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Abstract
In this paper, an expression for the permittivity of electro-active silicone undergoing large
deformation with high permittivity particles filled uniformly has been proposed. Two
expressions are proposed for the permittivity, one based on experimental tests and the other
based on the theory of composite material. By applying the thermodynamic model
incorporating linear dielectric permittivity and nonlinear hyperelastic performance, the
mechanical performance and electromechanical stability of the coupling system constituted by
silicone filled with PMN–PT have been studied. The results show that the critical electric field
decreases, namely the stability performance of the system declines when the content of
PMN–PT c(v) increases and the electrostrictive coefficients increase. The results are beneficial
for us to understand deeply the influence of the filled particle on the stability performance of
silicone and to guide the design and manufacture of actuators and sensors based on dielectric
elastomers.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Due to its excellent properties such as large deformation,
high elastic energy density, high efficiency, high responsive
speed and long fatigue lifespan, silicone dielectric elastomer
is widely used in fabricating actuators, sensors and energy
harvesters [1, 2]. To gain large deformation, high voltages
should be exerted on silicone, however, such a voltage may
approach the elastomer’s breakdown level. When doped
with particles with high dielectric permittivity, the elastomer’s
permittivity would be increased [3, 36]. At the same time, the
filled particles can also improve the mechanical performance
of the elastomer, which implies that the driving voltage can

4 Authors to whom any correspondence should be addressed.

be decreased while the Young’s modulus can be increased.
Therefore, actuators based on this type of composite elastomer
will have advantages of lower driven voltage and high actuating
force, as compared to the regular silicone dielectric elastomer
material.

The electromechanical stability of dielectric elastomer
is one of the most popular issues in the field of large
electrostrictive deformation [4–13, 15–34, 37–40]. In [4, 5],
Zhao and Suo proposed that any free energy functions could
be applied to analyze the stability of the dielectric elastomer
electromechanical coupling system. In our previous study,
the electromechanical stability of dielectric elastomers was
analyzed by applying the elastic strain energy with two
material constants, which is great progress in analyzing
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the stability of a wide variety of dielectric elastomers by
introducing the material constant ratio k [9]. Dı́az-Calleja’s
group [10] and our group [11] have carried out further research
on the prediction of the stability domain of neo-Hookean
type silicone and Mooney–Rivlin type silicone. Recently,
we employed analytical methods to study its stability and
analytical expressions of the stability parameters were derived
by applying different free energy functions [12]. According
to the definition of stability parameters, we provided a kind
of coherent criterion to evaluate the stability performance.
However, all the research mentioned above regards dielectric
elastomer as an idealized material.

The symmetry, crosslinking of dielectric elastomer
molecular structure and pre-stress do affect its permittivity.
The higher the symmetry is, the lower the permittivity is,
equivalently the crosslinking shows a similar effect. In addition
pre-stress induced the dielectric elastomer molecules to be
arranged in order, hence the acting forces between molecules
increase, but the permittivity declines due to the declining of
the activity of polarity groups.

In this paper we propose an expression for the permittivity
of silicone filled with high permittivity particles undergoing
large electrostrictive deformation, including the expression of
the permittivity based on experimental test and the permittivity
based on the theory of composite material. By applying
a model composed of complex linear dielectric behavior
and nonlinear hyperelastic behavior, the electromechanical
stability of the silicone filled with PMN–PT has been studied.

2. The permittivity of dielectric elastomer composite

2.1. The permittivity based on experimental test

The permittivity of the silicone is a function of the
stretch, which has been proved experimentally and theoreti-
cally [13, 14]. At the same time, the permittivity of the silicone
filled with high permittivity powder also depends on the
electrostrictive deformation. Considering the influence of the
uniformly filled high permittivity particles on the permittivity
of silicone, the expression for the permittivity ε∗(λi , v) can be
written as

ε∗(λi , v) = ε∼ +
3∑

i=1

mi (λi − 1)ε∼ + c(v)ε∼ (1)

where ε∼ is the permittivity of dielectric elastomer without
deformation, v denotes the weight percentage of filled
particles, c(v) is the coefficient based on the particle content,
λi (i = 1–3) are the three principal stretches, mi (i = 1–3) are
the electrostrictive coefficients. In the above expression of the
permittivity, three terms are listed. The first term represents
the permittivity of the ideal silicone without deformation,
the second term reflects the influence of electrostrictive
deformation, and the third term relates to the influence of the
amount of filled particles. When m1 = a, m2 = b, m3 = a+b,
and c(v) bears its special value respectively, then equation (1)
can be predigested as the model proposed by Suo et al [13].

According to the experimental data obtained by Carpi [3],
the permittivity shows nonlinear increases with increasing

weight percentage of particles. Therefore, the generic
expression of the coefficient c(v) in equation (1) can be written
as the following:

c(v) = dv2 + ev + f (2)

where d, e, f are material constants which can be determined
by experiments. Fitting equation (2) with Carpi’s data, the
material constants d, e, f are determined as d = 12.5, e =
3.75, f = 0.

2.2. The permittivity based on the theory of composite
material

Based on the series–parallel connection stiffness model in
composite material theory, the upper and lower limits of the
permittivity of electro-active silicone uniformly filled with
high permittivity particles are expressed as follows:

ε∗
max(λ1, λ2, λ3, h1, h2) = ε∼

1 h1 +ε∼
2 h2 +

3∑

i=1

mi(λi − 1)ε∼
1 h1

(3a)

ε∗
min(λ1, λ2, λ3, h1, h2) = 1

1
ε∼

1 h1
+ 1

ε∼
2 h2

+ 1∑3
i=1 mi (λi −1)ε∼

1 h1

(3b)
where h1, h2 are the volume fractions of silicone and particles,
respectively and h1 + h2 = 1. The permittivity of composite
silicone satisfies the following equation:

ε∗
min � ε∗

real(λ1, λ2, λ3, h1, h2) � ε∗
max. (3c)

According to the permittivity model proposed by
Jayasunder [3], the permittivity of composite silicone filled
with particles is constructed as follows:

ε∗
real(λ1, λ2, λ3, h1, h2)

=
{

ε1h1 + ε2h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]

h1 + h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]
}

+
3∑

i=1

mi(λi − 1)

×
{

ε1h1 + ε2h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]

h1 + h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]
}

. (3d)

In the following the mechanical and electromechanical
stability performance of composite dielectric elastomer filled
particles is researched by applying the permittivity model
obtained by experimental test.

3. Constitutive relation of dielectric elastomer
composite

3.1. Constitutive relation of dielectric elastomer composite
based on experimental test

The free energy function for the electromechanical coupling
system of a dielectric elastomer can then be expressed as

W (λ1, λ2, λ3, D∼) = U(λ1, λ2, λ3)+V (λ1, λ2, λ3, D∼) (4)

where U(λ1, λ2, λ3) and V (λ1, λ2, λ3, D∼) are the elastic
strain energy and electric field energy density functions,
respectively.

2
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In 1977, Knowles proposed the Knowles model [19].
To study the mechanical performance and electromechanical
stability of the silicone dielectric elastomer composite, a
developed Knowles model is given as follows:

U(λ1, λ2, λ3, v)

= μ(v)

2b(v)

{[
1 + b(v)

n(v)
(λ2

1 + λ2
2 + λ2

3 − 3)

]n(v)

− 1

}
(5)

where λ2
1 + λ2

2 + λ2
3 > 3, μ(v) is the infinitesimal shear

modulus, n(v) is a ‘hardening’ parameter, b(v) is a third
material constant. All of these are related to the content of
filled particles, and can be determined from experiments. It
will be assumed throughout that μ(v) > 0, n(v) > 0 and
b(v) > 0.

According to [13], the electric field energy den-
sity function can be expressed as V (λ1, λ2, λ3, D∼) =
D∼2λ−1

1 λ−2
2 λ3/2ε∗(λ1, λ2, λ3), and D∼ is the nominal electric

displacement. The Knowles model is introduced to evaluate
the nominal stress and the true stress of the silicone filled with
particles in the following content. The nominal stress s1, s2,
s3 and the nominal electric field E∼ depend on the following
functions respectively:

si = ∂W (λ1, λ2, λ3, D∼, v)

∂λi
(6a)

E∼ = ∂W (λ1, λ2, λ3, D∼, v)

∂ D∼ . (6b)

Substituting equations (5), (1), and (4) into (6), the
nominal stress and the nominal electric field can be expressed
respectively as follows:

si = μ(v)λi

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−1

+ (−1)
1√
5

[( √
5+1
2

)i+3
−
(

1−√
5

2

)i+3]

× λ−1
i λ−1

1 λ−1
2 λ3 D∼2

2
[
1 + ∑3

i=1 mi(λi − 1) + c(v)
]
ε∼

− miλ
−1
1 λ−1

2 λ3 D∼2

2
[
1 + ∑3

i=1 mi(λi − 1) + c(v)
]2

ε∼
(7a)

E∼ = λ−1
1 λ−1

2 λ3 D∼
[
1 + ∑3

i=1 mi (λi − 1) + c(v)
]
ε∼ (7b)

where I1 = λ2
1 + λ2

2 + λ2
3.

The true stresses can be written as: σ1 = s1/λ2λ3, σ2 =
s2/λ1λ3, σ3 = s3/λ1λ2. By substituting them into equation (7),
we then have:

σi = μ(v)λ2
i λ

−1
1 λ−1

2 λ−1
3

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−1

+ (−1)
1√
5

[( √
5+1
2

)i+3
−
(

1−√
5

2

)i+3]

× λ−2
1 λ−2

2 D∼2

2
[
1 + ∑3

i=1 mi(λi − 1) + c(v)
]
ε∼

− miλiλ
−2
1 λ−2

2 D∼2

2
[
1 + ∑3

i=1 mi(λi − 1) + c(v)
]2

ε∼
(8a)

E = D

[1 + ∑3
i=1 mi(λi − 1) + c(v)]ε∼ (8b)

where D = D∼λ−1
1 λ−1

2 is the true electric displacement, E =
E∼λ−1

3 is the true electric field. Substituting equation (8b)
into (8a), the item λ−1

1 λ−2
2 D∼2/2[1 + ∑3

i=1 mi(λi − 1) +
c(v)]ε∼ in equation (8a) is replaced by ε∗E2/2, and the
item miλiλ

−2
1 λ−2

2 D∼2/2[1 + ∑3
i=1 mi (λi − 1) + c(v)]2ε∼ in

equation (8a) by ∂ε∗
2∂λi

λi E2. The true stress of the composite
silicone is related to the four factors including hyperelasticity,
Maxwell stress, electrostrictive deformation, particle content.

3.2. Constitutive relation of dielectric elastomer composite
based on the theory of composite material

Substituting equations (3d), (4), and (5) into (6), the nominal
stress and the nominal electric field can be expressed
respectively as follows:

si = μ(v)λi

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−1

+ (−1)
1√
5

[( √
5+1
2

)i+3
−

(
1−√

5
2

)i+3]
λ−1

1 λ−1
2 λ3 D∼2λ−1

i

2ε∗

−
mi

{
ε1h1+ε2h2

3ε1
(2ε1+ε2)

[
1+3h2

(ε2−ε1)

(2ε1+ε2)

]

h1+h2
3ε1

(2ε1+ε2)

[
1+3h2

(ε2−ε1)

(2ε1+ε2)

]
}

λ−1
1 λ−1

2 λ3 D∼2

2ε∗2
(9a)

E∼ = D∼

ε∗ λ−1
1 λ−1

2 λ3. (9b)

The corresponding true stresses and the true electric field
are

σi = μ(v)λ2
i λ

−1
1 λ−1

2 λ−1
3

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−1

+ (−1)
1√
5

[( √
5+1
2

)i+3
−
(

1−√
5

2

)i+3]
λ−1

1 λ−1
2 λ3 D∼2

2ε∗

−
miλi

{
ε1h1+ε2h2

3ε1
(2ε1+ε2)

[
1+3h2

(ε2−ε1)

(2ε1+ε2)

]

h1+h2
3ε1

(2ε1+ε2)

[
1+3h2

(ε2−ε1)

(2ε1+ε2)

]

}
λ−1

1 λ−1
2 λ3 D∼2

2ε∗2

(10a)

E = D

ε∗ . (10b)

4. Electromechanical stability of dielectric elastomer
composite

4.1. Electromechanical stability of dielectric elastomer
composite based on experimental test

We express the Hessian matrix of the silicone dielectric
elastomer composite electromechanical coupling system as

H =

⎡

⎢⎢⎢⎢⎣

∂s1
∂λ1

∂s1
∂λ2

∂s1
∂λ3

∂s1
∂ D∼

∂s2
∂λ1

∂s2
∂λ2

∂s2
∂λ3

∂s2
∂ D∼

∂s3
∂λ1

∂s3
∂λ2

∂s3
∂λ3

∂s3
∂ D∼

∂ E∼
∂λ1

∂ E∼
∂λ2

∂ E∼
∂λ3

∂ E∼
∂ D∼

⎤

⎥⎥⎥⎥⎦
(11)

3
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where

∂s j

∂λ j
= μ(v)

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−2

×
{

1 + b(v)

n(v)
(I1 − 3) + 2λ2

j

[n(v) − 1]
n(v)

b(v)

}

+ λ−2
j λ−1

1 λ−1
2 λ3 D∼2

ε∗ + m jλ
−1
j λ−1

1 λ−1
2 λ3 D∼2ε∼

ε∗2

+ m2
jλ

−1
1 λ−1

2 λ3 D∼2ε∼2

ε∗3

∂s1

∂λ j+1
= ∂s j+1

∂λ1
= 2μ(v)b(v)λ1λ j+1

× [n(v) − 1]
n(v)

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−2

− (−1) j+2
λ−1

j+1λ
−2
1 λ−1

2 λ3 D∼2

2ε∗

+ λ−1
1 λ−1

2 λ3 D∼2ε∼(m j+1λ
−1
1 − (−1) j+2m1λ

−1
j+1)

2ε∗2

+ m1m j+1λ
−1
1 λ−1

2 λ3 D∼2ε∼2

ε∗3

∂si

∂ D∼ = ∂ E∼

∂λi
= (−1)

1√
5

[( √
5+1
2

)i+3
−
(

1−√
5

2

)i+3]
λ−1

i λ−1
1 λ−1

2 λ3 D∼

ε∗

− miλ
−1
1 λ−1

2 λ3 D∼ε∼

ε∗2

∂s3

∂λ3
= μ(v)

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−2

×
{

1 + b(v)

n(v)
(I1 − 3) + 2λ2

3

[n(v) − 1]
n(v)

b(v)

}

− λ−1
1 λ−1

2 D∼2ε∼(1 + m2
3)

2m3ε∗2
+ m2

3λ
−1
1 λ−1

2 λ3 D∼2ε∼2

ε∗3

∂s2

∂λ3
= ∂s3

∂λ2
= 2μ(v)b(v)λ2λ3

× [n(v) − 1]
n(v)

[
1 + b(v)

n(v)
(I1 − 3)

]n(v)−2

− λ−1
1 λ−2

2 D∼2

2ε∗

+ λ−1
1 λ−1

2 D∼2ε∼(m3λ3 − m2)

2ε∗2

+ m2m3λ
−1
1 λ−1

2 λ3 D∼2ε∼2

ε∗3

∂ E∼

∂ D∼ = λ−1
1 λ−1

2 λ3

ε∗ , j = 1, 2.

To obtain a stable state for the silicone composite, the
determinant of the Hessian matrix should be positive. When
the dielectric elastomer electromechanical coupling system
reaches the critical state, det(HC) = 0. Solving equation (11),
we can get the critical electromechanical stability parameters
of silicone composite, such as the critical nominal electric field
E∼

max, the critical true electric field Emax, the critical nominal
stress sC, and the critical true stress σC.

Now, considering the in-plane deformation of dielectric
elastomer, λ3 ≈ 1, let m1 = m2 = r , equation (1) can be

simplified as

ε∗(λ1, λ2, v) = ε∼ + r(λ1 + λ2 − 2)ε∼ + c(v)ε∼. (12)

The special case n(v) ≡ 1 in equation (5) reduces to
the neo-Hookean strain energy model equation (13) with one
material constant:

U(λ1, λ2, λ3) = μ(v)

2
(λ2

1 + λ2
2 + λ2

3 − 3). (13)

μ(v) is the shear modulus related to the content of filled
particles, which can be determined in experiments. In order
to investigate the influence of the permittivity changing, which
results from the deformation, on the silicone electromechanical
stability, we take r = −0.03, 0, 1, 2, 3 respectively in the
following content [17].

Applying pre-stress on the silicone dielectric composite
materials, let λ1 = λ2 = λ; this means λ3 = λ−2 due to the
volume incompressibility property. In this case, the free energy
function can be written as

W (λ, D∼) = μ(v)

2
(2λ2 + λ−4 − 3)

+ λ−4 D∼ 2

2[1 + 2r(λ − 1) + c(v)]ε∼ . (14)

To get the relation between nominal electric displacement
and nominal electric field, stretch and nominal electric field,
∂W (λ, D∼)/∂λ = 0 is used, substituting equation (14) into it,
we have:

D∼
√

ε∼μ(v)
=

√
2(λ6 − 1)[1 + 2r(λ − 1) + c(v)]
2 + rλ[1 + 2r(λ − 1) + c(v)]−1

(15a)

E∼
√

μ(v)/ε∼ =
√

2(λ−2 − λ−8)[1 + 2r(λ − 1) + c(v)]−1

2 + rλ[1 + 2r(λ − 1) + c(v)]−1
.

(15b)
Based on equation (15), taking the stretch λ as a

variable, altering r and c(v), then the changing trends of the
nominal electric field and the nominal electric displacement
are obtained. In the following we discuss the sign of the square
roots in equation (13). The equal biaxial stretch ratio changes
λ ∈ [1, 5] undergoing large deformation, hence we set λ6−1 �
0 in equation (15a). Then the signs of 1 + 2r(λ − 1) + c(v)

and 2 + rλ[1 + 2r(λ − 1) + c(v)]−1 are discussed. Based
on Capri’s experimental data [3], we have 0 � c(v) � 3. If
1 + 2r(λ − 1) � 0, the minimum value of the electrostrictive
coefficient r is −0.125 under the equal biaxial stretch ratio. If
1+2r(λ−1)+3 � 0, the minimum value of the electrostrictive
coefficient r is −0.5. To get 2+rλ[1+2r(λ−1)+c(v)]−1 � 0,
if 2 + rλ[1 + 2r(λ − 1)]−1 � 0, we have r � −0.08 and if
2 + rλ[1 + 2r(λ − 1) + 3]−1 � 0, r � −0.42. In all, to
get D∼/

√
ε∼μ(v) � 0, the electrostrictive coefficient must be

r � −0.08. In a similar way, the electrostrictive coefficient
should be r � −0.08 when E∼/

√
μ(v)/ε∼ � 0.

For a dielectric elastomer, experiments have suggested
1 � λ � 6 for equal biaxial stretch, we choose the stretch
range as [1, 6] [23, 35], and calculate the range of nominal
electric displacement D∼ as [0.0006, 6], using representative

4
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Figure 1. Influence of uniformly filled PMN–PT on the nominal electric field and nominal electric field of silicone under the specific load
condition λ1 = λ2 = λ. (a) c(0%) = 0, (b) c(10%) = 0.5, (c) c(20%) = 1.25, (d) c(30%) = 3.

values μ = 1 × 106 N m−2, ε = 4 × 10−11 F m−1, 10−1 �
D∼√
με

� 103.
Figure 1 shows the coupling influence of electrostrictive

deformation and weight percentage of filled PMN–PT on the
electromechanical stability performance of the silicone. The
PMN–PT is lead magnesium niobate–lead titanate ferroelectric
powder. According to Carpi’s paper, the PMN–PT particles
appear almost perfectly spherical with diameters ranging from
less than 1 μm to nearly 100 μm [3]. Clearly, the critical
nominal electric field of the electromechanical coupling system
decreases along with increasing content of PMN–PT due to
the particles of PMN–PT destroying the relatively regular
microstructure of the silicone. Simultaneously the critical
nominal electric field decreases along with the increasing
electrostriction coefficient r . In a special case, when r = 0,
it indicates that the permittivity only depends on the weight
percentage of PMN–PT content variation. In the case when
c(0%) = 0, E∼

max = 0.6877
√

μ(v)/ε∼, which is consistent
with the conclusion obtained by Zhao and Suo [4]. For
example, if c(v) takes different values of 0.5, 1.25 and 3
respectively, the corresponding nominal electric field peaks
are 0.5600

√
μ(v)/ε∼, 0.4582

√
μ(v)/ε∼, 0.3437

√
μ(v)/ε∼,

respectively. For representative values ε∼ = 7 × 10−11 F m−1,
μ(0%) = 6.3 × 104 Pa, μ(10%) = 9.4 × 104 Pa,
μ(20%) = 1.3 × 105 Pa, μ(30%) = 1.35 × 105 Pa,
the corresponding critical nominal electric field is 2.06 ×

107 V m−1, 2.05 × 107 V m−1, 1.97 × 107 V m−1, 1.51 ×
107 V m−1 respectively. The nominal electric field decreases
by an amount of 26.7% when the particle content reaches 30%
under the same electrostrictive coefficient. This means that the
stability performance of silicone composite declines sharply
due to the great influence of filled PMN–PT on the uniformity
and compactability of the electro-active silicone composite.

Figure 2 shows the relation between the nominal electric
field and the stretch of the composite dielectric elastomer.
Clearly, the nominal electric field increases along with the
increasing stretch, until it reaches to the critical value, when the
electric field decreases and tends to stability. When r = 0 and
c(0%) = 0, the critical stretch can be obtained as λC = 1.26.
This result agrees well with the conclusion obtained by Zhao
and Suo [4]. By comparison we observe that the filled PMN–
PT has no influence on the critical nominal stretch at all,
though it may affect the critical electric field. Clearly, the
critical stretch corresponding to the critical nominal electric
field increases along with the decreasing of r . As a special
example, various values of r are selected, namely r =
3, 2, 1, 0,−0.03. When c(10%) = 0.5, the critical nominal
electric field reaches 0.3230

√
μ(v)/ε∼, 0.3648

√
μ(v)/ε∼,

0.4299
√

μ(v)/ε∼, 0.5612
√

μ(v)/ε∼, 0.5678
√

μ(v)/ε∼, the
corresponding critical stretches are 1.16, 1.17, 1.19, 1.26,
1.26, respectively. The corresponding critical nominal electric
field is 1.18 × 107, 1.34 × 107, 1.57 × 107, 2.06 × 107,
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Figure 2. The relation between nominal electric field and the stretch of silicon with uniformly mixed PMN–PT under the specific load
condition λ1 = λ2 = λ. (a) c(0%) = 0, (b) c(10%) = 0.5, (c) c(20%) = 1.25, (d) c(30%) = 3.

2.08 × 107 V m−1. The nominal electric field declines
by 43.2% when the electrostrictive coefficient r reaches 3
from −0.03 under the same particle content. Clearly, the
electromechanical stability performance of composite silicone
is lower for the original structure being damaged by the
large deformation.

Next, for another case, assuming λ3 = λ, i.e. λ1 = λ2 =
λ−1/2, applying a similar method of investigation, we express
the nominal electric displacement and the nominal electric field
as

D∼
√

μ(v)/ε∼ =
{

2(λ−2 − λ)

2λ + rλ1/2[1 + 2r(λ−1/2 − 1) + c(v)]−1

× [1 + 2r(λ−1/2 − 1) + c(v)]
}1/2

(16a)

E∼
√

μ(v)/ε∼ =
{

2(λ2 − λ5)

2λ + rλ1/2[1 + 2r(λ−1/2 − 1) + c(v)]−1

× [1 + 2r(λ−1/2 − 1) + c(v)]−1

}1/2

. (16b)

Here λ ∈ [0.04, 1] in equations (16), hence λ−2 − λ �
0. Similarly to the investigation of equal biaxial condition,
to get D∼/

√
ε∼μ(v) � 0 and E∼/

√
μ(v)/ε∼ � 0, the

electrostrictive coefficient must be r � −0.08.

Figure 3 shows the relation between nominal electric
displacement and nominal electric field after the silicon was
uniformly mixed with different weight percentages of PMN–
PT powder under the load condition λ3 = λ. Owing to the fact
that the mechanical performances in the planes expanded along
the stretch direction and perpendicular to the stretch direction
are essentially the same, hence the change trend shown by
figure 3 is similar to that shown in figure 1.

Figure 4 shows the relation between the nominal electric
field and the stretch of silicone filled with PMN–PT under
the load condition λ3 = λ. Clearly, the nominal electric
field increases along with the increasing stretch. When
the stretch approaches its critical value, the electric field
decreases and eventually tends to stabilize at zero. The
systematic critical electric field decreases with increasing
PMN–PT content and the increasing electrostriction coefficient
r . If r = 0, i.e. neglecting the influence of deformation,
the critical stretch λC = 0.37. This result agrees well
with the conclusion obtained by Zhao and Suo [4]. In
a special example (c(20%) = 1.25), if r takes different
values (3, 2, 1, 0, −0.03), when the nominal electric
field reaches its peak (0.2978

√
μ(v)/ε∼, 0.3301

√
μ(v)/ε∼,

0.3770
√

μ(v)/ε∼, 0.4582
√

μ(v)/ε∼, 0.4618
√

μ(v)/ε∼), the
corresponding critical stretches are 0.72, 0.71, 0.69, 0.63,
0.63, respectively. The corresponding critical nominal electric

6
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Figure 3. The relation between the nominal electric field and nominal electric displacement of silicon with uniformly mixed PMN–PT under
the specific load condition λ3 = λ. (a) c(0%) = 0, (b) c(10%) = 0.5, (c) c(20%) = 1.25, (d) c(30%) = 3.

fields are 1.28 × 107, 1.42 × 107, 1.62 × 107, 1.97 × 107,
1.99 × 107 V m−1.

According to the comparison of the two stretch processes,
all of the critical nominal electric fields and the critical
stretches increase with decreasing of the electrostrictive
coefficient r or particle content c(v), which indicates that the
composite silicone or structure is more stable.

4.2. Electromechanical stability of dielectric elastomer
composite based on the theory of composite material

Applying pre-stress on the silicone dielectric composite
materials, let λ1 = λ2 = λ; this means λ3 = λ−2 due to the
volume incompressibility property. In this case, the free energy
function can be written as

W (λ, D∼) = μ(h1, h2)

2
(2λ2 + λ−4 − 3)

+ λ−4 D∼2

2[1 + (m1 + m2)(λ − 1) + m3(λ−2 − 1)]ε∗ (17)

where

ε∗ =
{

ε1h1 + ε2h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]

h1 + h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]
}

+
3∑

i=1

mi(λi − 1)

{
ε1h1 + ε2h2

3ε1
(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]

h1 + h2
3ε1

(2ε1+ε2)

[
1 + 3h2

(ε2−ε1)

(2ε1+ε2)

]
}

,

let m1 = β2m2 = β3m3 = m = r , β2 and β3 are defined
as the electrical stretching coefficient ratios, which are related
with both the dielectric elastomer composite and the load of
the coupled field. To get the relations between the nominal
electric displacement and the nominal electric field, and the
stretch and the nominal electric field, ∂W (λ, D∼)/∂λ = 0 is
used, substituting equation (17) into it, we have:

D∼
√

ε∗μ(h1, h2)
=

√
2(λ − λ−5)

�
− s

�μ(h1, h2)
(18a)

E∼
√

μ(h1, h2)/ε∗ = λ−4

{
1 + r

[(
1 + 1

β2

)
(λ − 1) + 1

β3
(λ−2 − 1)

]}

×
√

2(λ − λ−5)

�
− s

�μ(h1, h2)
(18b)

where � = 2{1+r[(1+ 1
β2

)(λ−1)+ 1
β3

(λ−2−1)]}+r[ 1
2 (1+ 1

β2
)λ− 1

β3
λ−2]

λ5{1+r(1+ 1
β2

)(λ−1)+ r
β3

(λ−2−1)}2 .

Figure 5 plots the relationship between the nominal
electric displacement and the nominal electric field of the
composite dielectric elastomer with different values of r
(−0.03,−0.01) and different values of β2 (1, 1.2) and
β3 (1, 1.2), respectively. Clearly, in this case, the
critical nominal electric field of the composite increases
along with the increasing electrostriction coefficient r , the
comparative stability performance of the material is even

7



Smart Mater. Struct. 19 (2010) 115025 L Liu et al

Figure 4. The relation between nominal electric field and stretch of silicon with uniformly mixed PMN–PT under the specific load condition
λ3 = λ. (a) c(0%) = 0, (b) c(10%) = 0.5, (c) c(20%) = 1.25, (d) c(30%) = 3.

higher. Along with the decrease of β2 or increase of
β3, the peaks of the nominal electric field increase and
the electromechanical stability of the composite material is
improved. When β2 = 1, β3 = 1, with r of −0.03,
−0.01, the corresponding critical nominal electric fields are
0.5875

√
μ(h1, h2)/ε∗(h1, h2), 0.6303

√
μ(h1, h2)/ε∗(h1, h2),

the corresponding critical stretches are 1.51, 1.40. And
if β2 = 1.2 or β3 = 1.2, the corresponding critical
nominal electric fields are 0.5770

√
μ(h1, h2)/ε∗(h1, h2),

0.6050
√

μ(h1, h2)/ε∗(h1, h2), and the corresponding critical
stretches are 1.56, 1.45.

According to Capri’s research [3], εPMN−PT = 28 000,
εSilicone = 8, considering o Jayasunder’s permittivity model in
equation (3), we have ε∗

J (0, 1) = 8, ε∗
J (0.1, 0.9) = 12.64,

ε∗
J (0.2, 0.8) = 17.58, ε∗

J (0.3, 0.7) = 27.50. Therefore,
the corresponding critical nominal electric fields are 1.76 ×
107 V m−1, 1.70 × 107 V m−1, 1.69 × 107 V m−1, 1.38 ×
107 V m−1, respectively. The nominal electric field decreases
by an amount of 21.6% when the particle content reaches 30%.

Comparing the critical nominal electric field obtained by
experiments with that obtained by the theory of composite
materials, we have that the latter critical nominal electric field
is smaller than that obtained by experiments. However, the
falling range of the critical nominal electric fields obtained by
the two methods is consistent along with the particle content
increasing.

Consider the unequal biaxial condition of dielectric
elastomer composite, λ2 = qλ1 = qλ, and λ3 = λ−2/p, the
free energy function is

W (λ, D∼) = μ(h1, h2)

2

[
(1 + q2)λ2 + λ−4

q2
− 3

]

+ λ−4 D∼2

2[1 + m1(λ−1) + m2(qλ − 1) + m3(λ−2/q − 1)]ε∗ .

(19)

Then, the nominal electric field and the nominal electric
displacement, the nominal electric field and the stretch can be
expressed as follows

D∼
√

ε∗μ(h1, h2)
=

√
q−2(1 + q−2)λ − 2λ−5

q−2�′ − s

�′μ(h1, h2)

(20a)
E∼

√
μ(h1, h2)/ε∗

= λ−4

{
1 + r(λ − 1) + r

β2
(qλ − 1) + r

β3

(
λ−2

q − 1
)}

×
√

q−2(1 + q−2)λ − 2λ−5

q−2�′ − s

�′μ(h1, h2)
(20b)

where �′ = 2{1+r[(λ−1)+ 1
β2

(qλ−1)+ 1
β3

( λ−2

q −1)]}+r[ 1
2 (1+ q

β2
)λ− 1

qβ3
λ−2]

λ5{1+r[(λ−1)+ 1
β2

(qλ−1)+ 1
β3

( λ−2
q −1)]}2

.
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Figure 5. The relationship between the nominal electric displacement and the nominal electric field of silicon with uniformly mixed PMN–PT
for various values of s

μ
, r , β2 and β3, when the stretches are equal biaxial λ1 = λ2 = λ.

Figure 6 illustrates the electromechanical stability
performance of different compressible dielectric elastomer
materials or structures under the unequal biaxial condition.
The critical nominal electric field of the composite increases
along with the decreasing ratio between principal planar
stretches, q , the comparative stability performance of
the material is even higher. Let q = 0.9 and
1.1, the corresponding critical nominal electric fields are
0.6025

√
μ(h1, h2)/ε∗(h1, h2), 0.5451

√
μ(h1, h2)/ε∗(h1, h2),

the corresponding critical stretches are 1.58, 1.57. For
representative values above, when q = 0.9 and 1.1, the
corresponding critical nominal electric fields are 1.79 ×
107 V m−1, 1.75 × 107 V m−1, 1.74 × 107 V m−1, 1.41 ×
107 V m−1; 1.62 × 107 V m−1, 1.58 × 107 V m−1, 1.57 ×
107 V m−1, 1.28 × 107 V m−1, respectively.

The critical nominal electric field can be expressed as

α1

√
μ

ε
of ideal dielectric elastomers, α1 is the material

parameter. For the neo-Hookean model applied by Suo [4],
α1 = 0.345, where μ = 1 × 106 N m−2, ε = 4 ×
10−11 F m−1, for the Mooney–Rivlin model applied by Liu [4],
α1 = 1.324, where μ = 0.25 × 106 N m−2, the magnitude is

108 V m−1 [4, 9, 12]. In this study, For dielectric elastomer

composite, the critical nominal electric field is α2

√
μ(v or h)

ε(v or h)
,

where μ(v or h) and ε(v or h) are functions of the particle
content, the magnitude is 107 V m−1. The results means that
the critical electric field decreases when the PMN–PT content
increases or the electrostrictive coefficients r increase, i.e. the
stability of the PMN–PT filled silicone decreases.

5. Electro-active deformation test of silicone
composite

The numerical results mentioned above are validated by the
following electrostrictive deformation experiments on silicone
composite filled with particles. In our previous research [16],
silicone (BJB TC5005 A–B/C) and barium titanate were used
to synthesize new silicone composite with high permittivity
and high elastic modulus. The silicone composites are
A + B + 30%C + different mass ratio of BaTiO3 (from 0%
to 10%, with a increase of 2%), and A, B and C represent
silicone glue, catalyst, and plasticizer respectively. For a
specific explanation, A + B + 30%C + 10%BaTiO3 denotes

9
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Figure 6. The relationship between the nominal electric displacement and the nominal electric field of silicon with uniformly mixed PMN–PT
for various values of s

μ
, r , β2 and β3, when the stretches are equal biaxial λ1 = λ2 = λ.

that the mass ratio of MA/MB = 10, MC/MA+B = 0.3 and
MBaTiO3 /MA+B+30%C = 0.1.

The silicone composite film actuators obtained from the
matrix with different percentages of the barium titanate all
have a size of 100 × 100 × 0.5 mm3. The carbon grease
is applied in a round area with a radius of 30 mm. The
test method applied in the previous research is used to
investigate the relation between the electric field and the
electrostrictive deformation [16]. As shown in figure 7, the
breakdown electric field declines along with barium titanate
content increasing, which coincides with the theoretical results
mentioned above. And the maximum area strain declining

results from the declining hyperelasticity performance with
elastic modulus increasing. But under the same electric field,
the electrostrictive area strain of composite silicone increases
with barium titanate content increasing, and this phenomenon
is explained as the filled barium titanate enhances the dielectric
performance and reduces the breakdown voltage.

6. Conclusions

In this paper, the linear expression of permittivity of silicone
filled with PMN–PT particles, which depends on the PMN–
PT content and electrostriction deformations, is proposed to
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Figure 7. Electric field versus area strain at various barium titanate
contents with 30% C.

construct the electric energy density function. The linear
expression of permittivity includes: the expression of the
permittivity based on experimental test and the permittivity
based on the theory of composite material. The influence
of PMN–PT on the stability performance of electro-active
silicone is analyzed by applying the combination of the electric
energy density function and the Knowles elastic strain energy
function. The results indicate that the critical electric field
decreases when the PMN–PT weight percentage content factor
c(v) increases or the electrostrictive coefficients r increase,
i.e. the stability of the PMN–PT filled silicone decreases. Such
results are meaningful for us to know more about the influence
of the filled particles on the stability performance of silicone.
Furthermore, these results are useful to guide the design and
manufacturing of sensors and actuators based on composite
dielectric elastomers.
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