room temperature is still high enough to support the actuator to maintain its shape 

after a strain larger than 300%.  
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Another method was used to overcome the EMI in PTBA so that a stable actuation can be 

achieved. BSEP polymer composed of interpenetrating networks of chemically crosslinked 

PTBA was synthesized instead of using linear thermoplastic PTBA.[122] Elongation of the first 

network to overcome EMI is obtained by swelling, instead of mechanical stretching. The 

resulting PTBA-IPN membranes exhibit a stable modulus above the glass transition. EMI is 

effectively suppressed during actuation. Electromechanical strain as large as 228% in area 

expansion has been obtained at the rubbery state, with a breakdown field of 194 MV/m, a 

Maxwell stress of 2.2 MPa, and a calculated specific energy density of 2.65 MJ/m3. The 

actuation is stable: no dielectric breakdown is observed during continuous application of a 

constant voltage at 150% strain for over 4 hours. The bistable actuation of this material has been 

utilized to fabricate arrays of BSEP diaphragm actuators. The technology is promising for the 

application of refreshable Braille readers. 

 

3.2 Experimental 

3.2.1 Chemicals 

Tert-butyl acrylate (TBA), 2,2-Dimethoxy-2-phenylacetophenone (DMPA) and toluene 

were purchased from Sigma-Aldrich and used as received. Dibutoxyethoxyethyl formal (DBEF, 

SR660), CN9021 acrylic resin and ethoxylated trimethylolpropane triacrylate (SR9035) were 

obtained from Sartomer Company and used as received. CN9021 is a difunctional acrylic ester 

resin for UV/EB-cured laminating and pressure-sensitive adhesives.  
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3.2.2 Film Preparation 

Thermoplastic PTBA was synthesized by UV initiated free radical polymerization under a 

365 nm UV lamp with a 100W mercury bulb set at 3” above the monomer solution. The polymer 

was dissolved in toluene to make solutions with the proper viscosity to cast films of the desired 

thickness. DBEF plasticizer was added into the solution in different weight percentages (0%, 2%, 

5%, and 10%) to adjust the glass transition temperature of the polymers. Films were drop-cast on 

clean, leveled glass substrates. After the solvent evaporated, the polymer films on glass 

substrates were annealed at 80℃ overnight. The polymer films were peeled off with care from 

the glass substrates and dried before use. 

PTBA-IPN films were fabricated in a different way. A typical procedure for the preparation 

of PTBA-IPN-50 is as follows: A first monomer solution consisting of 100 parts (by weight) of 

TBA, 15 parts of CN9021, 3 parts of SR9035, and 1 part of DMPA was prepared. The solution 

was coated on a glass substrate and covered with a second sheet of glass.  A spacer was used to 

define the thickness of the liquid layer.  The monomer solution was cured under a 365 nm UV 

lamp with a 100W mercury bulb set at 3” above the monomer solution. After 15 min exposure, 

the cured membrane (first network) was peeled off and immersed in the second monomer 

solution consisting of 100 parts of TBA, 3.5 parts of SR9035, 1 part of DMPA, and 50 parts of 

toluene. After 60 min of soaking, the swollen membrane was sandwiched between two glass 

sheets and cured with the same UV lamp setup for 45min. The cover glass was then removed. 

The IPN membrane was post-cured on a hot plate at 130  for 60min. The resulting membrane, 

PTBA-IPN-50, was allowed to cool down to room temperature, and then peeled off of the glass 

substrate as a freestanding thin rigid sheet. The fabricated films are referred to as PTBA-IPN-X, 
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wherein X is the parts by weight of toluene in the second monomer solution relative to 100 parts 

of tert-butyl acrylate.  

 

3.2.3 Mechanical Tests 

Mechanical properties of the membranes were tested on a TA Instruments RSAIII dynamic 

mechanical analyzer. Samples for dynamic tests had a dimension of 10 mm width, 80 µm 

thickness and 25 mm total length. Dynamic temperature ramp test was done at 5 /min, 1Hz 

frequency and 1% strain. Samples for tensile tests at 70  were 6 mm long and 5 mm wide and 

had various thicknesses. The extension rate for tensile test was 1 mm/s.  

 

3.2.4 Actuation Tests 

Actuation tests were carried out on a diaphragm chamber with an air pressure of 5 Torr (0.1 

psi). The active areas when flat (before actuation) was circular with 0.25” diameter. Carbon 

grease was smeared on as the compliant electrodes. An environmental chamber from Thermotron 

was used to control the temperature between ambient and 70°C. A high voltage power supply 

fabricated in house was used to drive the actuators. A power resistor with 10MOhm, 5W was 

connected in serial. A digital camcorder was used to record the actuation process. The actuation 

strain was measured from the video frame-by-frame. The area strain was calculated by the 

equation already reported.[99] The steady-state strain values after 1 min of actuation at a 

constant voltage was recorded as the strain for that voltage and the calculated electric field. In 

lifetime tests, a Keithley 2000 digital multimeter was connected in serial to record the current.  
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3.2.5 Dielectric Tests 

The capacitance of the actuators was measured with an LCR meter at 1kHz and used to 

calculate the materials’ dielectric constants. 

 

3.3 Thermoplastic linear polymers with plasticizers 

3.3.1 Mechanical property 

Figure 3-2 shows the storage moduli and loss factors measured as a function of temperature 

for the BSEP samples with different plasticizer content. One can clearly observe that the glass 

transition temperature (defined by both the onset of the storage modulus drop and the loss factor 

peak) shifts towards a lower temperature with an increase in the amount of DBEF plasticizer. 

The high moduli around 1GPa in all five samples at low temperatures suggest that the plasticizer 

has a limited effect on the rigid glassy state of PTBA. In other words, as long as the temperature 

is below Tg, no matter how much plasticizer there is in the polymer, the BSEP will retain its 

rigidity and shape bistability. On the other hand, the moduli in the rubbery states are lowered 

significantly by the addition of plasticizer. This means that, if actuated at this temperature 

without dielectric breakdown, the stain of PTBA with 5% DBEF will be 100% larger than 

intrinsic PTBA. The addition of the plasticizer has the additional benefit of allowing us to tune 

the stiffness of the polymer over a relatively wide temperature range.  If we assume the ideal 

storage modulus to actuate the BSEP is 0.7MPa, then we can tune the amount of plasticizer to 

obtain different operating temperatures that meet the requirements of a particular application. 
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Figure 3-2. DMA results of plasticized PTBA: (A) 0%, (B) 2%, (C) 5%, (D) 10%. Solid lines show Young’s 

moduli and dash dot lines show loss factors of various samples. 

 

3.3.2 Field-Strain 

Figure 3-3 shows the dielectric actuation of plasticized PTBA at a particular temperature of 

45℃ Materials were actuated to high strain levels and made bistable by cooling down to room 

temperature quickly with a fan and subsequently removing the driving voltage. The largest strain 

around 560% of sample D at 145V/µm is shown in the lower left inset. The shape fixities of all 

samples were close to 100%, which means no significant shrinkage occurred after the removal of 

the actuation voltage. The experimental results follow a parabolic fit as expected from Maxwell 

force induced actuation. Data points at high strain levels are offset from the parabolic fits 

primarily due to the discontinuity of the compliant carbon grease electrode and the increased 

modulus of materials at high strain levels. At this temperature, because of the tuned Tg values of 

the plasticized films, Young’s moduli of these materials show significant differences. Pure 

PTBA remains rigid and shows negligible E-field induced strain at very high electric fields while 
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PTBA with 10% DBEF plasticizer can expand to 200% strain at only 50V/µm. Note that the 

strain is bistable in all cases.  This tunable actuation capability provides a potential method to 

produce a smart system that possess several bistable states, allowing the device to transition 

between shapes at various temperatures with shape changes localized to one or more regions 

depending on the temperature. 

 

 

Figure 3-3. (Left) When heated up above Tg, the BSEP film with 10% DBEF plasticizer (73µm thick) can be 

actuated to 580% strain at 1600V (bottom) from initial state (up) and maintain that shape after sequentially cooling 

the film to ambient temperature and removing the actuation voltage. When reheated to above Tg, the thin film 

recovers its originally shape.; (Right) Dielectric actuation of DBEF plasticized PTBA thin films at 45℃: (A) 0%, (B) 

2%, (C) 5%, (D) 10%. Solid lines show parabolic fittings of experimental results. 

 

3.4 BSEP interpenetrating networks 

3.4.1 Methodology 

The fabrication process of the PTBA-IPN is illustrated in Figure 3-4. In a typical procedure, 

a crosslinked PTBA membrane, the first network, was prepared by UV initiated free radical bulk 

polymerization of a liquid membrane consisting of tert-butyl acrylate, a crosslinker, and a 



 

photoinitiator. The cured membrane was imme

monomer, crosslinker, photoinitiator, and toluene as the solvent. After the membrane had 

swollen to a gel-like state, it was placed on a glass substrate and cured under UV exposure. The 

membrane was then thermally annealed to remove residual monomer and solvent, and to increase 

the crystallinity of the polymer to enhance mechanical rigidity at room temperature and el

in the rubbery state. The resulting PTBA

We refer to the resulting membranes as PTBA

toluene in the second monomer solution relative to 100 parts of tert

the second network can be confirmed by a weight increase of 3

PTBA-IPN-10, 263% in PTBA-IPN

 

Figure 3-4. Schematic illustration of fabrication process of a PTBA

network is swollen in a second monomer solution with solvent. The second monomer is then UV cured, followed by 

thermal annealing on a glass substrate. 
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photoinitiator. The cured membrane was immersed in a solution containing tert

monomer, crosslinker, photoinitiator, and toluene as the solvent. After the membrane had 

like state, it was placed on a glass substrate and cured under UV exposure. The 

ermally annealed to remove residual monomer and solvent, and to increase 

the crystallinity of the polymer to enhance mechanical rigidity at room temperature and el

The resulting PTBA-IPN membrane was peeled off from the glass 

We refer to the resulting membranes as PTBA-IPN-X wherein X is the parts by weight of 

toluene in the second monomer solution relative to 100 parts of tert-butyl acrylate. Formation of 

the second network can be confirmed by a weight increase of 380% in PTBA

IPN-50, and 157% in PTBA-IPN-100. 

 

Schematic illustration of fabrication process of a PTBA-IPN membrane. The first UV

wollen in a second monomer solution with solvent. The second monomer is then UV cured, followed by 

 

rsed in a solution containing tert-butyl acrylate 

monomer, crosslinker, photoinitiator, and toluene as the solvent. After the membrane had 

like state, it was placed on a glass substrate and cured under UV exposure. The 

ermally annealed to remove residual monomer and solvent, and to increase 

the crystallinity of the polymer to enhance mechanical rigidity at room temperature and elasticity 

IPN membrane was peeled off from the glass substrate. 

X wherein X is the parts by weight of 

butyl acrylate. Formation of 

80% in PTBA-IPN-0, 371% in 

IPN membrane. The first UV-cured PTBA 

wollen in a second monomer solution with solvent. The second monomer is then UV cured, followed by 
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3.4.2 Swelling Characterization 

Figure 3-5(a) shows the geometrical changes of a PTBA-IPN-50 in the various steps of the 

fabrication process. The membrane was first isotropically swollen by 228% in area and 80% in 

thickness. The swelling ratio Q, defined as the swollen volume divided by the original volume, 

was 5.9. The swelling ratio is determined by the chemical crosslinking density of the polymer 

and remains the same for good solvents and their mixtures.[113] After the formation of the 

second network, the membrane was anisotropically dried and annealed, with the change of the 

in-plane area being constrained due to adhesion between the membrane and glass substrate, 

while the thickness was relatively free to contract. The thickness shrank by 25% largely due to 

the removal of solvent. After the membrane was peeled off the substrate, no in-plane shrinkage 

was observed. Reheating the free-standing PTBA-IPN membrane caused slight area shrinkage (-

15%) and thickness expansion (18%). Overall, the free-standing membrane is composed of a 

highly tensioned first network (176% in area, 62% in thickness) and compressed second network 

(-16% in area and -12% in thickness). The two networks are internally balanced, similar to the 

IPN dielectric elastomers we previously reported.[89] The existence of stress balance inside the 

IPN was further evidenced by the wavy surface morphology formed in cases where the second 

network was only partially cured.. 
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Figure 3-5. (a) Thickness and area of a PTBA-IPN-50 membrane during the various fabrication stages; (b) 

Thicknesses of PTBA-IPN membranes after annealing as a function of the volume fraction of toluene in the swelling 

solvents. Solid line is derived from Equation (1). 

 

If one assumes that mixing of solvent occurs without an appreciable change in the total 

volume of the gel,[113] the final thickness of the PTBA-IPN membrane is correlated to the 

solvent concentration as: 

 �
 = ����

� − �� ���

� − ��
�

�� � (9) 

where �
 is the thickness of the annealed membrane, �� the thickness of the first network 

before swelling, Q the swelling ratio, and x the volume fraction of the solvent. This linear 

relationship is shown in Figure 3-5(b), wherein the experimental data are in good agreement with 

the theoretical predictions. The loss of both the monomer and solvent due to evaporation can 

cause a slight variation of the experimental results. This equation can also be used to control the 

thickness of the resulting membranes during experimental designs.  
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3.4.3 Shape Memory Behavior 

The PTBA-IPN membranes are rigid at room temperature and optically clear. The shape memory 

property is shown in Figure 3-6 for a freshly prepared PTBA-IPN-50, being heated, stretched to 

100% linear strain then cooled down, and reheated. The material exhibits a shape fixity of 100% 

and shape recovery >98%.  

 

 

Figure 3-6. (a) A PTBA-IPN-50 membrane freshly made (distance between the blue markers are 25 mm) , (b) 

heated at 70°C, (c) stretched by 100% in the horizontal direction and then cooled to room temperature, and (d) 

reheated for 10s at 70°C. 

 

3.4.4 Mechanical Property 

Dynamic mechanical analysis shows that PTBA-IPN-50 is glassy up to 45 °C, with a room 

temperature storage modulus of approximately 1 GPa. (Figure 3-7) The glass transition occurs in 

the temperature range of 45-70 °C. The peak of the loss factor (tan δ), the ratio of loss modulus 

to storage modulus, is at 52 °C. This Tg is slightly lower than that of PTBA likely due to the 

presence of the crosslinker co-monomer (Sartomer CN9021) which forms a soft sticky polymer 

on its own when cured. The rubbery state exhibits a relatively stable storage modulus, 0.8-1.0 

MPa from 70 to 120 °C. The stable modulus is considered to be the combined results of ideal 

rubber behavior whose shear moduli increases proportionally with absolute temperature and the 

continuous melting of nanocrystalline domains of PTBA which lowers the modulus with 

temperature. For comparison, PTBA has a rapidly descending storage modulus in the rubbery 
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state, being 0.8 MPa at 70 °C, 0.25 MPa at 100 °C and 0.1 MPa at 120 °C. The tan δ of PTBA-

IPN in the rubbery region is substantially lower than that of PTBA, indicative of lower 

viscoelasticity and faster actuation response. Samples with different solvent compositions (X 

values) have very similar dynamic mechanical responses. 

 

 

Figure 3-7. (a) Storage modulus versus temperature and (b) loss factor versus temperature of  PTBA and 

PTBA-IPN-50 membranes. 

 

The hyperelasticity of PTBA-IPN at the rubbery state was characterized via uniaxial stretch 

tests at 70°C. (Figure 3-8) The control sample, PTBA, has a maximum elongation of more than 

1100% in the rubbery state (not shown in the figure), though its tensile strength at break is only 

0.68 MPa. It lacks the rapid rise of stiffness at high strains to suppress EMI. Chemically 

crosslinked PTBA membranes consisting of only the first network has an improved tensile 

strength of 2.2 MPa and a reduced tensile elongation at break of 307%. PTBA-IPNs exhibit even 

higher tensile strengths while maximum elongations are further lower. The tensile strength and 

elongation at break are 5.8 MPa, 284% and 5.7 MPa, 215% for PTBA-IPN-0 and PTBA-IPN-50, 

respectively. The first order derivative of the stress with respect to strain measures how fast the 
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stress increases with strain, i.e. the “pseudo” Young’s modulus at specific hyperelastic 

strains.[99] At the tensile break point, the pseudo Young’s modulus is 0.03, 2.95, 3.21, and 6.06 

MPa for PTBA, crosslinked PTBA, PTBA-IPN-0, and PTBA-IPN-50, respectively. Introducing 

the interpenetrating polymer network enhances the stiffness of the polymers. In the case of 

PTBA-IPN-50, the pseudo Young’s modulus increases from 0.80 MPa at 1% strain, to 1.05 MPa 

at 100%, 5.10 MPa at 150%, and 6.06 MPa at 215%. The rapid rise of stiffness in the strain 

range of 100-150% is particularly interesting for overcoming the EMI during large-strain 

actuation.[23,37,99] The stiffness increase in PTBA-IPN can be explained by the slip-tube model 

suggested by Robinstein and Panyukov. [115,116] Chemical crosslinking and the addition of the 

second network increase the entanglement between chain segments, leading to a limited chain 

slippage and increased stiffness. The removal of solvent in PTBA-IPN-X during the formation of 

IPN morphology anisotropically compresses (or deswells) the network in the thickness direction. 

The extra chain length in thickness direction will be pushed out into the in-plane direction and 

further increases the stiffness in the in-plane direction. Another reason for the stiffness increase 

in anisotropically deswollen networks could be the alignment of network strands during solvent 

evaporation that makes the system easier to crystallize.[123]  
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Figure 3-8. Tensile stress-strain response of PTBA and PTBA-IPN membranes till break at 70°C. 

 

3.4.5 Field-Strain 

As a good BSEP material, the PTBA-IPN membranes must be able to generate large strains 

under an external electric field. This large strain should be stable at the instant when a driving 

voltage is applied and endure when the high field is kept on. Figure 3-9 shows the strain-field 

curve of PTBA-IPN-50 in comparison with PTBA. The maximum area strain is 228% at a 

breakdown field of 194 MV/m, while PTBA break down above 50% strain and 45 MV/m.  This 

observed breakdown field of PTBA is considerably lower than that of prestrained PTBA.[118] 

PTBA-IPNs with various solvent compositions show similar dielectric actuation characteristics. 

This could be due to the similar total crosslink densities combining both chemical and physical 

crosslinking in these materials. No significant strain snap-through or ballooning[89] was 

observed during constant voltage actuation. All intermediate strain states below the maximum 

strain can be stably obtained. The actuation is fully reversible and repeatable. 
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Figure 3-9. Actuation strain vs applied field for PTBA and PTBA-IPN-50 membranes at 70°C. 

 

3.4.6 Actuation current 

Figure 3-10 shows the current and strain profiles during the actuation of PTBA-IPN-50 and 

PTBA membranes at constant driving voltages. The PTBA membrane is driven by a constant 

voltage to produce an initial electric field of 34 MV/m. The strain gradually increases with time, 

a viscoelastic behavior, and snaps through after strain reaches 50% at 0.45min. The active area 

rapidly expands up to 427% strain while the actuation current spikes. The membrane 

momentarily dielectrically breaks and mechanically ruptures. This is a characteristic EMI 

behavior.[124] The PTBA-IPN-50 membrane is driven at an initial electric field of 50 MV/m. 

The strain gradually increases with time, from 75% to 165% in 3 min. Thereafter, the strain is 

fairly stable, with slight decreases after 10 min until 240 min when the membrane ruptures. The 

strain at breakdown is 147%. The lifetime (240 min) is more than 500 times longer than that of 
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PTBA (0.45min). PTBA-IPN-50 membranes do not exhibit snap-through, or EMI instability. 

The actuation current during the actuation is less than 2µA before it spikes at breakdown. 

 

 

Figure 3-10. Actuation current and area strain during continuous actuation at constant voltages. 

 

3.4.7 Energy density 

Actuation energy density directly measures how much work an actuator can perform in each 

cycle. Table 3-1 lists the calculated energy density, along with other important properties of 

PTBA-IPN-50 in comparison with selected dielectric elastomers. The permittivity of PTBA-IPN-

50 in the rubbery state (ε=6.6@1kHz) is higher than at room temperature (ε=4.5@1kHz). This is 

likely caused by eased dipole orientation of polar bonds and chain segments at elevated 

temperature.[125] The large permittivity, as well as the relatively high breakdown field, leads to 

a large Maxwell stress of 2.2 MPa. The calculated specific energy density is 2.65 MJ/m3, which 

is lower than VHB 4910 but higher than most of the other dielectric elastomers. 
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Table 3-1. Material properties of PTBA-IPN in comparison with common dielectric elastomers  

System Storage 

Modulus 

[MPa] 

Max. 

Areal 

Strain 

[%] 

Max. 

Thickness 

Strain [%] 

Breakdown 

Field 

[MV/m] 

ε [1kHz] Maxwell 

Stress 

[MPa] 

Energy 

Density 

[MJ/m3] 

VHB 4910 [10] 1-3 158 61 412 4.8 7.2 3.4 

HS3 silicone 

[10] 

0.2 93 48 110 2.8 0.3 0.098 

CF19-2186 

silicone [10] 

1 64 39 350 2.8 3 0.75 

SEBS161 

(30%) [80] 

0.163 30 22 109 2.2 0.231 0.151 

PTBA-IPN-50 

(70 oC)[122] 

1 228 70 194 6.6 2.2 2.65 

 

3.5 Conclusions 

In conclusion, DBEF plasticizer was added to linear thermoplastic PTBA to reduce the glass 

transition temperature without damaging other shape memory or electromechanical properties. 

Interpenetrating network structure was introduced into BSEP. Swelling has been shown to be an 

effective approach to synthesizing interpenetrating networks of chemically crosslinked PTBA 

composed of two internally balanced tension-compression networks. The IPN system formed 

after deswelling exhibits a hyperelastic stress-strain response with rapid rise of stress in the 100-

150% strain range. The rapid stiffening is necessary to overcome electromechanical instability 
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and obtain stable large actuation strains. The IPN preserves the shape memory property of neat 

PTBA with a slightly reduced glass transition temperature due to the introduced crosslinking 

chain. The PTBA-IPN membranes exhibit a high breakdown electric field of 194 MV/m and 

stable actuation strains as large as 228% at 70°C. The electrically induced strains can be 

preserved, or “frozen” when the membranes are allowed to cool to ambient temperature, with 97% 

strain fixity.  
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Chapter 4 Design of a refreshable Braille electronic reader based on BSEP polymers 

 

4.1 Background 

4.1.1 Urgent need of large scale refreshable Braille display device 

Vision impairment greatly limits a person’s ability to communicate, receive education, and 

travel to new locations. According to the World Health Organization, there are an estimated 285 

million people worldwide who are vision-impaired, including 39 million blind people and 1.4 

million blind children (15 and under).[126,127] Based on data in early 1990s and 2000s, in the 

United States, the figures are 19 million vision-impaired,[128] 1.3 million who are legally blind, 

and about 53,600 children and adolescents.[126] Braille has been the only means to teach blind 

children literacy. There has been a decline in literacy for blind children in the US: in 1960, 50% 

of blind children read Braille, as of 2009, the number has dropped to only 10%.[129] This 

declining literacy rate is caused by the rapid advancement of audio devices, which cannot teach 

literacy, whereas most Braille devices, such as Braille paper, use century-old technologies. 

Graphics and math equations, two powerful tools for education and communication, have been 

extremely difficult to teach to blind children. 75 times more paper have to be used to fully 

illustrate a mathematics book in Braille, compared to a Braille novel. Current resources and 

technologies are limited to teach these effectively to vision impaired students. There is an urgent 

need to employ modern electronic technologies and develop low cost analogous devices to assist 

learning and communication for blind people. 
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4.1.2 Current technologies and their limitations 

Other than the old-fashion Braille books embossed on paper and text-to-speech audio 

devices, Focus 14/40/80 (previous Braille Lite M20/M40 series) made by Freedom Scientific is 

one of the widely used refreshable Braille display product on the market.[130] It is based on 

individual electromechanical cells made from piezoelectric ceramic bimorph actuator arrays. 

Figure 4-1 shows a Braille Lite device capable of showing one line of 40 characters. Drawbacks 

of this product include size, weight, and cost. The ceramic bimorphs in the actuators are so long 

and heavy that only up to 2 lines of the actuators can be integrated. Also due to the high 

fabrication cost, a Braille Lite with 40 characters will cost more than $5,000 to purchase which is 

not affordable for common users. Lacking a revolutionary actuation technology, there are no 

portable electronic devices that can display more than two lines of refreshable Braille characters 

or graphics with a reasonable size and cost.  

 

 

Figure 4-1. Braille Lite M40, a refreshable Braille display capable of displaying one line of text (Left) and the 

transducers (8 piezoelectric bimorphs) under a Braille cell (Right).  

 

4.1.3 Advantages of BSEP 

BSEP can provide large, bistable rigid-to-rigid deformations. It is well suited for refreshable 

Braille display in a thin film form factor. BSEP thin film stacked with patterned carbon black 

powder electrodes and a few other polymer laminates can be actuated into an array of raised dots. 
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The deformation is stable until the display is refreshed with heat. No bulky bimorphs or other 

appending structures are needed, other than the polymer laminates, to form the Braille dots. The 

bistability also provides a way to reduce the energy consumption .  

 

4.2 Prototyping and characterization 

Structures of the prototyped refreshable Braille device and the characterization setup are 

illustrated in Figure 4-2. Each Braille dot has a diameter of 1.5mm, and will rise nominally 

0.5mm when fully actuated. In our design one refreshable Braille dot consists of an actuator unit 

and a heater unit. To test the electromechanical and bistable performance, a characterization unit 

can be attached additionally. The actuator unit is made of polymer laminates of BSEP thin film, 

constraint polymer layer, and compliant electrodes (not shown in the figure). BSEP in the active 

area defined by the constraint polymers is patterned with carbon black powder or single wall 

carbon nanotube (SWNT) compliant electrodes.[35] With the existence of constraint layers, the 

boundary condition of the electroactive polymer changes from a free boundary to a confined 

boundary. The strain will be buckling up instead of expanding in area. Ni/Cr alloy was sputtered 

with a Denton Discovery 550 sputter to coat on a dicyclopentadiene substrate as Joule heating 

element. After fabrication, the actuator and heater units are laminated together with a heat 

resistant foam tape. Characterization setup for the refreshable Braille dots includes a laser 

displacement sensor (Acuity AR 200-6, Schmitt Industries, Inc., OR), a K-type thermocouple, a 

Keithley 2000 digital multimeter, and NI USB-6009 and USB-9219 DAQ system. High driving 

voltage is supplied by a Trek Model 10/10B-HS amplifier and Joule heating power is supplied by 

an adjustable DC power source.  
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Figure 4-2. Device structure and characterization. For illustration only and scale is not accurate.  

 

4.3 Actuator unit 

Rigid-to-rigid actuated deformation of a typical diaphragm is displayed in Figure 4-3 during 

a bistable actuation cycle.[122] Starting with the BSEP membrane at room temperature and OFF 

state, the diaphragm has a rigid flat surface. It is heated up by the incorporated heater for 10 s. 

Then the actuation voltage is turned on and the heater is turned off. The device is allowed to cool 

down for 10 s and then the actuation voltage is removed. The out-of-plane displacement (raised 

Braille dot height) with the actuation voltage ON reaches a peak height of 0.594 mm and 

decreases to 0.577mm after removal of actuation voltage. The corresponding strain fixity is 97%. 

The raised dot height decreases to 0.005 mm when the device is heated up again. The out-of-

plain strain recovery is 99%. 
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Figure 4-3. (a) Braille 1 dot; (b) Raised height and temperature of a Braille dot as a function of time during a 

bistable actuation cycle. 100MV/m 

 

Figure 4-4(a) shows ten actuation cycles of actuation after 1,000 cycles of actuation during a 

prolonged continuous actuation cycle test at 0.1Hz frequency at 70 °C. The vertical displacement 

around 0.6 mm is stable and repeatable. In a longer driving run, the raised dot height increases 

from 0.594 mm to 0.669 mm in the first 150 cycles (Figure 4-4(b)). This increase is believed to 

be due to a break-in effect, a phenomenon commonly observed in rubbery elastomers, e.g. a 

rubber balloon is difficult to blow up for the first time and becomes much easier in subsequent 

attempts. After the peak height was reached the height is observed to decrease gradually, 

reaching 0.340 mm after 4,000 cycles of actuation. 
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Figure 4-4. (Left) Raised height of a Braille dot during 1001
st
-1010

th
 cycles during a repeated actuation cycle 

test at 70°C; (Right) Raised height of a Braille dot with the number of actuation cycles during the cycle test.  

 

The capability of the Braille dots in supporting pressing forces at the tip of the dome force is 

shown in Figure 4-5 where the raised height of a Braille dot at the ON state is plotted with the 

force applied. The active PTBA-IPN-50 membrane has a calculated thickness of 28 µm at the 

ON state. To lower the height by 0.1 mm, the force applied is 24 grams, which is higher than the 

suggested force support of >10-15 g for Braille applications.[131] In separate experiments to 

measure the bistability of the actuation, raised Braille dots were left at ON state for 3 months in 

ambient condition without any external voltage or stress bias. No height change was observed. 
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Figure 4-5. Supported force of a Braille dot actuator at the ON state as a function of the amount of height 

reduced as a result of the applied force. 

 

4.4 Heater unit 

The actuation of the BSEP material at its rubbery state is fast (normally less than 5s). The 

response speed of the whole device is greatly determined by the layout, efficiency, and operation 

time of the heater unit. Under a fixed heater layout (uniform heating pad) and a constant driving 

power (close to 150 mW), Figure 4-6 and Figure 4-7 showed some preliminary relationships 

between the actuation height and the heating and cooling time. The device is first heated up for th 

seconds. A constant high driving voltage is applied and heating is turned off, cooling for tc 

seconds, and then the driving voltage is removed. After a 30s hold, the heating voltage is 

reapplied. The steps are repeated for five times and the height change is recorded.  
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Figure 4-6. Relationship between heating time th and actuator vertical displacement.  

 

In Figure 4-6(a) it shows that when th = 12 s, the actuator can be driven to a maximum height 

of 0.5 mm. Along with th decreases to 10, 8, and 6 s, the maximum height can be reached 

decreases to 0.47 mm, 0.33 mm, and 0.28 mm. In the case of th = 6 s, the heat generated by the 

heater unit is not even enough to fully reset the BSEP. A secondary heating has to be applied to 

reach its original flat shape. The discrepancy in the first two cycles may be due to the local 

temperature difference at the time when the actuator is driving. The size ratio of heater to 

actuator is so small that the whole device is very sensitive to temperature fluctuation. A heating 

time of 12 s or even 10 s would be good enough to drive the actuator to close to the nominal 
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height of 0.5 mm with the current driving voltage. However, the number can be further reduced 

if a more efficient heater layout or a higher heating power is used. 

Figure 4-7 shows the effect of reducing tc. In each cycle the height has a slight decrease after 

the cooling period. This represents the strain fixity due to the shape memory nature of BSEP 

polymer. 10 s is long enough for the BSEP to cool down to allow only a 0.02 mm height 

decrease. The residual resilient force can be balanced out by the material rigidity at that 

temperature. Further deducing tc will bring down the strain fixity, from -0.02 mm in tc = 10 s, to 

-0.03 mm in tc = 7 s, -0.05 mm in tc = 5 s, and a significant -0.1 mm in tc = 3s.  

 

 

Figure 4-7. Relationship between cooling time tc and actuator vertical displacement. 
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4.5 Scaling-up 

The ultimate objective of this research is to fabricate a low cost, portable, large scale 

refreshable Braille electronic reader. The device should have the potential to display graphics 

and equations as well. A standard Braille character consists of a 3 by 2 Braille dot array, with a 

diameter of 1.5 mm and a height of 0.5 mm in each dot, and a 2.5 mm center to center distance in 

adjacent dots. Distance between adjacent cells is 7.5 mm within the same line and is 10.0 mm 

between two lines. With the dimensions in mind we first designed the 1-cell and 2-cell 

refreshable Braille devices shown in Figure 4-8. The whole device in total has a size of one 

square inch to realize the alignment of actuator unit, heater unit, and related wiring. The active 

layer has a total thickness of 2 mm, mounted on a base of half an inch thickness for pin 

connectors to the driver interface. A display box was made with all custom-made control 

circuitry embedded. It is able to apply driving voltage on individual dots and heating up the 

whole device. High voltage and heating voltage are all from external power sources. All control 

functionalities are realized by custom-made computer software and the communication is done 

through the serial port.  
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Figure 4-8. (Up) 1-cell and (Down) 2-cell Braille cell with custom-made control system.  

 

High voltage relays sustaining up to 7kV (Cynergy3 DAT70510) were used to switch the 

driving voltage on and off in the 1-cell device. The dimension of such relays are too big for this 

design to scale up. We fabricated thinner BSEP-IPN films to reduce the driving voltage to below 

3kV, and replaced the bulky HV relays with much smaller 5kV relays (Cynergy3 SAR90505). 

This design saves more than 75% of the space than the 1-cell device, and had heating power 

source integrated as well. However, the overall size for the control circuitry is still big. The 

interference issue between individual dots is very significant due to the high electromagnetic 

field when high voltages are switched on and off.  
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Figure 4-9. Photograph of a refreshable Braille display panel made of PTBA-IPN-50, the blow-up of one cell 

with 3 left dots raised to display the letter “L”.  

 

In the most recent design we adapted a different control strategy in large size refreshable 

Braille devices. Instead of high voltage, heating voltage is being controlled on individual dots to 

provide local heating of BSEP. The high voltage over all dots are applied with one high voltage 

relay at the same time. Individual control of a matrix of low voltage, high current signals can be 

realized with standard IC designs. It reduces the size of control circuitry, simplifies the design, 

and avoided the interference issue. Figure 4-9 shows a smartphone size prototype with part of the 

dots actuated. The actuator stability is improved by employing reformulated BSEP material 

processed by precise coating and UV curing method. Further improvement of heater unit stability 

is still under development.  

 

4.6 Conclusions 

The membranes are a suitable electroactive material for the fabrication of smartphone-size 

refreshable Braille displays which, once commercialized, could profoundly improve the 

education of blind children and the quality of life of blind adults. The commercialization of the 
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technique still requires further development of the materials to reduce the glass transition 

temperature such that actuation can be done at a more comfortable temperature such as 50°C. 

The devices also require high-voltage active matrix control circuitry which is currently 

unavailable. 
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Chapter 5 Silver nanowires as compliant electrodes for actuation and Joule-heating 

 

5.1 Background 

Stretchable electronics promise a wide range of devices capable of reproducing the functions 

of many biological systems, such as artificial eyes, skin, and noses.[132,133] These applications 

require compliant electrodes that have low mechanical impedance (modulus), low electrical 

impedance (remain highly conductive even under large stains), and are durable (no degradation 

of mechanical and electrical properties after numerous deformation cycles). Another promising 

bio-inspired technology, artificial muscles, particularly dielectric elastomer actuators (DEA) 

require compliant electrodes that possess rubbery elasticity and maintain high conductivity at 

strains as large as 100%.[10,37] Shape memory polymers (SMPs) are another category of smart 

material with large strain actuation. The shape memory operation requires a means of heating 

which could be performed by resistive Joule heating for control convenience. 

For BSEP, which is a combination of DE and SMP, its operation requires a compliant 

electrode that can support strains greater than 100%, and a Joule heating electrode sustaining 

similarly high strains.[118] Ideally, a single compliant electrode can cover both high actuation 

strain and Joule heating. Here, we report the synthesis of a new compliant electrode based on a 

silver nanowire (AgNW)-polymer composite that meets this requirement.[134] The composite 

electrodes consist of an ultrathin layer of AgNW buried in the surfaces of poly(tert-butyl 

acrylate-co-acrylic acid) poly(TBA-co-AA) films, a BSEP polymer. The surfaces of the films are 

highly conductive (Rs: as low as 10 Ω/sq) and remain low (Rs: 102 ~ 103 Ω/sq) at strains as high 

as 140%. The electrodes are also capable of being used for Joule heating; composite films can be 

actuated up to 68% area strain using Joule heating. The combination of the AgNW composite 
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electrodes and BSEP materials allows for the demonstration of repeated bistable electrically-

induced actuation and relaxation in a thin film architecture. 

 

5.2 Experimental 

AgNWs were synthesized by following the process reported in references.[135–137] AgNW 

dispersed in methanol (2 mg/mL) were drop cast onto a glass substrate, dried and annealed on a 

hotplate for 30 min at 200 oC. To make the conductive composites, a monomer solution 

containing 100 parts of tert-butyl acrylate (Sigma-aldrich), 0.5 parts of SR9035 crosslinker 

(Sartomer company sample), 0.5 parts of 2,2-dimethoxy-2-phenylacetophenone photo initiator 

(Sigma-Aldrich), and various amounts of acrylic acid (Sigma-aldrich) was drop cast onto the 

glass substrate coated with AgNW. A cover glass was placed on top of the monomer solution 

using spacers to control the film thickness, and the monomer was photo-crosslinked by UV 

irradiation (power: 100 W, wavelength: 365 nm) for 20 min with a distance of 3 inches from the 

lamp. The sample was further annealed at 80 oC for 10 hours before peeling it from the glass 

substrates. SEM surface and cross-sectional microscopic images of the AgNW composite 

transferred into PTBA-co-AA were taken by a JEOL JSM-6701F scanning electron microscope. 

Transmittance spectra of the AgNW composites were collected by a Shimadzu UV-1700 

spectrophotometer. 

For the Rs profile measurements, the conductive composite was cut into strips 300 mm long 

and 10 mm wide. 100 nm gold electrodes were sputtered on both ends of the surface of the 

AgNW composite, leaving only a 1 mm uncovered span in the middle. Conductive copper tape 

was attached on the sputtered gold to act as the leads. Electrically insulating Kapton tape was 

used to insulate the sample from the equipment. The sample was loaded into a TA RSA III 



78 
 

dynamic mechanical analyzer (DMA) with sample holders on both ends, leaving only the central 

non-sputtered area (1 mm long, 10 mm wide). A linear strain signal was applied to test the 

change in Rs with uniaxial stretching after heating to 80 oC. The resistance was measured using a 

Keithley 2000 digital multimeter. The Rs was calculated using the original dimension of the 

sample (10 mm wide, 1 mm long). To test the Rs profile under cyclic stretching/releasing, the 

same protocol was used except that a repeated triangular strain signal was used instead of a linear 

one. 

For actuation testing, the AgNW-poly(TBA-co-AA) composite was made into circular 

diaphragm actuators. A circular top electrode and dog-bone shaped bottom electrode were both 

transferred using the method described above. A small positive pneumatic pressure (0.1 psi) was 

applied to the diaphragm to prevent the active area from wrinkling during the actuation test. The 

deformation of the active area in response to electric field was monitored with a digital camera. 

Active area strain was calculated from geometric relations.  

 

5.3 Results 

The preparation of the composite electrodes is illustrated in Figure 5-1(a). AgNWs with an 

average diameter of about 60 nm and an average length of about 20 µm were dispersed in 

methanol and drop cast on a glass substrate. The resulting thin AgNW coating was annealed to 

form a fused interconnected network.[138] The Rs and optical transparency of the nanowire 

coating depends on the density of AgNWs (mg per square meter as surface area). Higher AgNW 

density leads to lower Rs but higher optical loss. 
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Figure 5-1. Fabrication method and structure of the AgNW/polymer composite electrode material.  

 

The thin AgNW coatings were transferred and embedded inside a copolymer of tert-butyl 

acrylate (TBA) and acrylic acid (AA) (poly(TBA-co-AA)) by in-situ photopolymerization. This 

photo-polymerization and transfer process preserves the AgNW network that is interpenetrated 

within the polymer matrix. Low surface resistance can be obtained at extremely low AgNW 

loadings. The conductive surface was subjected to repeated adhesion and peeling tests with 

Scotch tape. No degradation of surface conductivity was observed. Figure 5-1(b) and (c) shows 

scanning electron microscope (SEM) images of the conductive surface and cross-sections of the 

AgNW composite electrode. The AgNW network is clearly shown on the surface of the 

composite that was in contact with glass as well as embedded in the thin layer beneath. At cross-

sections, the AgNWs (588 mg/m2) in the composite are observed as deep as 600 nm in the 

polymer matrix. The depth varies in the range of 200 to 600 nm depending on the coating density 

of AgNW on glass (147 to 588 mg/m2).  
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Figure 5-2. Transmittance and general look of AgNW/polymer composite electrodes with different AgNW 

loadings.  

 

The optical transmittance at 550 nm decreases from 80% at an AgNW loading of 147 mg/m2 

to 45% at 588 mg/m2 (Figure 5-2). The sheet resistance (Rs) of the conductive surface is typically 

10 Ω/sq at 588 mg/m2 and 88.6 Ω/sq at 147 mg/m2. 

 

 

Figure 5-3. Effect of acrylic acid in the composite material to sheet resistance while stretching.  
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In order to test the stretchability of the conductive composites, samples containing 0 ~ 5% 

AA were heated to 80 oC, at which the polymers are sufficiently soft to allow large-strain 

deformation. The homopolymer of TBA (PTBA) has been shown to be a good shape memory 

material,[118] but its hydrophobicity leads to poor interface bonding with AgNWs. Addition of 

AA in the polymer composition can help improve the adhesion between the AgNW network and 

the polymer matrix. Further increasing the AA content is undesired since it would increase the 

actuation temperature of BSEP to a prohibitively high value. This would lead to an increase in 

the power consumption, longer heating and cooling times, and increased discomfort for haptic 

display devices. The Rs of the composites increases with strain as shown in Figure 5-3(a). The 

concentration of AA in the matrix plays an important role in the rate of increase of the resistance. 

At 5% AA, the electrode can be stretched to 160% strain while maintaining an Rs below 10 

kΩ/sq. The enhanced stretchability with a small amount of AA is attributed to the increased 

bonding between the matrix and AgNWs via the carboxylic acid group. This bonding could 

prevent sliding between the AgNWs and the matrix during expansion and relaxation. The AgNW 

network thus stretches and relaxes with the elastic matrix.  

Figure 2b shows the Rs profile of conductive composites being cyclically stretched and 

relaxed between 0 and 50% strain at 80 oC. All samples containing 1 ~ 5% AA maintain an Rs 

below 350 Ω/sq, thanks to partial anchoring of the AgNW in the elastic matrix. However, the Rs 

profile is a function of AA content. In the case of 1 % AA, the peak Rs gradually increases with 

the number of strain-relaxation cycles. The baseline Rs (at 0% strain) also shows an increasing 

trend. The sample containing 3% AA shows similar trends, but at a slower pace. The sample 

with 5% AA shows much higher compliancy of electrical conduction. The Rs at 50% strain 
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increases slightly from 26 Ω/sq in the first cycle to 30 Ω/sq in the tenth cycle. The resistance 

increase during elongation is mostly restored with Rs increasing from 10 Ω/sq to 11 Ω/sq after 10 

cycles. The resistance can be completely restored after the samples are kept in the relaxed state 

for 1 hour, an indication that the increased baseline resistance is caused by viscoelasticity of the 

matrix rather than a loss of electrical conduction in the AgNW network. 

The density of AgNW coatings transferred into poly(TBA-co-AA) is another important 

factor to realize better stretchability of the conductive composite. Samples with different AgNW 

density (147 to 588 mg/m2) were made using poly(TBA-co-AA) with 5% AA. Rs versus strain 

curves were measured to evaluate the stretchability of the conductive composites. Higher AgNW 

density leads to a lower rate of increase of the Rs and higher allowable strain, as large as 160%, 

as shown in Figure 5-4(a). The enhancement in stretchability might be correlated to an increase 

of fused interconnections among AgNWs as AgNW density is increased. 
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Figure 5-4. Effect of AgNW loading to sheet resistance while stretching.  

 

Figure 5-4(b) shows the resistance change with respect to initial resistance (R/R0) for 

conductive composites (AgNW density: 588 mg/m2) being cyclically stretched to various strain 

values and released to 0% at 80 oC. After 10 loading cycles at 30% peak strain, peak resistance 

recovery (how much the resistance decreases upon relaxation relative to the peak value) was 98% 

and the peak-to-baseline resistance change (Rp/Rb) is only 1.3. Even at 70% peak strain, the peak 

resistance recovery was 95% with Rp/Rb below 5. The Rp/Rb increases with the number of strain 

cycles in the initial few cycles and then stabilizes. Increasing the amplitude of the peak strain 

further to 90% decreases the peak resistance recovery to 90% and Rp/Rb to around 25. The Rp/Rb 
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continues to increase without stabilization which can be correlated with the viscoelasticity of the 

host polymer matrix.[119,139] However, the composite still maintains a highly conductive 

network during deformation. The compliance of the conductive composite at large strains is 

significantly higher than not only other flexible electrodes made from metal nanowires, single 

walled carbon nanotube and graphene,[135,140–142] but also metal ion implanted electrodes.[73] 

Figure 5-4(c) shows Rs profiles of the composite electrode during continuous repetitive 

cyclic loading with five different levels of peak strain corresponding to 30, 40, 50, 70 and 90%. 

The Rs of the composite continues to increase with the number of strain cycles and then appears 

to stabilize. After 5000 cycles, the Rs of the composite is still below 2 kΩ/sq. This value is still 

low enough so that this composite has the potential to be used as a compliant Joule heating 

electrode embedded in BSEP materials. 

 

 

Figure 5-5. Joule heating with AgNW/polymer composite.  

 

The AgNW composites (density of AgNW: 588 mg/m2) were Joule heated using a DC 

power supply. Five different levels of electric power, ranging from 26 to 416 mW, were 
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individually applied to the active area (1 cm2) of the composite. As shown in Figure 5-5(a) and 

(b), the temperature on the AgNW composite electrode increases sharply and saturates with time. 

Under an electric power of 416 mW, a temperature as high as 85 oC can be reached in 5 seconds; 

the temperature then stabilizes to 95 oC after an additional 10 seconds without any significant 

degradation of current on the composite electrode despite an increase in deformation of the 

softened host polymer. The heating rate and heating response to reach a steady state temperature 

is faster than a recently developed SWCNT film heater.[143] 

Diaphragm actuators were fabricated by using poly(TBA-co-AA) with 5% AA with a thin 

AgNW coating embedded in both surfaces. Circular electrodes with a diameter of 5 mm were 

patterned with a single rectangular leads to connect to high voltage on the top and two 

rectangular leads on the bottom to connect to low voltage and ground. During Joule heating, the 

BSEP actuator can produce deformation in response to electric fields (10 ~ 45 MV/m) applied 

between the top and bottom electrodes. However, using this setup the deformation is uneven 

across the electrode and non-repeatable because the narrow leads result in an increased current 

density, and therefore increased Joule heating in the central region of the electrode which can 

easily be damaged due to undesired overheating. To overcome this issue, the Joule heating 

electrode was redesigned with a dog-bone shape, with larger flared leads leading toward the 

active electrode area. The design contributes to reducing the undesired excess heating on the 

circular active area. 

 



86 
 

 

Figure 5-6. AgNW/polymer composite as Joule-heating and actuation electrodes.  

 

Figure 5-6(a) shows photographs of the actuator deformed in response to different electric 

fields. The actuator produces a deformation with negligible curvature after the onset of Joule 

heating due to the presence of a small positive pneumatic pressure inside the chamber (very left 

of Figure 5-6(a)). When actuated in the heated state, the flat circular active area expands thanks 

to the electroactive nature of the polymer and takes on a convex dome shape. Figure 5-6(b) 

shows schematic illustration of the BSEP actuator. At each constant Joule heating temperature, a 

higher electric field leads to larger area strain. At a constant electric field, a higher Joule heating 

temperature contributes to higher area strain which can reach values as large as 68% at 45 MV/m 

as shown in Figure 5-6(c).  
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Figure 5-7. Bistable actuation under Joule heating.  

 

The actuated shape of the active area can be locked-in by removing the Joule heating current 

and cooling the actuator to room temperature; the initial relaxed shape can be fully recovered by 

reheating the active area (upper left of Figure 5-7). A video file, included in the Supporting 

Information, demonstrates the shape memory characteristics of the BSEP actuator with AgNW 

composite electrodes. For durability testing, the current profile of the Joule heating electrode was 

monitored during 5 repetitive actuations using a two-terminal Keithley multimeter. The results 

are shown in Figure 5-7. Each actuation cycle was programmed with four steps as specified in 

the upper left of Figure 5-7. During the repetitive actuations with area strains as large as 52%, 

there is no significant degradation of the Joule heating current. On the other hand, in the case of 

68% area strain, the Joule heating current exhibits a decreasing trend as the number of actuations 

increases and reduces to as low as 70% of the initial current. 
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5.4 Conclusions 

In conclusion, we have developed a new compliant electrode based on a silver nanowire 

(AgNW) polymer composite that can be applied to smart materials. Embedding a fused AgNW 

network within the surface layer of a polymer matrix imparts excellent compliance, stretchability 

and mechanical robustness against external friction without loss of conductivity. The AgNW 

composite is highly conductive (Rs: as low as 10 Ω/sq) and remains conductive (Rs: 102 ~ 103 

Ω/sq) at strains as high as 140%. The composite exhibits acceptably small increases in baseline 

resistance under repetitive large strains as high as 90% and maintains a high level of conductivity 

even after 5000 continuous loading cycles with strains ranging from 30% to 90%. The composite 

can be Joule heated at rates as high as 17 oC/s. When the composite is employed as compliant 

electrodes, the BSEP actuator produces repeatable out-of-plane actuation with up to 68% area 

strain under Joule heating. The combination of the AgNW composite electrodes and BSEP 

materials allows for the demonstration of repeated bistable electrically-induced actuation and 

relaxation in a thin film architecture. 
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Chapter 6 Future Researches 

Commercialization of the dielectric actuation technique of polymers requires high 

performance materials, easy processing steps, and innovative device structures and application 

ideas. A good start point for designing specific materials for actuation is the UV curable 

prestrain-free DE and BSEP systems described in the dissertation. However, the structure-

property relationship has to be further established in these systems.  

 

6.1 Further study in prestrain-free dielectric elastomers 

Besides crosslinkers and plasticizers, there are other additives in the formulation of UV-DE 

precursors that are of great importance to the structure-property relationship. Photoinitiators with 

high oxygen resistance can be used to reduce the oxygen inhibition during UV curing. The 

molecular weight can be further increased and tear strength of the polymer can be increased. 

Thinner elastomer films can then be fabricated to reduce the driving voltage. Oligomers and 

monomers are to be further screened to lower the modulus at small strains and quickly stiffens 

the material above a certain critical strain.  

The ability to tame EMI behavior through varying elastomer stiffness opens up an avenue to 

design new dielectric elastomers. Non-Gaussian networks containing bimodal chain lengths can 

be tailored to meet this requirement. An example bimodal system can be synthesized by mixing 

two precursors with distinct molecular weight distributions and crosslinkable functional groups 

on the chain ends, and crosslinking in stoichiometric proportions. The resulting elastomer would 

have both high elongation at break and high tensile strength, combining the advantages of short 

chain networks and long chain networks.  
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6.2 New BSEP formulations 

BSEP can be formulated and UV cured in a similar fashion as the prestrain-free DE, without 

damaging the strain and stability performance. BSEP at rubbery state is equal to the UV-DE at 

room temperature, thus the design guideline developed in Chapter 2 should apply. The difference 

will be in glass transition temperature Tg and crosslink density. Since in random polymerization 

the overall Tg of the polymer is depending on that of individual components and their mole ratio, 

an oligomer/monomer combination should be identified to have a proper Tg for bistable actuation. 

The molecular weight of the oligomer(s) should be controlled to modify the basic mechanical 

properties of the polymer. Crosslinkers are also to be added into the formulation to adjust the 

stiffness along with stretching. The fabricated BSEP will have a suppressed electromechanical 

instability as in the UV-DE, as well as a simple, industrially comparable fabrication process.  

 

6.3 Full-page refreshable Braille display 

One of the ultimate goals of the BSEP related study is to achieve a full page size refreshable 

Braille display device. Currently a smartphone size device has been demonstrated with BSEP-

IPN material and a partially individually controlled heater array. With a formulated BSEP 

material, a tablet size (18 by 18 Braille characters) actuator unit has been made with patterned 

carbon black powder electrodes. (Figure 6-1) However, a number of issues should be resolved 

before a successful full page demonstration can be made.  

First of all, the efficiency of each heater dot should be improved. Currently it consumes 

about 150 mW per dot to thermally activate the actuator. This number have to be significant 

reduced or the overall energy consumption would be too high. Luckily there is still plenty of 

room to improve the heater efficiency. The heater layout can be designed optimally to reduce 
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waste of heat on the electrical contact leads. Another possible solution is to incorporate the 

AgNW composite electrode as the Joule heating electrode, as suggested in Chapter 5. The heater 

layout also has to be designed accordingly. Secondly, the stability of each heater should be 

further improved. Heater burn down happens frequently when the heating power is high. Poor 

adhesion between the heater metal layer and the plastic substrate could be the reason. A more 

polar heat resistant plastic other than dicyclopentadiene will be chosen as the substrate, to 

improve the adhesion. Thirdly, a control circuitry has to be designed to control up to 2000 

channels of heating current.  

 

 

Figure 6-1. Tablet-size Braille cell with custom-made combination control system. 
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Chapter 7 Conclusions 

This dissertation investigates several fundamental issues in the dielectric actuation of 

polymers, including dielectric material synthesis, processing, choice of compliant electrode, and 

innovative device fabrication.  

A new category of UV curable DE materials (UV-DE) has been synthesized from 

formulated precursor solutions. The material system can be custom-designed with various 

thermomechanical and electromechanical properties by using crosslinkers and plasticizers. No 

prestretching is needed to achieve the peak performance. Electromechanical instability can be 

suppressed in these materials to provide long and stable actuation. The experimental results are 

consistent with the thermodynamic model. The stiffening of the elastomers via crosslinking is 

found critical in optimizing the electromechanical actuation performance. Fabrication of this new 

material is simplified by using coating techniques and made compatible with industrial 

production. Multilayer stack actuators were fabricated larger than 10% linear actuation strain.  

PTBA is a proof-of-concept BSEP polymer. DBEF plasticizer was added to linear 

thermoplastic PTBA to reduce the glass transition temperature without damaging its shape 

memory or electromechanical properties. Internally balanced tension-compression 

interpenetrating network structure was introduced into via curing of a precursor-swollen 

chemically crosslinked PTBA network. The IPN system formed after de-swelling exhibits a 

hyperelastic stress-strain response with rapid rise of stress, which suppressed electromechanical 

instability, and obtained stable actuation strains larger than 100% at 70°C. The electrically 

induced strains can be preserved, or “frozen” when the membranes are allowed to cool to 

ambient temperature, with 97% strain fixity. Other properties such as leakage current and energy 

density of the BSEP-IPN material were characterized extensively.  
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The BSEP material was found to be a good candidate for large scale refreshable Braille 

display application. The literacy of blind children and the quality of life of vision impaired 

community can be significantly improved with such a device developed successfully. An 

actuator structure comprising of a BSEP polymer laminate was designed and tested. A separate 

heater unit was fabricated with a simple layout and coupled with the actuator unit to realize 

bistable actuation of the device. The actuator was successfully scaled up from one single dot to 

one Braille character, two units, and a smartphone size prototype.  

An AgNW/polymer composite was nominated as a highly conductive, highly stretchable 

compliant electrode candidate, especially for BSEP applications. Embedding a fused AgNW 

network within the surface layer of a polymer matrix imparts excellent compliance, stretchability 

and mechanical robustness against external friction without loss of conductivity. The AgNW 

composite is highly conductive (Rs: as low as 10 Ω/sq) and remains conductive (Rs: 102 ~ 103 

Ω/sq) at strains as high as 140%. When used as Joule heating electrode, the material reaches a 

heating rate as high as 17 oC/s. The combination of the AgNW composite electrodes and BSEP 

materials allows for the demonstration of repeated bistable electrically-induced actuation and 

relaxation in a thin film architecture. 
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