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ABSTRACT The performance of dielectric elastomer (DE) transducers is significantly affected
by viscoelastic relaxation-induced electromechanical dissipations. This paper presents an experi-
mental study to obtain the rate dependent stress-stretch relation of DE membranes (VHBTM9473)
subjected to pure shear like loading and electric loading simultaneously. Stretching rate depen-
dent behavior is observed. The results also show that the tensile force decreases as the voltage
increases. The observations are compared with predictions by a viscoelastic model of DE. This
experiment may be used for further studies of dynamic electromechanical coupling properties of
DEs.
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I. INTRODUCTION
As a specific class of materials in the electroac-

tive polymers (EAP) family, dielectric elastomers
(DEs) were first introduced into the electrome-
chanical transducers technology in 1990s[1–5]. Since
the discovery of an efficient way to obtain voltage-
induced large deformation with strain beyond
100% by Pelrine et al. in 2000[6], DEs have been
studied extensively by numerous groups[7–15] due

Fig. 1 Schematic diagram of a DE transducer, i.e., DE mem-
brane sandwiched between two soft electrodes.

to their excellent overall performance, such as light weight, high efficiency, large voltage induced defor-
mation, high energy density, etc. DE transducers can convert mechanical energy to or from electrical
energy. The basic structure of a DE transducer is shown in Fig.1. The DE membrane is sandwiched
between two compliant electrodes (carbon grease). Subjected to a voltage, electrons will flow from one
electrode to the other through external circuit. The attraction between charges with different signs on
the electrodes will contract the DE membrane in thickness and stretch it in area. This electromechanical
coupling effect has inspired various designs and analysis of soft DE transducers as actuators, generators
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and sensors.

Equilibriumthermodynamics ofDE coupling the large deformation and electric field have been studied
recently[16–19]. Suo made a comprehensive review about the current progress with the theory of DE[20].
Most of the previous studies on DE focus on elastic behavior with the effect of viscoelasticity neglected.
Recently, studies show that the dissipation mechanisms such as viscoelasticity and current leakage highly
affect the performances of DE transducers[21–23]. Based on nonequilibrium thermodynamics theory, Zhao
et al. developed an approach to construct models of DEs undergoing dissipative processes, including
viscoelastic, dielectric and conductive relaxation[24].

DE transducers usually work under dynamic mechanical and electrical loadings. In this work, the rate-
dependent electromechanical coupling properties of DE subjected to mechanical and electric loadings
simultaneously are investigated experimentally, and a newly developed viscoelastic model[24] is adopted
to explain the experimental results. The current study is very helpful to analyze and understand the
performance of DE transducers. The work is presented as following. The pure shear loading is verified in
§II. In §III, experiments are carried out to obtain the voltage effect on the stretching rate dependent stress-
stretch curves of the DE membrane. In §IV, a viscoelastic constitutive model is described. Experimental
results and those predicted by the viscoelastic model are compared in §V.

II. PURE SHEAR LIKE LOADING
Pure shear test, i.e., constrained test or planar

test, is a widely-used method to characterize the
mechanical properties of soft materials[25]. Figure
2 shows a schematic diagram of pure shear testing.
The specimen is a thin rectangular sheet with a
uniformly distributed tensile loading in 1- direction
along its upper and lower sides. The horizontal
displacement along its lateral sides is restrained.
The deformation along the thickness direction (3-
direction) is free. Theoretically, deformation in the
whole specimen is homogeneous. In practice, it is
suggested that the length of the long side is at least

Fig. 2 Schematic diagram of pure shear testing.

8 times greater than that of the short side in order to achieve globally homogeneous deformation. The
incompressive materials subjected to the above pure shear loading possess the deformation gradient F

as

F =







λ 0 0
0 1 0

0 0
1

λ






(1)

where λ is the stretch along the tensile loading direction. The velocity gradient tensor L can be written
as

L = ḞF
−1 = D + W =

λ̇

λ





1 0 0
0 0 0
0 0 −1



 (2)

where Ḟ represents the deformation gradient rate, D the symmetric part of L, W the anti-symmetric
part of L, and λ̇ the stretching rate. Clearly, the maximum shear deformation rate is equal to the
principal deformation rate. Moreover, the normal deformation rate associated with the plane of the
maximum shear deformation rate is zero.

In our experiments, the specimens are first prestretched in the horizontal direction and then the
tensile forces along the upper and lower sides, as well as the electric field, are applied. This can be
used to model an approximate pure shear condition. Numerical analysis has shown that the result of
the resultant force-displacement relation with prestretch of 2.5 is very similar to that of the pure shear
loading.
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III. EXPERIMENT
Specimens are made of a commercially available acrylic elastomer (VHBTM9473) membrane, sand-

wiched between two soft electrodes (carbon conductive grease, MGTMmechanicals, 846-80G). As de-
scribed in §II, the pure shear like loading is applied on the specimens. The testing processes are schemat-
ically shown in Fig.3. Figure 3(a) represents the reference state of DE. The initial dimensions of the
dielectric membrane are L1 = 7.9 mm, L2 = 40 mm, and L3 = 0.25 mm. First, the specimens are
stretched in 2-(horizontal) direction until the stretch ratio, λ2p, reaches 2.5. In order to keep the width
nearly unchanged in the experiments, the upper and lower sides are clamped tightly by plastic boards,
as shown in Fig.3(b). Then tensile forces are applied on the upper and lower sides using the testing
machine (ZWICKTMz2.5), as well as a voltage on the opposite electrodes (Fig.3(c)).

Fig. 3. Pure shear like testing process of DE in three states. (a) Reference state. The membrane is of length L1 in 1-direction,
L2 in 2-direction, and L3 in 3-direction (the thickness direction); (b) Prestretched state. The membrane is prestretched
in 2-direction and is clamped by rigid frames. Electrodes are coated on both sides of membrane; (c) Actuated state. In
response to the voltage Φ and forces P1 applied, DE membrane expands in 1-direction and contracts in 3-direction. The
width (2-direction) is assumed to keep unchanged.

In our displacement controlled experiment, three stretching rates are adopted, i.e., 50 mm/min, 200
mm/min, and 800 mm/min. For each stretching ratewe adjust the voltage to 0 V, 800 V, 1200 V, and
1600 V. The high voltage amplifier (TREKTM610E) is connected to the electrodes with the conducting
wires. When the specimen is attached to the testing machine, it is stretched to a certain value of l10
in 1-direction and then the high voltage amplifier is turned on (to make sure that no compression
force occurs in the specimen). Before loading, the maximum displacement d1max is set up with the
testing machine, and the voltage applied on DE through the thickness direction can be adjusted with
high voltage amplifier. During deformation, the DE membrane expands in 1-direction and contracts in
thickness direction. However, the width (2-direction) keeps almost constant. When the displacement
reaches d1max, the test will end up automatically. The curves of tensile forces (P1) vs. displacements (d1)
can be recorded. In our experiment, totally 12 curves of force-displacement are obtained. For convenience,
we use nominal stress s1 (s1 = P1/L2L3), and stretch ratio λ1 [λ1 = (l10 + d1)/L1] instead of tensile
force and displacement. The curves of s1 = s1(λ1) obtained from experiment are plotted in the right
part of Fig.6 in §V.

IV. A VISCOELASTIC MODEL
Response ofDE subjected to mechanical or electric loading is time dependent, which leads to the devel-

opment of the dissipative constitutivemodel forDEbased onnonlinear equilibriumthermodynamics[20,24].
In this general model, when DE is subjected to mechanical loads P1, P2, P3 along 1-, 2-, 3-directions,
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and a voltage Φ through 3-direction, the free energy density function is written as

W = W
(

λ1, λ2, λ3, D̃, ξ1, ξ2, · · ·
)

(3)

where λ1 = l1/L1, λ2 = l2/L2, and λ3 = l3/L3 are defined as the stretches of DE along 1-, 2-,
and 3-directions, respectively. D̃ = Q/L1L2 is defined as the nominal electric displacement. (ξ1, ξ2, · · ·)
represent the internal variables that describe the degrees of freedom associated with dissipative processes
of DE. The state of dielectric is characterized by λ1, λ2, λ3, D̃, and (ξ1, ξ2, · · ·). It is known that
the external mechanical loadings and electric loading will do work through λ1, λ2, λ3, and D̃, which
are therefore called kinematic variables. Assuming that the system is in mechanical and electrostatic
equilibrium, thermodynamic theory can give the following equations of state of DE:

s1 =
∂W

(

λ1, λ2, λ3, D̃, ξ1, ξ2, · · ·
)

∂λ1
(4)

s2 =
∂W

(

λ1, λ2, λ3, D̃, ξ1, ξ2, · · ·
)

∂λ2
(5)

s3 =
∂W

(

λ1, λ2, λ3, D̃, ξ1, ξ2, · · ·
)

∂λ3
(6)

Ẽ =
∂W

(

λ1, λ2, λ3, D̃, ξ1, ξ2, · · ·
)

∂D̃
(7)

and the thermodynamic inequality

∑

i

∂W
(

λ1, λ2, λ3, D̃, ξ1, ξ2, · · ·
)

∂ξi

δξi ≤ 0 (8)

where s1 = P1/L2L3, s2 = P2/L1L3, s3 = P3/L1L2 are defined as the nominal normal stresses,
Ẽ = Φ/L3 is defined as the nominal electric field.

If DE is subjected to pure shear loading as demonstrated by Fig.2, and a voltage through the thickness
direction, the equations of state of DE and thermodynamic inequality are obtained following the same
process as described above. The thermodynamic theory requires that

δF ≤ P1δl1 + ΦδQ (9)

Divide both sides of Eq.(9) by the volume of DE, L1L2L3, the thermodynamic inequality becomes

δW ≤ s1δλ1 + ẼδD̃ (10)

Consider the incompressibility of DE, λ1λ2λ3 = 1, and λ2 as constant, we adopt the free energy density
function W as

W = W
(

λ1, λ2 = const, D̃, ξ1, ξ2, · · ·
)

(11)

Substituting Eq.(11) into Eq.(10), the thermodynamics inequality can be rewritten as
(

∂W

∂λ1
− s1

)

δλ1 +

(

∂W

∂D̃
− Ẽ

)

δD̃ +
∑

i

∂W

∂ξi

δξi ≤ 0 (12)

We assume that DE is in mechanical and electrostatic equilibrium. The equations of state of DE and
thermodynamic inequality can be obtained from Eq.(12) as

s1 =
∂W

(

λ1, λ2 = const, D̃, ξ1, ξ2, · · ·
)

∂λ1
(13)

Ẽ =
∂W

(

λ1, λ2 = const, D̃, ξ1, ξ2, · · ·
)

∂D̃
(14)

∑

i

∂W
(

λ1, λ2 = const, D̃, ξ1, ξ2, · · ·
)

∂ξi

δξi ≤ 0 (15)
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In our work, only the dissipative process of viscoelastic relation is considered. We adopted the same
rheological model as Zhao et al.’s[24] to illuminate the viscoelastic behavior of the elastomer. As shown
in Fig.4, the elastomer is modeled as two networks of polymers, represented by the spring at the top,
and the spring and the dashpot at the bottom. The same mechanical forces are applied on the two
networks. The shear modulus of the top spring is defined as µR, and the shear modulus of the bottom
spring as µU − µR. The relaxation time τ is related to the viscosity of the dashpot η and the stiffness
of the bottom spring as

τ =
η

µU − µR

(16)

The net deformation of the networks subjected to pure shear loading and electric field are represented
by in-plane stretches (λ1, λ2 = const). For the network represented by the top spring, λ1 is the stretch
associated with the deformation of the spring while λ2 keeps unchanged. For that represented by the
spring and the dashpot at the bottom, the net stretches due to the deformation of the spring and the
dashpot are described as

λ1 = λe
1ξ1, λ2 = λe

2ξ2 = const (17)

where (λe
1, λe

2) are the stretches associated with the bottom spring, and (ξ1, ξ2) are the stretches
associated with the dashpot.

Fig. 4. A viscoelastic model consisting of springs and dashpot for DE. µU is the shear modulus of the top spring. µU −µR

is the shear modulus of the bottom, and η is the viscosity of the dashpot.

The free-energy density function of the DE, W , is still defined as the sum of the elastic energy
and the electrical energy. The elasticity of the networks is represented by the Gent free-energy density
function. Consequently, the free-energy density function takes the form:

W = −
µRJlim

2
ln

(

1 −
λ2

1 + λ2
2 + λ−2

1 λ−2
2 − 3

Jlim

)

−
(µU − µR)Jlim

2
ln

(

1 −
λ2

1ξ
−2
1 + λ2

2ξ
−2
2 + λ−2

1 λ−2
2 ξ2

1ξ2
2 − 3

Jlim

)

+
D̃2

2ε
λ−2

1 λ−2
2 (18)

where Jlim is a materials constant associated with elastic deformation. The first term in the right side of
Eq.(18) is the elastic energy of the network represented by the top spring, the second term is the elastic
energy of the network represented by the bottom spring, and the third term represents the electrical
energy. Here it is assumed that the electrical energy possesses the same form as a dielectric liquid, with
a constant permittivity ε. µR, µU , Jlim and τ (or η) can be obtained by fitting the experimental data.

Substituting Eq.(18) into Eqs.(13) and (14), we obtain:

s1 =
JlimµR(λ1 − λ−3

1 λ−2
2 )

Jlim + 3 − λ2
1 − λ2

2 − λ−2
1 λ−2

2

+
Jlim(µU − µR)(λ1ξ

−2
1 − λ−3

1 λ−2
2 ξ2

1ξ2
2)

Jlim + 3 − λ2
1ξ

−2
1 − λ2

2ξ
−2
2 − λ−2

1 λ−2
2 ξ2

1ξ2
2

−
λ−3

1 λ−2
2 D̃2

ε
(19)

Ẽ =
λ−2

1 λ−2
2 D̃

ε
(20)



Vol. 25, No. 5 Shaoxing Qu et al.: Rate Dependent Stress-stretch of Dielectric Elastomers · 547 ·

The above equations (19) and (20) constitute the equations of state of the model represented by the
free-energy density function (18). In order to satisfy the thermodynamic inequality (15), we choose the
kinetic model as dξ1/dt = −η−1∂W/∂ξ1, and dξ2/dt = −η−1∂W/∂ξ2 following Zhao et al.’s work[24].
Substituting Eq.(18) into the above evolution equations, we obtain the kinetic model as follows:

dξ1

dt
=

Jlim

τ

(

λ2
1ξ

−3
1 − λ−2

1 λ−2
2 ξ1ξ

2
2

Jlim + 3 − λ2
1ξ

−2
1 − λ2

2ξ
−2
2 − λ−2

1 λ−2
2 ξ2

1ξ2
2

)

(21)

dξ2

dt
=

Jlim

τ

(

λ2
2ξ

−3
2 − λ−2

1 λ−2
2 ξ2ξ

2
1

Jlim + 3 − λ2
1ξ

−2
1 − λ2

2ξ
−2
2 − λ−2

1 λ−2
2 ξ2

1ξ2
2

)

(22)

V. RESULTS COMPARISON
We fit the viscoelastic model described in §IV to pure shear like tests conducted on acrylic elastomer

(VHBTM9473) at several loading rates, i.e., 50 mm/min, 200 mm/min, and 800 mm/min. The following
set of parameters are obtained: µU = 88.5 kPa, µR = 19.2 kPa, τ = 20 s, and Jlim = 180. Figure 5
shows a good agreement between the experimental data and the curves predicted by the viscoelastic
model with the above parameters.

The same values of the set of parameters,µR, µU , Jlim and τ , are also used to compare the experimental
data and those obtained by the viscoelastic model subjected to four different voltages, i.e., 0 V, 800 V,
1200 V, and 1600 V. The value of the permittivity ε is taken as 3ε0, where ε0 is the vacuum permittivity.

Fig. 5. The viscoelastic model is fitted to experimental data of pure shear like tension of a DE under three stretching
rates.

Fig. 6. Stress-stretch curves obtained by experiment (right) and predicted by the viscoelastic model (left).
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For acrylic elastomer (VHBTM), permittivity ε usually falls in 3-4ε0 using standard testing method. The
experimental data are plotted in the right part of Fig.6, while those predicted by the viscoelastic model
in the left part. In Fig.6, different color represents different stretching rate. For each set with the same
stretching rate, there are four curves indicating the applied voltage from 0 V to the highest value of 1600
V. Figure 6 shows clearly that the results by the viscoelastic model agree well with the experimental
observations, as well as the same effect trends for both stretching rate and electric field. As the stretch
increases, apparent difference of the stress induced by electric field occurs between experiment and
theory. It is expected that as the stretch increases, the permittivity ε does not keep constant again.
Stretching rate and electric field dependent viscosity of DE should be investigated in the future.

VI. RESULTS COMPARISON
Experimental studies on the dynamic electromechanical response of a DE membrane subjected to

pure shear like loadings and electric field are performed. The DE membrane expands in plane along
the loading direction when subjected to a voltage through the thickness direction, which leads to the
decreasement of the tensile force with the voltage. The stress-stretch curves display strong stretching
rate and electric field dependence. The electric field dependence is well explained by Maxwell stress
effect due to the voltage applied. The stretching rate dependence indicates clearly the dissipation
process attributing to viscoelastic relaxation. A rheological model consisting of springs and dashpot
are adopted within the nonequilibrium thermodynamic theory, which yields the equations of state of
DE. Experimental data and results predicted by the viscoelastic model agree reasonably well. Results
comparison between experiment and theory brings forward the future study on stretching rate and
electric field dependent viscosity of DE.
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