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Abstract:    Dielectric elastomers (DEs) respond to applied electric voltage with a surprisingly large deformation, showing a 
promising capability to generate actuation in mimicking natural muscles. A theoretical foundation of the mechanics of DEs is of 
crucial importance in designing DE-based structures and devices. In this review, we survey some recent theoretical and numerical 
efforts in exploring several aspects of electroactive materials, with emphases on the governing equations of electromechanical 
coupling, constitutive laws, viscoelastic behaviors, electromechanical instability as well as actuation applications. An overview of 
analytical models is provided based on the representative approach of non-equilibrium thermodynamics, with computational 
analyses being required in more generalized situations such as irregular shape, complex configuration, and time-dependent de-
formation. Theoretical efforts have been devoted to enhancing the working limits of DE actuators by avoiding electromechanical 
instability as well as electric breakdown, and pre-strains are shown to effectively avoid the two failure modes. These studies lay a 
solid foundation to facilitate the use of DE materials, structures, and devices in a wide range of applications such as biomedical 
devices, adaptive systems, robotics, energy harvesting, etc. 
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1  Introduction 

 
Artificial muscles, a term for man-made 

materials, structures or devices that reversibly 
contract, expand, bend or twist in response to external 
stimuli, have attracted great attention and have 
advanced rapidly in the last two decades. Research on 
artificial muscles often involves people from a 
diversity of disciplines, with an ultimate goal of 

surpassing natural muscles and exploring applications 
in biomedical devices, adaptive systems, robotics, 
energy harvesting, etc. Various types of smart 
materials have been used as artificial muscles with 
assumed response to external stimuli, including 
dielectric elastomers (DEs), ferroelectric polymers 
(FPs), ionic polymer-metal composites (IPMCs), and 
shape-memory polymers (SMPs). Among those listed, 
DEs that are usually made of electroactive polymers 
can readily transform electric energy into mechanical 
work, enabling them to mimic the function and 
performance of natural muscles (Shankar et al., 2007; 
Brochu and Pei, 2010; Kornbluh et al., 2012; Suo, 
2012; Zhao and Wang, 2014). Specific examples of 
DEs include acrylics, silicones, polyurethanes, fluo-
roelastomers, and ethylene-propylene rubbers. Key 
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attributes of such materials, including large actuation 
strain, fast response, light weight, silent operation, 
and low cost, provide the unique combination for the 
task of muscle-like actuation and thus gain increasing 
attention for a diversity of structures, devices, and 
applications over recent years (O’Halloran et al., 
2008; Carpi et al., 2010; Anderson et al., 2012; Sheng 
et al., 2012; Graf et al., 2014).  

Large deformation is crucial for requisite func-
tions in muscle-like actuation. DE actuators can 
produce surprisingly large deformations in response 
to externally applied electric fields. A prototype of a 
DE actuator appears as a planar and thin membrane 
sandwiched between two compliant and oppositely 
charged electrodes, which is essentially a capacitor as 
shown in Fig. 1a (Suo, 2010; Zhao et al., 2011; Li B. 
et al., 2014). Once an electric field is applied across 
the electrodes, the charges of opposite sign cause 
Coulombic attraction that compresses the material in 
the thickness direction and expands it in the mem-
brane plane, with a relatively large strain magnitude 
and high strain rate. The shape of the elastomer is 
recovered if the voltage is removed. Nowadays, the 
typical operating voltage for DE functioning falls into 
the range 500 V to 10 kV, and the areal strain can be 
as much as 1000% (Wissler and Mazza, 2005; Zhang 
et al., 2005; Li T.F. et al., 2013).  

Early electroactive polymers were shown to 
produce relatively small strains, while more advanced 
DEs that are capable of large deformation over 100% 
have emerged since the beginning of the 1990s. This 
trend of an increasing deformation regime in DE 
applications calls for a paradigm shift in modeling the 
electromechanical coupling of DE behaviors with 
critical issues such as instability and failure. It is 
therefore imperative to develop quantitative ap-
proaches to how these materials, structures, and de-
vices behave in response to various forms of electric 
excitation as well as the mechanical load/constraint in 
the designing, manufacturing, and functioning stage 
of DE products. 

The functioning, capability, and reliability of 
actuators made of DEs have been theoretically and 
computationally modeled in different configurations, 
such as cylindrical (Carpi and de Rossi, 2004), 
spherical (Mockensturm and Goulbourne, 2006), 
pre-strained circular (Wissler and Mazza, 2005; Chen 
and Dai, 2012), and so on, in which particular forms 
of strain energy function have been shown to ade-

quately represent the material constitutions and de-
scribe their actuation behaviors.  

In experiments, the electromechanical response 
of some DEs has been exhibited to be highly rate- 
dependent and hysteretic, implying significant vis-
coelasticity and convoluted time scales in the mate-
rials. Moreover, the actuation strain of DEs is 
strongly limited by several failure modes such as 
electromechanical instability and electric breakdown. 
To avoid these vital issues and achieve a sufficiently 
large deformation under electric stimuli, stability and 
hysteresis analyses have also been performed with 
results showing that the electromechanical stability of 
DE actuators can be tuned by the magnitude and dis-
tribution of pre-stress (Zhao and Suo, 2007; Zhao et 
al., 2007). This paper aims to provide an overview of 
recent theoretical and numerical studies that outline 
the existing approaches and methods in mechanical 
analyses of DEs, and is organized as follows. We first 
introduce the basic theory of the working principles 
of DEs and summarize the equation system governing 
the key physical quantities in the analyses. Then, we 
discuss the prevailing approach of constructing the 
constitutive laws of such compliant and electroactive 
materials with or without the effects of viscoelasticity 
(Sheng et al., 2012). One of the main failure modes, 
i.e., the electromechanical instability of DEs, is 
demonstrated, with results showing that pre-stretch is 
an effective strategy to markedly enhance DE de-
formation without causing instability. A number of 
representative applications of DE actuators are 
summarized in Section 5. The outlook for future re-
search opportunities in studying the mechanics of 
DEs is provided in the final part. 

 
 

2  Working principles of DE actuators 

2.1  Basic theory of DEs 

DEs are soft materials that constantly undergo 
large and reversible deformation in response to elec-
tric fields. An external electric field can easily cause a 
DE to stretch several times its original dimension. 
Artificial muscles made of DEs generally require two 
independent variations (i.e., electrical and mechanical) 
in any theoretical description. In the following, only 
isothermal processes are considered for the purpose 
of demonstration, and temperature effects are beyond 
the scope of this review (Suo, 2010). It should be 
mentioned that the following derivations and analyses 
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to describe the interaction between mechanical de-
formation and electric fields in DEs are not unique, 
and other theoretical frameworks exist and equiva-
lently capture the electroelastic coupling in DEs. For 
example, Dorfmann and Ogden (2014) have devel-
oped a general theoretical framework, in the form of 
tensors, which applies for a broad range of electroac-
tive and magnetoactive materials. In the following, 
we adopt the treatments more specific to DEs as being 
more consistent with the prevailing discussion on the 
topic. 

Consider a planar and thin membrane of DE in 
its reference state, free of voltage and force, as shown 
in Fig. 1a. The original dimensions of the DE mem-
brane are L1, L2, and L3. In the current state, the DE 
membrane is subjected to forces P1, P2, and P3, with 
the two electrodes set to a prescribed voltage . Upon 
application of the forces and voltage, the new di-
mensions of the membrane become l1, l2, and l3, with 
electric charges ±Q accumulated on the opposing 
electrodes (Fig. 1b). Therefore, the elastomer is 
stretched by λ1=l1/L1, λ2=l2/L2, and λ3=l3/L3. 

The thermodynamic behaviors of the DE mem-
brane can be characterized by the Helmholtz free 
energy, denoted as F. As the dimensions of the 
membrane change incrementally by δl1, δl2, and δl3,  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

the mechanical work done by the forces is 
P1δl1+P2δl2+P3δl3. Similarly, when a small quantity 
of electric charge δQ flows through the conducting 

circuit, the work done by the applied voltage is δQ. 
The law of energy conservation requires that the net 
work done by the forces and voltage should be equal 
to the change in the Helmholtz free energy, namely, 

 
δF=P1δl1+P2δl2+P3δl3+δQ.                  (1) 

 
It is convenient to define the nominal density of 

the Helmholtz free energy as W=F/(L1L2L3), the nom-

inal stresses as 1 1 2 3/ ( ),P L L    2 2 1 3/ ( ),P L L   

and 3 3 1 2/ ( ),P L L   the true stresses as 1=P1/(l2l3), 

2=P2/(l1l3) and 3=P3/(l1l2), the nominal electric 

field as E =/L3, the true electric field as E=/l3, the 

nominal electric displacement as 1 2/( )D Q L L , and 

the true electric displacement as D=Q/(l1l2). The 
amount of electric charge on each electrode can be 
related to the nominal electric displacement through 

1 2.Q DL L   When the DE membrane is subjected to 

forces and voltage in its current state, the charge 

variation is simply 1 2 .Q L L D     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1  Working principle of DE actuators 
(a) Schematics of a membrane of DE with coated electrodes on both sides; (b) By applying an electric voltage, the electrostatic
force compresses the DE membrane in the thickness direction and expands it in the membrane plane. The DE membrane recovers
its original configuration when the voltage is removed; (c) An elastomer film at its reference state, with randomly distributed
polymer dipoles; (d) Polarization of an ideal DE, in which the polymer dipoles are polarized freely; (e) A non-ideal DE under large
deformation. The stress field is perpendicular to the direction of electric field, which impedes the polarization of dipoles (An-
derson et al., 2012; Foo et al., 2012a) 
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The nominal density of the Helmholtz free en-
ergy W generally depends on the mechanical and 
electric displacement as 

 

1 2 3( , , , ).W W D                             (2) 

 
Dividing both sides of Eq. (1) by L1L2L3, we obtain: 
 

1 1 2 2 3 3 .W E D                     (3) 

 
Inserting Eq. (2) into Eq. (3) leads to 
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This condition of conservation should be satisfied for 
an arbitrary set of small variations δλ1, δλ2, δλ3, and 

.D   Thus, 
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It can be seen that once the form of the free energy 

function W(λ1, λ2, λ3, D ) is explicitly provided for a 
particular material, the constitutive equations follow 
immediately. 

The equations of state can also be established in 
terms of true quantities. As mentioned above, the true 
electric displacement is defined as D=Q/(l1l2), and the 
amount of electric charge on each electrode related to 
the true electric displacement can be converted to 
Q=Dl1l2. When the DE membrane is subjected to 
external forces and voltage, the variation of electric 
charge can be expressed as 

 

2 1 1 2 1 2 .Q Dl l Dl l l l D                      (9) 

Again, one can divide both sides of Eq. (1) by 
L1L2L3 in conjunction with Eq. (9), which leads to 
 

1 2 3 1 2 1 3 2

3 1 2 3 1 2 3

( ) ( )

.

W DE DE

E D
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  
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 
    (10) 

 
For DE materials that are usually taken to be incom-
pressible, the membrane volume is conserved (i.e., 
l1l2l3=L1L2L3) and therefore 
 

λ1λ2λ3=1.                                 (11) 
 

It should be noted that in circumstances such as 
large hydrostatic pressure or specially imposed 
boundary conditions, the volume change of DE ma-
terials can be significant and material compressibility 
should be considered, referring to Liu et al. (2011). 
Returning to the incompressible case with λ1 and λ2 as 
independent variables, λ3=λ1

−1λ2
−1 and δλ3= 

−λ1
−2λ2

−1δλ1−λ2
−2λ1

−1δλ2. Eq. (10) becomes  
 

1 3 2 3
1 2

1 2

.
DE DE

W E D
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The free energy density W reduces to a function of λ1 
and λ2 as well as the electric displacement D, namely 
W(λ1, λ2, D), and Eq. (12) becomes  
 

1 3 2 3
1 2

1 1 2 2

0. (13)
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For incompressible DEs, Eq. (13) holds for arbitrary 
variations of δλ1, δλ2, and δD, which is equivalent to 
three separated equations:  
 

1 2
1 3 1

1
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The true forces and voltage can be solved as long as 
the energy density function W(λ1, λ2, D) is explicitly 
provided for an incompressible DE. 
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2.2  Ideal DEs 
 

Experimental observations have found that the 
permittivity ε of some DEs is nearly constant during 
deformation (Kofod et al., 2001; Zhang et al., 2005). 
A reasonable explanation of this observation is the 
following: such elastomers are 3D networks consist-
ing of long and flexible polymer chains, which in-
terconnect via covalent cross-links. Each polymer 
chain consists of a large number of monomers. In the 
case that the presence of cross-links has negligible 
effects on the polarization of monomers, these elas-
tomers can be idealized to polarize as freely as a 
polymer melt, as illustrated in Figs. 1c and 1d (Davies 
et al., 2002).  

With the idealization, the dielectric behavior of 
such elastomers is assumed to be well represented by 
that of a polymer melt. The relation between the true 
electric displacement and the true electric field is 
therefore 

 
D=εE,                                    (17) 

 
where ε is the permittivity of the elastomers that is 
taken to be constant and independent of deformation.  

For fixed λ1 and λ2, one can integrate Eq. (12) 
with respect to D and use the relation in Eq. (17), and 
the result is 

 
2

1 2 s 1 2( , , ) ( , ) ,
2

D
W D W   


            (18) 

 
where Ws(λ1, λ2) is the strain energy density associ-
ated with the in-plane stretches of the material, and 
D2/(2ε) terms are the Helmholtz free energy density 
associated with electric polarization. Note that the 
condition of incompressibility is implied throughout 
the analyses. Eq. (18) is known as the model of ideal 
DEs, in which the contributions of mechanical 
stretches and electric polarization to the free energy 
function are separated. Consequently, the electro-
mechanical coupling in such an ideal DE is merely a 
geometric effect represented by the relation 
Q=L1L2λ1λ2D. 

Combining the expressions in Eqs. (14), (15), 
(17) and (18) for incompressible and ideal DEs, one 
obtains 

2s 1 2
1 3 1

1

( , )
,

W
E

 
   


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
              (19) 

2s 1 2
2 3 2

2

( , )
.

W
E

 
   


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
             (20) 

 
Once the strain energy density function Ws(λ1, λ2) and 
the permittivity ε are specified, the equations of state 
can be easily obtained by Eqs. (19) and (20). These 
results have been justified in terms of Maxwell stress, 
and can be interpreted as the predictive model of ideal 
DEs. 

It is of key importance to choose an appropriate 
form for the strain energy density function Ws in de-
scribing the electromechanical responses of DEs. For 
example, by adopting the neo-Hookean model with a 
single material parameter, Leng et al. (2009) and Li et 
al. (2011) studied the electromechanical stability 
problem of a DE membrane during actuation. Liu et 
al. (2010) calculated the allowable area of a DE en-
ergy harvester based on the Mooney-Rivlin type en-
ergy function. In order to describe the electrome-
chanical behaviors of a particular DE material, a key 
procedure is to build up its constitutive law with a 
proper energy function. Most of the existing analyses 
were demonstrated by choosing specific forms of 
strain energy function, but the approach can be gen-
eralized to strain energy functions of other forms for 
quantitatively different behaviors. Commonly 
adopted strain energy functions, such as the neo- 
Hookean model, Gent model, Mooney-Rivlin model, 
Yeoh model, and Ogden model, are listed in Table 1. 
Some of the listed functions have also been employed 
in describing the nonlinear elastic behaviors of  
rubber-like materials, as exemplified by Boyce and 
Arruda (2000).  

The Gent model (Gent, 1996) is a commonly 
used energy function for DEs that consist of long and 
flexible polymer chains from a microscopic point of 
view. Under stretching, the end-to-end distance of 
each polymer chain increases and eventually ap-
proaches the contour length that sets a finite stretch-
ing limit, and such elastomers usually stiffen signif-
icantly as the stretch approaches the limit. To account 
for the stretching limit, the Gent model assumes that 

 
2 2 2 2

lim 1 2 1 2
s 1 2
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3
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(21) 
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where G is the basal shear modulus, and Jlim is a di-
mensionless parameter representing the extension 
limit of the polymer chains. Huang and Suo (2012) 
used this description in modeling an ideal DE mem-
brane and constructed a diagram for the electrome-
chanical phase transition, with the prediction that a 
specific critical transition point would occur. 

2.3  Non-ideal DEs 

Many studies used the constitutive models of 
ideal DEs that take the permittivity to be constant, as 
those mentioned in the preceding section for an iso-
thermal process. However, soft machines made of 
DE materials, structures, and devices may work in 
more complicated conditions where the dielectric 
constant may change. For example, a sufficiently 
large magnitude of mechanical strain may orient the 
dominating chain axes of elastomers, restrict the 
rotation of dipoles and eventually change the mate-
rial permittivity ε, as illustrated in Fig. 1e. It was 
indeed found that ε can be either linear or nonlinear 
functions, depending on the magnitude of defor-
mation (He et al., 2009; Leng et al., 2009). Some 
other studies also showed that the environmental 
temperature or operating frequency has a marked 
effect on the ε values of DEs (Jean-Mistral et al., 
2010; Vu-Cong et al., 2013). 

A theoretical way to account for these observa-
tions on permittivity variation is to postulate that ε is a 
function of system variables, instead of being con-
stant. Consider the case of a quasi-linear DE whose 
permittivity varies with the principal stretches  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
according to ε=ε(λ1, λ2)=D/E, and its free energy 
density can be written from Eq. (18) as 

2
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2 ( , )

D
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  
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similar procedure in Section 2.1, one obtains: 
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Specifying the permittivity ε(λ1, λ2) and the strain 
energy function Ws(λ1, λ2)  leads to the equations of 
state for quasi-linear DEs.  

The polarization of a DE is generally influenced 
by the deformation and the permittivity, both de-
pending on the stretches. Li B. et al. (2012) developed 
a theoretical model to predict the conditional polari-
zation to occur, which reveals the inherent physics of 
stretch-dependent polarization and its effects on DEs’ 
electromechanical behaviors. In a more recent study, 
Liu et al. (2014) considered the influence of both 
temperature and deformation on the dielectric con-
stant by constructing a free energy function based on 
a thermodynamic system, with results showing that 
tuning temperature and the ratio between principal 
planar stretches (i.e., λ1/λ2) may enhance the stability 
of DE materials or structures.  

Table 1  Strain energy density functions adopted in DE modeling 

Energy function Function form Strain Reference 

neo-Hookean 
model 2 2 2 2

s 1 2 1 2( 3)
2

G
W          

30%–40% (Dollhofer et al., 2004; Zhao and 
Suo, 2007; Wang H. et al., 
2013) 

Gent model 2 2 2 2
lim 1 2 1 2

s
lim

3
log 1

2

GJ
W

J

       
   

 
 

30%–155% (Huang and Suo, 2012; Lu et al., 
2012; Qu et al., 2012; Zhou et 
al., 2013; 2014a) 

Mooney-Rivlin 
model 

s 1 1 2 2( 3) ( 3),W C I C I     
2 2 2 2 2 2 2 2 2

1 1 2 3 2 1 2 2 3 3 1,I I             

<200% (Liu et al., 2010) 

Yeoh model 2 31 2 3
s 1 1 1( 3) ( 3) ( 3) ,

2 2 2

C C C
W I I I     

2 2 2
1 1 2 3I       

>200% (Wissler and Mazza, 2005) 

Ogden model 
s 1 2 1 2

1

( 3)p p p p

N
p

p p

W    
   


 



     
100%–400% (Coulbourne, 2011; Proulx et al., 

2011; Qu and Suo, 2012) 



Zhu et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng)   2016 17(1):1-21 
 

7

3  Viscoelasticity of DEs 

3.1  Relaxation modes of DEs 

A DE-based device is often subjected to 
time-varying forces and voltages working as an ac-
tuator or a generator (Hong, 2011; Foo et al., 2012a; 
2012b; Hu and Suo, 2012; Zhang et al., 2014b). 
Therefore, the working performance of the DE device 
can be severely influenced by the undergoing dissi-
pative process within the material. The path of each 
dissipative process to reach its equilibrium is known 
as relaxation and it has a characteristic time scale. 
There are three main relaxation modes of DEs, as 
follows: dielectric relaxation results from the polari-
zation of the polymer chains of the elastomers; vis-
coelastic relaxation is attributed to the viscoelastic 
behaviors of the materials; conductive relaxation is 
caused by the migration of electrons and ions through 
the elastomers. These dissipative processes have been 
experimentally characterized, showing that the die-
lectric relaxation time of typical DEs is of the order of 
10−6 s at room temperature, the viscoelastic relaxation 
may take minutes, and the conductive relaxation is of 
the order of hours (Seki et al., 1995; Reffaee et al., 
2009; Qu et al., 2012). 

In the literature, there is a relative paucity of 
quantification on conductive relaxation of DEs, 
mainly because the related time scale is far separated 
from the other two modes. It is reasonable to assume 
that the conductive relaxation just begins after the 
equilibrium of the other two modes is reached. Addi-
tionally, the dielectric relaxation is orders of magni-
tude faster than the viscoelastic relaxation, and as 
such the dynamic evolution of the dielectric relaxa-
tion is often ignored. Therefore, the entire dissipation 
process is approximated as solely the viscoelastic 
relaxation (Zhao et al., 2011; Foo et al., 2012a). At 
various working conditions, the viscoelasticity of a 
DE can remarkably influence its performance (Zhang 
et al., 2005; Plante and Dubowsky, 2006). For ex-
ample, in artificial muscles made of DEs, the dissi-
pation energy due to material viscoelasticity was 
found to severely reduce their efficiency (Kornbluh et 
al., 2000; Nguyen et al., 2014; Zhang et al., 2014a). 
Taking advantage of viscoelasticity, a viscoelastic DE 
has been shown to enable larger actuation strain than 
a purely elastic DE, with controlled time-dependence 
of the applied voltage (Zhao et al., 2011). It has also 

been shown that the electromechanical instability of a 
DE is greatly influenced by its viscoelasticity (Park 
and Nguyen, 2013; Zhou et al., 2014a). 

3.2  Viscoelasticity of DEs: theory 

Theoretically, there is a general approach that 
accounts for the viscoelastic behaviors of DE mate-
rials based on the principles of non-equilibrium 
thermodynamics (Hong, 2011; Zhao et al., 2011). 
Considering the DE membrane in Fig. 1a as viscoe-
lastic, the increase of system free energy in the DE 
should not exceed the total external work from a 
thermodynamic viewpoint, namely, 

 

1 1 2 2 3 3 .F P l P l P l Q                 (24) 

 
Dividing both sides by the volume of the membrane, 
i.e., L1L2L3, the thermodynamic inequality in Eq. (24) 
becomes  
 

1 1 2 2 3 3 .W E D                       (25) 

 
Assuming the DE membrane to be incompressible, 
the free energy density can be expressed as  
 

W=W(λ1, λ2, λ3, ,D  ξ1, ξ2, …),              (26) 

 

where λ1, λ2, λ3, and D  are the kinematic quantities 
through which the external work is done. In contrast, 
the additional quantities (ξ1, ξ2, …) are the internal 
variables that represent any degrees of freedom as-
sociated with the underlying dissipative process. 
Combining Eqs. (25) and (26) leads to 
 

1 1 2 2 3 3
1 2 3

0.i i
i

W W W

W W
E D

D

     
  




      
               
        

  

 

  

 


 (27) 

 
This thermodynamic inequality holds for arbitrary 

small changes of the variable set (λ1, λ2, λ3, D , ξ1, 
ξ2, …). If the DE system is in mechanical and elec-
trostatic equilibrium,  
 

1 2 3 1 2
1

1

( , , , , , , ...)
,

W D    








                (28) 
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1 2 3 1 2
2

2

( , , , , , , ...)
,

W D    








               (29) 

1 2 3 1 2
3

3

( , , , , , , ...)
,

W D    








               (30) 

1 2 3 1 2( , , , , , , ...)
,

W D
E

D

    





                (31) 

 
and the inequality reduces to 

 

1 2 3( , , , , , ,... )
0.i i

ii
i

W D    





 
        (32) 

 
The inequality in Eq. (32) may be satisfied by se-
lecting a proper relation between (δξ1, δξ2, …) and 

1 2

, , ... .
W W

 
  
   

 For example, one may choose a ki-

netic model of the type: 
 

1 2 3 1 2d ( , , , , , , ...)
,

d
i

j ij
j

W D
M

t

     



 

    (33) 

 
where Mij is a positive-definite matrix which gener-
ally depends on the independent variables (λ1, λ2, λ3, 

,D  ξ1, ξ2, …). The elastomer dissipates energy 

through the changes of the internal variables (ξ1, 
ξ2, …), with the dissipation rate  
 

,

d
.

d
i

iji i j
i i j

W W W
M

t


  

  
 

                (34) 

 
Once a set of internal variables (ξ1, ξ2, …) is identi-
fied, the energy density function W and the matrix Mij 
determine the dissipative behaviors of the DE.  

This approach based on non-equilibrium ther-
modynamics provides a concise and convenient way 
to construct the constitutive relations of viscoelastic 
DEs. There exist a number of other options in 
choosing the kinetic models that satisfy the thermo-
dynamic inequality in Eq. (32). For example, a rhe-
ological model has been adopted to represent a vis-
coelastic DE as an array of springs and dashpots 
(Fig. 2) (Zhao et al., 2011; Li T.F. et al., 2012a; 
Sheng et al., 2013; Wang H. et al., 2013). The two 
springs in Fig. 2 represent the elasticity of two types 
of polymer chains in the DE: one being elastic that 

deforms reversibly, and the other relaxing with time. 
The viscous deformation is captured by the dashpot. 
To better understand this non-equilibrium process, 
one can imagine an intermediate state between the 
reference state and the current one, which can be 
achieved by isolating and elastically relaxing spring β 
while maintaining the state of the dashpot η, as illus-
trated in Fig. 2 (Hong, 2011). In the current state, both 
of the two springs are stretched and contribute to the 
load-carrying capacity. The total strain is the sum of 
the elastic strain in spring β and the inelastic strain in 
dashpot η, and the total stress that corresponds to the 
elastic part becomes the driving force of the viscous 
deformation in the dashpot. In the virtual intermediate 
state, the mechanical load is sustained by spring α 
only, and the key difference between the intermediate 
and current states lies in the elastic strain in spring β. 
This simple rheological representation actually cap-
tures the essence of DE viscoelasticity in many 
studies (Zhao et al., 2011; Wang Y.Q. et al., 2013; 
Zhang et al., 2014a). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Using the rheological model in Fig. 2 and the 
neo-Hookean free energy density description, Zhao et 
al. (2011) calculated the critical condition for elec-
tromechanical instability to occur, suggesting that one 
can achieve a larger deformation of actuation in a 
viscoelastic DE than a purely elastic one if the 
time-dependence of the applied voltage is carefully 

Fig. 2  A rheological model of DEs 
The viscoelasticity model consisting of two components in 
parallel: one being a spring α, and the other including another 
spring β and a dashpot η. An arbitrary deformation can be
decomposed into two parts by postulating an intermediate 
state of deformation, which is achieved by elastic relaxation of 
spring β from the current state (Hong, 2011; Zhao et al., 2011; 
Wang Y.Q. et al., 2013)
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controlled. Similarly, Zhang et al. (2014b) presented 
a dissipative model of a viscoelastic DE and investi-
gated the influence of dissipation on its dynamic 
performance, in comparison with the effects of cur-
rent leakage. Their results suggest that the material 
viscoelasticity effectively reduces the natural fre-
quency and increases the mean stretch of the DE, 
while the current leakage influences the DE behaviors 
in an opposite manner. Wang Y.Q. et al. (2013) de-
veloped a visco-hyper-elastic constitutive relation-
ship based on the rheological model in Fig. 2, with 
quantitative predictions on the hysteresis and energy 
dissipation in the DE film. 

3.3  Computational methods of DE viscoelasticity 

Most analytical studies on DE viscoelasticity 
have been limited to axisymmetric configurations, 
such as circles, cylinders, spheres, etc. (Wang H. et al., 
2013), and numerical methods are often required in 
dealing with more complicated or irregular shapes, 
such as those DE structures in practical applications 
(Hong, 2011; Wang et al., 2012). A comprehensive 
nonlinear theory based on field description has been 
developed to describe the deformation and electric 
fields of DEs under externally applied forces as well 
as electric voltage (Reese and Govindjee, 1998; 
Goulbourne et al., 2007; Suo et al., 2008), which 
serves as a theoretical foundation for finite element 
implementation. 

Following a continuum-level approach (Suo, 
2010; Bueschel et al., 2011; Park et al., 2012), let us 
focus on an arbitrary material particle at position X in 
the reference state. At time t, it moves to a new place 
x which is a function of X and t, i.e., x=x(X, t), refer-
ring to an arbitrary point in Fig. 2. The deformation 
gradient is defined through 

 
( , )

.i
ij

j

x t
F

X





X

                           (35) 

 

At time t, let (X, t) be the electric potential of mate-
rial particle X at time t. The nominal electric field is 
therefore 
 

( , )
.i

i

t
E

X





 X

                          (36) 

 

The nominal stress ij  has to satisfy the weak form of 

the momentum balance equation, namely, 
 

2

2
d d d ,i i

ij i i i i
j

x
V B V T A

X t


   

  
     

     (37) 

 
where χi(X) is an arbitrary vector test function, Bi is 
the body force per unit reference volume V, ρ is the 
mass density of the material, and Ti is the force per 
unit area that is applied to the material surface in the 
reference configuration. In Eq. (37), the repeated 
indices (i.e., i and j) imply summation from 1 to 3. 

Similarly, the nominal electric displacement iD  

should satisfy the following weak form of governing 
equation:  

 

d d d ,i
i

D V q V A
X

  
  

            (38) 

 
where η(X) is an arbitrary scalar test function, q is the 
volumetric charge density, and ω is the surface charge 
density. Both q and ω are measured with respect to 
the reference configuration. All the integrals in 
Eqs. (37) and (38) are carried out over the entire 
volume or surface under investigation. 

To supplement Eqs. (35)–(38) for a complete set 
of formulae as a boundary value problem (Wang J. et 
al., 2014), one needs to specify the material laws that 
describe the underlying electromechanical coupling 
within DEs. This has been achieved by many re-
searchers using the variational method (Suo, 2010; 
Khan et al., 2013; Lu et al., 2013; 2014; Wang J. et al., 
2014), and finite element methods have been devel-
oped and used to explore the electromechanical be-
haviors of various DE transducers (Qu and Suo, 2012). 
Park and coworkers (Park et al., 2012; Park and 
Nguyen, 2013) developed a viscoelastic finite ele-
ment formulation with focus on the finite and dy-
namic deformation of DE structures. Their results 
demonstrated significant effects of viscoelasticity on 
the dielectric behaviors of elastomers that may un-
dergo electromechanical instabilities caused by ho-
mogeneous as well as inhomogeneous deformations. 
Khan et al. (2013) formulated a numerical framework 
based on the variational method and studied the non-
linear viscous behavior of DEs. The generalized 
Maxwell model was adopted in performing a series of 
simulations on different types of electrically driven 
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actuators under various electromechanical loadings, 
with the prediction that electromechanical instability 
can be avoided if the DE actuators operate at a high 
voltage rate under a dead load (Khan et al., 2013). 

The electromechanical response of a DE is 
strongly coupled to its viscoelastic behaviors. The 
existing numerical methods have provided powerful 
and reliable tools to study DE behaviors in many 
aspects, such as nonlinear viscoelasticity, time- 
dependent effects, large strains, and electromechani-
cal coupling effects (Bueschel et al., 2013). However, 
there still exist unsolved problems in investigating the 
rheological behavior of DEs, which call for more 
sophisticated treatments of the computational ap-
proach in the future. 

 
 

4  Electromechanical instability vs. large 
deformation 

 
A desirable DE actuator is expected to produce 

large actuation strain under relatively low voltage (Li 
T.F. et al., 2014b). A deeper understanding of various 
failure modes should allow for the design of 
DE-based actuators capable of operating in a wider 
and safer regime with prolonged lifetime. In early 
studies of DE actuation, Pelrine et al. (1998) found 
that an actuation strain of about 30% can be achieved 
in silicone elastomers coated with compliant elec-
trodes. Later research showed that pre-straining DE 
films can enhance the actuation strain up to ~100% 
(Pelrine et al., 2000). Since that time, various means 
have been tried to improve the actuation performance 
of DE devices. For example, mixing the elastomers 
with penetrating networks, swelling the elastomers 
with a solvent, and pre-stretching the elastomers were 
all found to effectively enhance DEs’ actuation strain 
(Ha et al., 2006; Suo and Zhu, 2009; Goulbourne, 
2011). However, some outstanding theoretical ques-
tions still exist: what are the underlying mechanisms 
causing such enhancement? Is there an upper limit for 
the actuation strain? If such a limit exists, how to 
optimize the system parameters to achieve the limit? 

4.1  Electromechanical instability of DEs 

In pursuing the limit of large deformation by an 
externally applied voltage, DEs may suffer several 
failure modes that ultimately limit the actuation per-

formance with respect to homogeneous as well as 
inhomogeneous deformations. Two failure modes 
occur most frequently: electrical breakdown and 
electromechanical instability. The latter is also known 
as pull-in instability as a result of the mutual promo-
tion between the electric voltage and voltage-induced 
deformation in compliant DEs. Referring to the 
membrane configuration in Fig. 1, as a voltage is 
applied to the DE membrane, the electrostatic attrac-
tion between the electrodes thins down the elastomer, 
which in turn causes a higher electric field. This pos-
itive feedback can catastrophically fail the elastomer 
in turnovers of deformation increase and electric field 
amplification under some circumstances, also known 
as premature electrical breakdown (Zhao et al., 2007; 
Kolloscheet al., 2012). 

Consider the DE transducer and accompanying 
external loadings, including the force and voltage, as 
a thermodynamic system. The preceding Eqs. (5)–(8) 
constitute the states of the material, which can be 
reformed in the incremental form as  

 
2 2 2 2

2
1 1 1 2 1 3 1

2 2 2 2

2 2
2 1 2 2 3 2

2 2 2 23

2
3 1 3 2 3 3

2 2 2 2

2
1 2 3

d

d
d

d
d

d

d

d

W W W W

D
t

W W W W
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W W W W
t D

E
W W W Wt

D D D D

      


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

     

  
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t




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

 

(39) 
 

through which the Hessian matrix of free-energy 
function is identified as 
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2
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2 2 2 2

2
2 1 2 2 3 2

2 2 2 2

2
3 1 3 2 3 3

2 2 2 2

2
1 2 3

.
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D
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D
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D
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  
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 
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




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H        (40) 
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The equilibrium of the thermodynamic system re-
quires H to be positive definite (Zhang et al., 2012; 
Zhao and Wang, 2014), and the DE transducer be-
comes unstable whenever the determinant of H van-
ishes. It should be noticed that det(H)≠0 does not 
distinguish stable and metastable cases, because the 
Hessian matrix is positive-definite in either of them. 
Experiments showed that a pre-stretched DE mem-
brane deforms into a complex pattern under a critical 
level of voltage, where two states, one being flat and 
the other being wrinkled, coexist (Plante and 
Dubowsky, 2006; Li T.F. et al., 2014a; Zou et al., 
2014). To determine the stable state, one needs to 
globally search for the system minimum in terms of 
its free energy (Zhao et al., 2007; Huang and Suo, 
2012).  

4.2  Three types of DE transducers 

Consider an ideal and incompressible DE 
membrane in its reference state (Fig. 1a). Now as-
sume that the membrane is of unit area and has 
thickness H. Upon an applied voltage, the membrane 
is stretched by λ  in two perpendicular in-plane direc-
tions and is shrunk by λ2 in the out-of-plane direction, 
as shown in Fig. 3a. The thickness of the membrane 
reduces to Hλ−2, and the electric field in the mem-

brane is simply E=λ2/H. A typical DE exhibits a 
stress-stretch curve σ(λ) with the following features: 
the DE is relatively compliant at small stretches, and 
it stiffens at modest stretches before approaching the 
stretch limit λlim. 

An important quantity in DE actuation is the 
Maxwell stress εE2. In the absence of externally ap-
plied mechanical load, the equation of state recovers 
σ(λ)=εE2. The voltage is therefore related to the 
stretch as  

 
2 ( ) / .H                          (41) 

 
In contrast to the stress-stretch curve σ(λ) that is usu-
ally monotonic, the voltage-stretch curve (λ) is not 
(Zhao et al., 2007). The shape of (λ) can be readily 
interpreted from Eq. (41): at small stretches (λ~1), the 

increase from the term ( )   suppresses the de-

crease in λ−2, and the overall voltage increases with 
the stretch; at intermediate stretches, λ−2 becomes the 
dominating term during the thinning of the membrane, 

and thus the voltage curve falls down as the stretch 
increases, which is exhibited as pull-in instability 
because of the positive feedback between a thinning 
DE and an increasing electric field; as the DE mem-
brane approaches the stretch limit λlim, the curve of 
σ(λ) rises, and so does the voltage curve (λ).  

The critical voltage B for the electric break-
down is also a function of stretch. Experiments 
showed that B is a monotonically decreasing func-
tion of the stretch λ (Kofod et al., 2003; Koh et al., 
2011; Suo, 2012). Depending on where the two 
curves of (λ) and B intersect, DE transducers can be 
classified into three types (Zhao and Suo, 2007; Suo, 
2010; Li et al., 2011), as illustrated in Figs. 3a and 3b. 
A type I transducer suffers electrical breakdown as 
the (λ) curve intersects the B curve before the 
occurrence of electromechanical instability, which 
only produces a small deformation of actuation. A 
type II transducer passes the peak of the (λ) curve 
before the electric breakdown, and this type of DE 
transducer is recorded to fail at the peak of (λ), 
which can be much lower than the breakdown voltage 
B. A type III transducer reaches a stable state before 
the electrical breakdown, thereby avoiding electro- 
mechanical instability and attaining a large voltage- 
induced deformation.  

4.3  Influence of pre-stretch on DE performance 

Experiments have shown that electromechanical 
instability can be eliminated by pre-stretch, as ex-
emplified by Mao et al. (2014) showing that pre- 
stretch along the axis of a tubular DE balloon can 
suppress the snap-through instability during inflation 
and regulate the reaction force along the axial direc-
tion. More optimized electromechanical performance 
of DE actuators can be achieved by controlling the 
form and distribution of pre-stress (Zhao and Suo, 
2007; Zhao et al., 2007). These phenomena can be 
easily understood by using the DE membrane model 
depicted in Fig. 1: a pre-applied external force Ppre 
gives rise to a mechanical stress σpre=Ppreλ/H. Com-
bining this pre-applied mechanical stress and the 
Maxwell stress, both causing the DE membrane to 
deform, we have 

 
2

pre ( ).E                           (42) 

 

The voltage can be expressed as  
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2

pre( ) / .
H

P H
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



                 (43) 

 
As illustrated in Fig. 3c, Ppre has two effects on the (λ) 
curve: it first induces an initial strain in the elastomer 
and moves the original point closer to λlim; Ppre also 
reduces the required voltage  for actuation, referring 
to Eq. (43). Prior to the voltage application, a pre- 
stretched elastomer is thinner, and therefore the 
voltage  required to induce the same electric field in 
a pre-stretched elastomer is lower than that of an 
unstrained elastomer (Lu et al., 2012). As such, pre- 
stretch can significantly enhance the actuation per-
formance of DEs and alleviate the occurrence of 
electromechanical instability. 

The level of pre-stretch is not the sole factor that 
may eliminate the electromechanical instability and 
enhance DEs’ actuation strain; the voltage-induced 
deformation is also strongly affected by how the 
mechanical loads are preset (Li T.F. et al., 2012b; Lu 
et al., 2012; Godaba et al., 2014; Zhou et al., 2014b). 
In fact, the electromechanical responses of DEs are 
different under uniaxial, biaxial, and shear forces 
(Lochmatter et al., 2007; Lu et al., 2012; Huang et al., 
2013; Wang Y. et al., 2013): large voltage-induced 
deformation has been demonstrated for a membrane 
under equal-biaxial forces, while much smaller 
voltage-induced deformation can be achieved for a 
membrane under a uniaxial force; pure shear was 
shown to cause decreased tensile force as the voltage 
increases (Qu et al., 2012; Wang Y. et al., 2013; 
2014a). These results showed that the electrome-
chanical performance of a DE can be tuned by ma-
nipulating how the mechanical loading is applied 
before electric voltage (Zhou et al. 2013), and  
 

 
 
 
 
 
 
 
 
 
 
 
 

theoretical analyses provide insight and guidance in 
designing such DE structures and devices. Huang et 
al. (2012) recently demonstrated that voltage-induced 
expansion could reach 488% of areal strain when a 
DE membrane is subjected to biaxial dead loads. 
Keplinger et al. (2012) and Li T.F. et al. (2013) were 
able to achieve a giant voltage-triggered expansion of 
area by 1692% in a DE membrane by harnessing  
the electromechanical instability with air pressure 
control. 

It should be pointed out that the preceding re-
sults in Eqs. (39)–(43) on electromechanical instabil-
ity are based on the simple configuration of a planar 
DE membrane sandwiched between two compliant 
electrodes, where the deformation and electric fields 
are homogeneous. In the presence of 3D DEs (such as 
many of the applications in the following section), 
inhomogeneous fields occur and may cause multiple 
failure modes at localized points. For example, failure 
modes including electrical breakdown, loss of tension 
and rupture by stretch have been illustrated for a DE 
membrane deformed into an out-of-plane axisym-
metric shape (He et al., 2009) and an inflated DE 
actuator with tubular configuration (Zhang et al., 
2015). Localized electromechanical instabilities were 
demonstrated by observing voltage-induced wrin-
kling in a DE strip (Park et al., 2012) and an inflated 
DE balloon (Mao et al., 2015). A spherical DE bal-
loon under internal pressure and electric voltage has 
been analyzed, with results showing that inhomoge-
neous viscoelastic deformation may cause time- 
dependent failure modes (Wang H. et al., 2013), and 
bifurcation to a non-spherical shape may occur under 
certain electromechanical loading conditions (Liang 
and Cai, 2015). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Three types of DE transducers and the influence of pre-stretch on electromechanical instability 
(a) and (b) Three types of dielectrics, depending on where the two curves (λ) and B(λ) intersect; (c) Electromechanical response
of a DE membrane with or without pre-stretch 
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5  Applications of DE actuation 
 
The exploration to replace existing electromag-

netic actuators, pneumatics, piezo-actuators as well as 
natural muscles with DE actuators has been under 
continuous progress since the early 2000s (Pelrine et 
al., 2000), and many prototype applications already 
exist with various configurations over a wide range of 
dimensions. Common configurations of DE-based 
actuators are routinely classified as film, tube, rolled, 
frame-supported and laminated. Robots made of these 
DE devices have been demonstrated to have the ca-
pability of sophisticated locomotion, and theoretical 
and numerical studies played a fundamental role in 
realizing these applications. Table 2 summarizes the 
key attributes, such as actuation strain and stress, 
strain rate, work density, response time, etc., which 
quantify the performance and effectiveness of typical 
DE actuators in comparison to natural muscles. Alt-
hough work is still far from achieving the delicate 
motions of natural muscles in artificial DE devices, 
the exploration of various practical applications is 
progressing in many ways. In the following, we will 
introduce some representative examples of DE de-
vices that are already in use. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The actuation of DEs is inevitably accompanied 
by the generation of forces and change in shape. Area 
expansion of DE films has been used in actuation. An 
interesting example is the following: to mimic 
fish-like movement in air (Jordi et al., 2010), 
pre-stretched actuators were mounted on both sides of 
an airship hull. When one actuator expands due to 
electric activation, the other one contracts at the same 
time, and a net bending motion is generated to drive 
the flying body forward. As another example, Fig. 4a 
shows the working principle of a fluid-filled elasto-
meric lens with an annular DE actuator as an artificial 
muscle. A voltage between 1 to 3 kV was applied to 
the annular actuator to deform the lens and it suc-
cessfully changed the focal length, with multiple 
advantages such as silent operation, compact size, and 
low weight (Jung et al., 2011). DE-activated tunable 
optics like transmission grating and structural color 
modulators also make use of the voltage-induced area 
expansion of DEs as the main activation mechanism 
(Wang Y. et al., 2014b). 

DE actuators in diaphragm configuration usually 
induce out-of-plane deformation by applying electric 
voltage to a properly constrained DE membrane, as 
indicated in Fig. 4b (Vertechy et al., 2012; Ahmed 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2  Actuation performance: natural muscles vs. DEs 

Property Natural muscles DEs 
Energy density 150 J/kg (peak to 300 J/kg)  

(Boy et al., 2013)  
3400 J/kg (Brochu and Pei, 2010) 

Frequencies and response 
time 

10 Hz, 10 ms (Meijer et al., 2001) 10 kHz, 0.1 ms (Sheng et al., 2013) 

Maximum strain 100% linear (Brochu and Pei, 2010) 1692% areal (Li T.F. et al., 2013) 

Efficiency – 60%–90% (Brochu and Pei, 2010) 

Stroke 20%–40% linear (peak to 100%) 10%–100% linear (peak to 300%)  
(O’Halloran et al., 2008) 

Actuation mechanism Molecular motors Maxwell force 

Power source ATP Electricvoltage (1–10 kV)  
(Shankar et al., 2007) 

Environment Wet and nutrition Insulation 

Structure Bundled muscle cells, self-assembly Sandwiched membrane, grouped tensegrity  
and electrodes arrays (Bauer et al., 2014) 

Size 10 μm–1 m (Magid and Law, 1985) 100 μm–0.1 m (Brochu and Pei, 2010) 

Fabrication Tissue engineering Lithography, machining 

Typical material Mammal muscle cells, molecules con-
nected by extracellular matrices 

3M-VHB, PDMS, Silicon  
(Li T.F. et al., 2012a; Wang J. et al., 2014) 

Modulus 20–2000 kPa (Morrow et al., 2010) 20–2000 kPa (Sheng et al., 2012) 

Viscoelasticity 0.1–100 s (van Loocke et al., 2008; 2009) 0.1–100 s (Zhang et al., 2014a) 

Fatigues and life time 107 cycles (van Loocke et al., 2009) 107 cycles (Rosset et al., 2009) 

Density 1.06 kg/L (Kornbluh et al., 2002) 0.94 kg/L (Shankar et al., 2007) 
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et al., 2014). This type of DE actuator usually consists 
of an initially curved membrane made of a circular 
membrane with its boundary constrained to a rigid 
frame. With an external voltage, the DE membrane 
bulges as a result of expanding area, with applications 
as pumps, loud-speakers, and electric generators. 
Inspired by octopus suckers, Follador et al. (2014) 
recently designed a novel suction cup using DEs, and 
this actuator was able to produce up to 6 kPa of 
pressure in water with a response time of less than 
300 ms. DE actuators also have been widely used in 
microfluidic flow control and large-scale integrated 
microfluidic chips. These chips consist of arrays of 
independently controlled pneumatic actuators that 
can produce pumping or valving action individually 
(Duncan et al., 2013; Maffli et al., 2013). DE-made 
actuators can significantly reduce the size of the 
off-chip components, being a promising candidate to 
replace the traditional pneumatic powered actuators 
(Fig. 4c). 

Different boundary constraints lead to various 
deformation modes of DE devices. A bending motion 
can be realized by restricting the in-plane deformation 
of film- or membrane-like structures. A unimorph 
actuator was made by an electroactive DE layer at-
tached to an inactive substrate (Ahmed et al., 2014), 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and switching the polarity of active electrodes can 
produce bending deformation in opposite directions 
(Fig. 4d). With further sophistication of the substrate 
and coated electrodes, a bimorph actuator was 
demonstrated to lift or drop a graphite/epoxy rod 
(Bar-Cohen, 2004). By carefully devising the elas-
ticity and energy in bending frames and a linear ac-
tuator, Kofod et al. (2007) fabricated a DE-gripper 
which serves as a biomimetic representation of a 
robotic arm in response to an external voltage 
(Fig. 4e). A spring-roll bending actuator made of DE 
was designed by Li J.R. et al. (2014) which can serve 
as a robotic leg. 

Most of the above-mentioned examples make 
use of the in-plane or out-of-plane deformation of 
DEs in achieving muscle-like contraction for thin 
structures such as films or membranes. The actuators 
in stacking or multi-layer configuration were shown 
to provide larger forces in parallel and nearly linear 
contractile response in the thickness direction, as 
indicated in Fig. 4f (Brochu and Pei, 2010; Haus et al., 
2013; Tutcuoglu and Majidi, 2014). Carpi et al. (2005) 
designed a contractile DE actuator of helical stack 
configuration, which was capable of 5% strain under 
an electric field of 14 V per μm. Alternatively, Ko-
vacs et al. (2009) produced an actuator by pile-up of 

Fig. 4  Various DE actuators and their applications 
(a) An eye-camera system made of DE; (b) A bulging DE actuator; (c) A microfluidic valve that is dielectrically actuated; 
(d) A unimorph DE actuator; (e) A multi-finger DE gripper; (f) A stacking DE actuator; (g) A tubular DE actuator; (h) A swelling 
DE balloon 
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folded actuators, which were 85 mm high and 25 mm 
wide containing layers 0.5–0.8 mm thick. The con-
tractile motion of the stacked configuration makes it 
practically suitable for light, compliant, and flexible 
systems for noise-free actuation. It should be men-
tioned that there is also a major drawback to this 
multi-layer configuration, because polymeric stacking 
actuators with flexible electrodes may have non- 
uniform distribution of strain along their length. Kaal 
and Herold (2013) proposed a numerical model to 
look for an optimal electrode design for stacking DE 
actuators, and their results showed that a stacking DE 
actuator with perforated and rigid electrodes exhibits 
an improved performance. Niu et al. (2013) fabricated 
buckling actuators that were free of pre-strain to alle-
viate local stress concentration and other detrimental 
effects in the elastomers, and their multi-layer struc-
tures could shorten by 11% upon electric activation.  

DE actuators of tubular form have also been 
widely used. A DE tube was made by fixing one end 
and coating the inner and outer surfaces with com-
pliant electrodes, as shown in Fig. 4g (Carpi and de 
Rossi, 2004; Zhu et al., 2010). When an external 
voltage is applied, the DE tube exhibits a reduction in 
its thickness accompanied by an elongation in the 
axial direction. This type of actuation in both axial 
and radial directions makes it possible for peristaltic 
pumps (Wu et al., 2012). If the size of such tube-like 
DE actuators is sufficiently small, it can function as a 
fiber actuator that may be used as a building block in 
hierarchical structures of artificial muscles. By in-
corporating these fiber actuators in conventional tex-
tiles, people may also produce electroactive structures 
for particular purposes (Arora et al., 2007). 

There are more configurations of DE actuators 
such as balloons (Fig. 4h) and rolls, which work at 
different geometries and boundary conditions but 
share the same principle of voltage-triggered defor-
mation. The combination of various configurations 
can definitely provide DE structures or devices with 
multi-degrees of freedom upon actuation, where the 
only limitation is the designer’s imagination. 

 
 

6  Concluding remarks and outlook 
 
This survey has focused on the approaches and 

issues of improving DE performance and reliability 

from a mechanics point of view. These mechanical 
studies of DE-based materials, structures, and devices 
provide an excellent opportunity for researchers with 
backgrounds in mechanics and materials science to 
work together. A continuous effort from the materials 
community is to achieve better DEs with increasing 
dielectric constant. One preferred strategy is to places 
elected particles that carry high permittivity into the 
elastomers (Galantini et al., 2013; Liu H. et al., 2013; 
Tian et al., 2014). Different from the traditional DEs, 
the effective electromechanical coupling in these 
particle/matrix composites becomes highly nonlinear, 
making it a challenging task to properly model such 
materials from theoretical point of view (Li B. et al., 
2013). Some analytical efforts have been devoted to 
this problem, but most of them were limited to small 
strains (Tian et al., 2012). Although numerous DE 
structures and devices have been successfully mod-
eled and analyzed, DE actuators with self-healing 
capability (Liu Y. et al., 2013), increasing sophisti-
cation in stacking or even hierarchical configurations 
(Haus et al., 2013) require more theoretical effort to 
address the underlying challenges that impede the 
practical application of these smart materials in arti-
ficial muscles. 

The continuous development of theoretical and 
numerical studies provides a deeper understanding of 
the underlying electromechanical principles of DEs, 
which is an essential prerequisite for the design of 
more powerful and efficient products with long-term 
stability and durability. It is also a challenge to de-
velop a hierarchical organization of DE-based sensors 
and actuators that can respond to external stimuli in a 
programmable and intelligent way. Modeling such 
hierarchical compartmentalization generally requires 
theories of large deformation strongly coupled to 
other fields such as electronics, as well as micro-
scopic processes such as bonding kinetics (Saranga-
pani et al., 2011; Ju et al., 2015) and mass transport 
(Jiang et al., 2015) that ubiquitously occur within 
materials and at interfaces. The analytical and nu-
merical approach based on continuum mechanics and 
thermodynamics will continue to play an enormous 
role in understanding these materials, and in model-
ing these structures and designing these devices 
(Chen, 2014), and the bottom-up investigation of the 
microscopic processes in response to external stimuli 
has just begun. 
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One major disadvantage of DEs that limits their 
applications is the kV-level voltage of operation. In a 
recent study, synthesis of silicone elastomers with 
optimized molecular weight, cross-linker, and silica 
has produced DEs with high permittivity and large 
actuation strain, which can repeatedly function at an 
electric field as low as 10.8 V per μm (Dünki et al., 
2015). Interestingly, atomic force microscopy-based 
studies have demonstrated that the energy density of 
individual dormant cells (i.e., Bacillus spores) in 
response to cyclic humidity variations is at least one 
order of magnitude higher than any synthetic materi-
als including DEs (Chen et al., 2014). Live cells were 
shown to volumetrically shrink or swell via 
cross-membrane ion transport upon applied mechan-
ical pressure (Hui et al., 2014). These results high-
light the distinct advantage of involving biologically 
based materials in DE actuation and energy harvest-
ing, and open a new avenue to build DE-made soft 
machines with tunable mechanical, chemical as well 
as electrical properties to generate active force/  
motion at the (sub)cellular scale for potential appli-
cations in biomaterials and biointerfaces (Qian et al., 
2013; Zhang et al., 2013). 
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中文概要 

 

题 目：介电高弹体的材料、结构和器件力学 

目 的：介电高弹体是典型电敏性材料，在外加电场的作

用下会产生大的变形，这一特点使其成为人工肌

肉致动的理想材料，近年来引起研究者的广泛关

注。本文着重介绍介电高弹体的基本力学理论和

方法，旨在为相关材料、结构和器件的设计提供

参考，也有助于不同专业背景的研究者了解并开

展介电高弹体的相关研究。 

概 要：本文介绍了近年来关于介电高弹体力电耦合问题

的一些理论和数值研究，重点包括力电耦合的控

制方程、材料本构关系、粘弹性响应、力电失稳

以及致动器设计等方面。文中讨论了基于非平衡

热动力学的介电高弹体力学模型处理复杂构型

或与时间相关变形时常被采用的数值方法，优化

介电高弹体致动极限的力学设计，以及介电高弹

体力电响应在典型致动器中的应用。 

关键词：人工肌肉；智能材料；介电高弹体；力电耦合；

本构关系；粘弹性；力电失稳；致动 


