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Abstract 
When the electric field caused by voltage reaches a certain level, the charge on the compliant electrodes will not increase 
owing to the polarization saturation, which would limit the deformation of the dielectric elastomer. Some experiments show 
that temperature also has a significant effect on the deformation of dielectric elastomer. In this work, a free energy model 
coupling temperature and polarization saturation is developed to characterize the thermoelectromechanical instability of 
dielectric elastomer. The results reveal that both the polarization saturation parameters and electric field have a significant 
influence on the actuation ability of the dielectric elastomer, and the increase of temperature enhances thermoelectrome-
chanical stability. It is hoped that this work could guide the development of dielectric elastomer materials and application 
devices operating in variable temperatures.
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1 Introduction

In recent years, soft materials such as shape memory poly-
mers, hydrogels, electroactive polymers, etc. have received 
much attention [1–5]. As a typical electroactive material, die-
lectric elastomer (DE) can generate large deformation under 
an external electric field [6]. Dielectric elastomer has excel-
lent characteristics, such as fast response speed, light weight, 
and high elastic energy density, etc., and has been widely used 
to design diverse applications, including actuators, energy 
harvester, sensors, soft robots, optical devices [7–14].

When the dielectric elastomer actuator deforms, the 
mechanical force and external electric field have a significant 
influence on its performance. Dielectric elastomer mem-
brane would expand its area and contract its thickness under 

an external electric field. Such changes will cause positive 
feedback, creating a very high electric field between the two 
compliant electrodes. The membrane will be breakdown by 
electric filed once the value exceeds the breakdown strength 
of the material. This failure is known as electromechanical 
instability, which greatly limits the application of dielectric 
elastomer actuator [15]. For ideal dielectric elastomer, a gen-
eral method was developed to analyze the electromechanical 
stability. The calculation results show that the pre-stretch 
suppresses electromechanical instability and enhances actua-
tion ability, agreeing well with experimental results [16]. 
The electromechanical instability has also been analyzed 
in detail based on this method when dielectric elastomer 
actuator generates homogeneous in-plane and inhomoge-
neous out-of-plane large deformations [17, 18]. Generally, 
the dielectric elastomer is considered as linear dielectrics. 
However, dielectric elastomer will experience polarization 
saturation when it deforms under an external electric field. 
A model was proposed to analyze the effect of polariza-
tion saturation of dipoles on the snap-through instability 
[19]. Considering the hyperelastic and nonlinear dielectric 
behavior, a thermodynamic model was also developed to 
investigate the instability of the dielectric elastomer when 
polarization saturation occurs [20].

Few of the existing studies have considered the impact 
of temperature changes on the properties of dielectric 
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elastomer. It has been reported that the Young’s modulus of 
the commercial acrylic elastomer (VHB 4910, 3M, USA) 
has a strong dependence on temperature [21], and the dielec-
tric constant of the material is also related to the stretch and 
temperature [22]. For acrylic dielectric elastomer materials 
(VHB 4910), the relationship between dielectric constant 
and temperature has been studied experimentally in detail. 
A model was also developed based on experimental results 
[23]. Further, the thermal effects on the electromechanical 
instability and nonlinear dynamic behavior of dielectric 
elastomer were investigated [24, 25]. The thermoelectrome-
chanical instability of dielectric elastomer by considering 
the dependence of dielectric constant on temperature and 
deformation was also investigated [26, 27].

In this work, different from previous studies which only 
considered the influence of temperature or polarization 
saturation on the instability of dielectric elastomer, we con-
centrate on the impact of temperature variation on thermo-
electromechanical instability of dielectric elastomer when 
they experience polarization saturation under the action of 
an external electric field. Following the previous studies [24, 
26–28], a free energy model, including thermoelastic strain 
energy and electric energy is derived. When the tempera-
ture changes, the thermal contribution is taken into account 
in the thermoelastic strain energy. The nonlinear dielectric 
behavior and the temperature-dependent dielectric constant 
are considered when establishing the free energy model of 
electric field energy. In this way, the thermoelectromechani-
cal instability of the dielectric elastomer is characterized in 
detail by the specific model.

2  Free energy model

As illustrated in Fig. 1, for a general dielectric elastomer 
actuator, both surfaces of the membrane are coated with 
compliant electrodes. In reference state, the temperature 
of the environment is T0 , and the dimensions along three 

principal directions of the membrane in the absence of 
mechanical force and electric field are L1 , L2 , and H . In 
current state, the ambient temperature becomes T  , and the 
dimensions of the membrane change into �1L1 , �2L2 , and 
�3H with the applied mechanical forces along three principal 
directions F1 , F2 , and F3 , voltage Φ on the two complaint 
electrodes, where �1 , �2 , and �3 are stretches along with three 
principal directions. Electric charges Q are accumulated on 
the two electrodes respectively, while the entropy is S Define 
the nominal stresses by �∼

1
= F1∕(L2H) , �∼

2
= F2∕(L1H) , 

and �∼
3
= F3∕(L1L2) , nominal electric displacement by 

D∼ = Q∕(L1L2) , nominal electric field by E∼ = Φ∕H , and 
nominal entropy by s∼ = S∕(L1L2H).

The thermodynamic system is composed of dielectric 
elastomer, voltage, mechanical forces, and temperature. The 
free energy function of the thermodynamic system depends 
on five independent variables [20]

where Ws

(
�1, �2, �3, T

)
 and We

(
�1, �2, �3,D

∼, T
)
 represent 

the thermoelastic strain energy and electric field energy of 
the dielectric elastomer, respectively. When the thermody-
namic system is in equilibrium in the current state, the Eq. 
(1) should be minimized. Follow the previous studies [28], 
we can get the state equations by the partial derivation of the 
free energy density function

In an elastomer, each individual polymer chain has a finite 
contour length. The polymer chains are coiled allowing a 
large number of conformations when the elastomer subjected 
to no loads. The polymer chains become less coiled when 
subjected to loads. When the end-to-end distance of each 
polymer chain approaches the finite contour length with 
the increase of loads, the elastomer approaches the limit-
ing stretch and stiffens steeply. This effect is absent in the 

(1)
W
(
�1, �2, �3,D

∼, T
)
= Ws

(
�1, �2, �3, T

)
+We

(
�1, �2, �3,D

∼, T
)
,

(2)�∼
1
=

�W
(
�1, �2, �3,D

∼, T
)

��1
,

(3)�∼
2
=

�W
(
�1, �2, �3,D

∼, T
)

��2
,

(4)�∼
3
=

�W
(
�1, �2, �3,D

∼, T
)

��3
,

(5)E∼ =
�W

(
�1, �2, �3,D

∼, T
)

�D∼
,

(6)s∼ = −
�W

(
�1, �2, �3,D

∼, T
)

�T
.

Fig. 1  Deformation principle of a general dielectric elastomer actu-
ator. a In reference state, the temperature of the environment is T0, 
and the dielectric elastomer membrane is undeformed with no volt-
age and mechanical force. b In current state, the ambient tempera-
ture becomes T, and the dielectric elastomer membrane deforms by 
mechanical forces and voltage
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Neo–Hookean model, but represented by Gent [29] model. 
In the temperature field, the thermoelastic strain energy den-
sity function is [30]

where � is the shear modulus, Jlim = �2
1 lim

+ �2
2 lim

+ �2
3 lim

− 3 
is a constant reflecting the stretch limit of the material, and 
c0 is a material parameter of polar dielectric. The stretches 
are restricted as 0 ≤ (𝜆2

1
+ 𝜆2

2
+ 𝜆2

3
− 3)∕Jlim < 1 . When 

stretches are small, (�2
1
+ �2

2
+ �2

3
− 3)∕Jlim → 0 , the Gent 

model recovers the Neo-Hookean model. When the stretches 
approach the limit, (�2

1
+ �2

2
+ �2

3
− 3)∕Jlim → 1 , the Gent 

model stiffens steeply. The two items on the right side of 
Eq. (7) are the Gent thermoelastic strain energy and thermal 
contribution.

The appearance of electric field will polarize dielec-
tric materials [28]. The electric displacement is small 
and increases linearly when the dielectric elastomer in a 
relatively weak electric field. In the case of electric field 
increases to a certain level, all the dipoles in the dielec-
tric material will rotate in the same direction as the electric 
field and aligned perfectly. The electric displacement reaches 
saturation Ds and no longer increases with electric field [20], 
seen in Fig. 2. As an idealization, when polarization satura-
tion occurs under the action of electric field, the nonlinear 
function of true electric field is [19, 31]

where � is the permittivity. Generally, dielectric elastomer 
is idealized, and the permittivity is regarded as a constant 

(7)

Ws

(
�1, �2, �3, T

)
=

T

T0

[
−
�Jlim

2
log

(
1 −

�2
1
+ �2

2
+ �2

3
− 3

Jlim

)]

+ c0
[(
T − T0

)
− T log

(
T∕T0

)]
,

(8)E = f (D) =
Ds

2�
log

(
1 + D∕Ds

1 − D∕Ds

)
,

independent of any independent variable. However, a change 
in ambient temperature will also cause a change in the per-
mittivity. Under the temperature field, the permittivity of 
the dielectric material can be written as � = �0�r(T) , where 
�0 = 8.85 × 10−12 F/m is the permittivity of the vacuum. 
The temperature dependent dielectric constant �r(T) can be 
described as [23]

Considering two pairs of work conjugate parameters, the 
relationship between nominal quantity and true quantity are 
D∼ = D�1�2 and E∼ = E�3 , respectively. The electric energy 
density can be rewritten as

According to Eqs. (8)–(10), we can get the special electric 
energy undergoing polarization saturation and temperature 
variation

Here, the dielectric elastomer is subjected to equal-biax-
ial forces F1 = F2 = F and considered to be incompress-
ible �1�2�3 = 1 . Therefore, the stretches can be written as 
�1 = �2 = � and �3 = �−2 . Then, substituting Eqs. (7) and 
(11) into Eq. (1) yields

In the light of Eqs. (2)–(6) and Eq. (12), we can obtain

(9)�r(T) = 2.18 +
740

T
.

(10)

We

(
�1, �2, �3,D

∼, T
)
= ∫

D∼

0

E∼dD∼ = �3 ∫
D∼

0

f
(
D∼�−1

1
�−1
2

)
dD∼.

(11)

We

(
�1, �2, �3,D

∼, T
)
=

D∼Ds�3

2�0(2.18 + 740∕T)
log

(
−
D∼ + Ds�1�2

D∼ − Ds�1�2

)

+
D2

s
�1�2�3

2�0(2.18 + 740∕T)
log

(
1 −

D∼2�−2
1
�−2
2

D2
s

)
.

(12)

W(�,D∼, T) =
T

T0

[
−
�Jlim

2
log

(
1 −

2�2 + �−4 − 3

Jlim

)]

+ c0
[(
T − T0

)
− T log

(
T∕T0

)]

+
D∼Ds�

−2

2�0(2.18 + 740∕T)
log

(
−
D∼ + Ds�

2

D∼ − Ds�
2

)

+
D2

s

2�0(2.18 + 740∕T)
log

(
1 −

D∼2

D2
s
�4

)
.

(13)

�∼ =
T

T0

[
−

�Jlim
(
� − �−5

)
2�2 + �−4 − Jlim − 3

]

−
D∼Ds�

−3

2�0(2.18 + 740∕T)
log

(
−
D∼ + Ds�

2

D∼ − Ds�
2

)
,

(14)E∼ =
Ds�

−2

2�0(2.18 + 740∕T)
log

(
−
D∼ + Ds�

2

D∼ − Ds�
2

)
,Fig. 2  Polarization curve of the dielectric material [20]. The curve 

can be regarded as linear at a weak electric field, and tends to a con-
stant value when the electric field is sufficiently high
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3  Thermoelectromechanical instability

The nominal electric displacement can be expressed as 
D∼ =

exp [2E∼�2�0(2.18+740∕T)∕Ds]−1
exp [2E∼�2�0(2.18+740∕T)∕Ds]+1

Ds�
2 on the basis of Eq. 

(14), and is substituted in Eqs. (13) and (15), we got the 
normalized stress and entropy

In the following numerical study, representative param-
eters are selected, T0 = 293 K , c0 = 1.7 × 106 J ⋅ km−3 , 
� = 45 kPa , Jlim = 120 [27, 32, 33]. As illustrated in Fig. 3 
are nominal stress-stretch curves under different values of 
nominal saturation electrical displacements and nominal 
electric fields, i.e. Ds∕

√
��0 and E∼∕

√
�∕�0 . It is clear to 

see that all the curves coincide in Fig. 3a, and the nomi-
nal stress monotonically increases as the stretch increases 
in the absence of electric field. Comparing Fig. 3a–d, 
when the nominal saturated electric displacement value 
of the dielectric elastomer is relatively small, the nominal 
stress always increases monotonically with the increase 

(15)

s∼ = −
1

T0

[
−
�Jlim

2
log

(
1 −

2�2 + �−4 − 3

Jlim

)]

+ c0 log
(
T∕T0

)
−

370

�0(2.18 + 740∕T)2T2

×

[
D∼Ds�

−2 log

(
−
D∼ + Ds�

2

D∼ − Ds�
2

)
+ D2

s
log

(
1 −

D∼2

D2
s
�4

)]
.

(16)

�∼

�
=

T

T0

�
−

Jlim
�
� − �−5

�
2�2 + �−4 − Jlim − 3

�

−
Ds√
��0

E∼

√
�∕�0

�

exp

�
2�2

�
2.18 +

740

T

�
E∼√
�∕�0

∕
Ds√
��0

�
− 1

exp

�
2�2

�
2.18 +

740

T

�
E∼√
�∕�0

∕
Ds√
��0

�
+ 1

,

(17)

s∼

�∕T0
=

Jlim

2
log

�
1 −

2�2 + �−4 − 3

Jlim

�
+

c0

�∕T0
log

�
T∕T0

�

−
740T0

(2.18 + 740∕T)T2

Ds√
��0

E∼

√
�∕�0

�2
exp

�
2�2

�
2.18 +

740

T

�
E∼√
�∕�0

∕
Ds√
��0

�
− 1

exp

�
2�2

�
2.18 +

740

T

�
E∼√
�∕�0

∕
Ds√
��0

�
+ 1

−
370T0

�0(2.18 + 740∕T)2T2

D2
s

��0
log

⎧⎪⎪⎨⎪⎪⎩

1 −

⎧⎪⎪⎨⎪⎪⎩

exp

�
2�2

�
2.18 +

740

T

�
E∼√
�∕�0

∕
Ds√
��0

�
− 1

exp

�
2�2

�
2.18 +

740

T

�
E∼√
�∕�0

∕
Ds√
��0

�
+ 1

⎫⎪⎪⎬⎪⎪⎭

2⎫⎪⎪⎬⎪⎪⎭

.

of stretch, even if the applied electric field is large. This 
phenomenon can be explained by the fact that the nominal 
electric displacement has been saturated under the action 
of a weak electric field. Thus, the increase of nominal elec-
tric field no longer causes the Maxwell stress to increase. 
If the value of the nominal saturation electric displacement 
of the dielectric elastomer is slightly larger, the nominal 
stress-stretch curves change from monotonously increas-
ing to N-shaped, and can be lowered by the electric field. 
When the dielectric elastomer with an immense saturation 
electric displacement value and under a higher electric 
field, the nominal stress-stretch curve would be divided 
into two parts, Fig. 3c, d. It can be explained as follows: 
when subject to voltage, the Maxwell stress makes the 
dielectric elastomer membrane reduce its thickness; in 
turn, the reducing of thickness increases the Maxwell 
stress. Such a positive feedback tendency exists throughout 
the whole loading process. At a certain voltage, with the 
increase of stretch, the membrane reduce its thickness and 
the Maxwell stress is balanced by tensile stress. Once the 
stretch reaches a critical value, the process is motived, the 
Maxwell stress increases dramatically and exceeds the ten-
sile stress when the nominal saturation electric displace-
ment is not reached, resulting in the nominal stress less 
than zero. As the stretch approaches the limiting stretch,  

the dielectric elastomer becomes stiffer, resulting in a 
sharp rise in tensile stress, and the curve goes up again.

Considering the effect of temperature, we set 
Ds∕

√
��0 = 10 , and E∼∕

√
�∕�0 = 0.12 . As can be seen 

from Fig. 4, as the temperature increases, the stress-stretch 
curve gradually changes from an N-shaped to monotoni-
cally increasing. The increase of temperature decreased 
the influence of Maxwell stress on tensile stress.

Figure 5 shows the variations of the nominal electric field 
with stretch under different nominal saturation electrical dis-
placements when the temperature is T = 293 K . When satu-
rated electric displacement is small, the dielectric elastomer 
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membrane can only achieve a small actuation stretch even 
under a high electric field. With a lager value of the nominal 
saturation electric displacement, a more massive actuation 
stretch can be achieved with a smaller electric field, and 
the curve gradually changes from monotonous to a typical 
N-shaped, which may result in electromechanical instability 
or snap-through instability.

Under the action of the electric field, electromechanical 
instability would induce dielectric elastomer actuator failure 
via electrical breakdown. Some experimental and theoreti-
cal studies show that the stability of the actuator is mark-
edly enhanced by pre-stretch [6, 16, 31]. Considering the 

Fig. 3  Nominal stress-stretch curves under different saturated electric displacement when the nominal electric field are a E∼∕
√
�∕�

0
= 0 ,  

b E∼∕
√
�∕�

0
= 0.1 , c E∼∕

√
�∕�

0
= 0.12 , and d E∼∕

√
�∕�

0
= 2 , respectively

Fig. 4  Nominal stress-stretch curves under different temperatures Fig. 5  Variations of the nominal electric field with stretch under dif-
ferent saturated electric displacements
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polarization saturation, Fig. 6 illustrates the variations of the 
nominal electric field with stretch, where Ds∕

√
��0 = 10 , 

and T = 293 K . Obviously, the curve gradually changes 
from N-shaped to monotonous increase as the pre-stretch 
increases. This means electromechanical instability is sup-
pressed, and the actuation stretch is increased, which is con-
sistent with the results of Zhao and Suo [16].

The effect of temperature on the nominal electric field-
stretch curve is shown in Fig. 7. When electromechanical 
instability occurs, the critical electric field usually deter-
mines the electrical breakdown. Clearly, when the tempera-
ture rises, the critical value increases, which means that the 
thermoelectromechanical stability is improved. After ther-
moelectromechanical instability, the actuator may survive 
without electrical breakdown. With the further increase of 
stretch, the membrane becomes stiffer, which lead to the 
curve of the nominal electric field rises again. Hence, the 
dielectric elastomer membrane will suddenly change from 
a state with a small area to a state with a large area. This 
process is also known as snap-through instability. The red 
dashed line in Fig. 7 indicates the electrical breakdown, and 
the arrow indicates the snap-through process. If we assume 
that the membrane can just survive in the snap-through pro-
cess at T = 293 K , as shown by the black arrow, the increase 
of critical value of the nominal electric field will lead to 
the snap-through occurs under a higher electric field when 
the temperature rises. Therefore, the membrane will suffer 
electrical breakdown at first and cannot survive in the snap-
through, indicated by the green arrow.

Next, we analyze the effects of temperature and electric 
field on entropy. Variations of nominal entropy with the tem-
perature and stretch are illustrated in Fig. 8. The nominal 
entropy increases gradually with the rise in temperature. When 
the stretch is small, the change of nominal entropy is almost 
negligible. According to the third law of thermodynamics, the 

increase of temperature causes entropy to increase so that the 
thermodynamic system will approach a more stabilized state. 
It is also noted that a significant decrease in nominal entropy 
occurs when the stretch limit is approached. The physical 
process can be explained as follows: as dielectric elastomer 
membrane is stretched in planar directions, the coiled chain 
will be elongated, and in a more orderly state, thus the entropy 
declines with the deformation. Figure 9 is a view of the effects 
of the applied stretch and electric field on entropy. When the 
nominal electric field rises, there is almost no change in the 
nominal entropy when the stretch is small. When the stretch is 
close to the stretch limit, the nominal entropy decreases as the 
increase of the stretch and nominal electric field.

Fig. 6  Variations of the nominal electric field with stretch under dif-
ferent nominal stresses

Fig. 7  Variations of the nominal electric field with stretch under dif-
ferent temperatures

Fig. 8  Variations of nominal entropy with temperature and stretch
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4  Conclusion

In conclusion, a free energy model is derived based on the 
thermodynamics frame to characterize the effect of polariza-
tion saturation and temperature variation on the thermoelectro-
mechanical instability of the dielectric elastomer. The numeri-
cal results indicate that the actuation ability of the dielectric 
elastomer is exceedingly affected by the electric field and 
polarization saturation parameter. The electromechanical insta-
bility can also be suppressed, and actuation stretch is increased 
by prestresses when dielectric elastomer actuator undergoes 
polarization saturation. With the increase of temperature, 
the thermoelectromechanical stability is strengthened. The 
temperature has a significant effect on entropy, while the 
impact of stretch and electric field can be almost ignored. It 
is hoped that this work can provide guidance in the design of 
high-performance dielectric elastomer materials and various 
dielectric elastomer application devices operating in variable 
temperatures.
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