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Abstract – We studied a typical failure model of a Mooney-Rivlin–type silicone energy harvester,
illustrated the allowable area under equal-biaxial and unequal-biaxial conditions, calculated the
energy generated in one cycle of an energy harvester, designed a new harvester, and conducted its
primary tests. When the ratio between principal planar stretches p= 1 (λ2 = pλ1) and the material
constant ratio k= 0.1 (C2 = kC1), the energy density generated by the harvester is 6.81 J/g. We
think that these results can be used to facilitate the design and manufacture of dielectric elastomer
energy harvesters.
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Silicone dielectric elastomer (DE) is generally regarded
as a type of electroactive polymer (EAP) material with
many applications in active actuator, sensor and energy
harvester [1–8], because of its unique advantages such as
large deformation, little response time, high elastic energy
density, high efficiency, and long fatigue lifespan [1–3]. The
film thins down and expands in area after a voltage is
applied on a dielectric elastomer sandwiched by compliant
electrodes [1–3,9]. Numerous actuators (plane actuator,
rolled actuator, hemisphere actuator, folded actuators and
staking actuator) and sensors can be designed based on
this principle [2]. The inspirations were also demonstrated
by experiments [2,3].
The basic principle of an energy harvester based on

dielectric elastomer can be expressed as follows: an elec-
tric charge is placed on an electrode, when a pre-stretch
is applied to a dielectric elastomer membrane. The pre-
stretch is generated by applying a mechanical force to
the side of a membrane. As the result of pre-stretch,
the membrane becomes thinner in thickness, and its
capacitance increases, and mechanical energy is thus
converted into elastic energy. After the mechanical force
is removed, because of elasticity, the thickness of the

(a)E-mail: yj liu@hit.edu.cn
(b)E-mail: lengjs@hit.edu.cn

membrane increases while its capacitance decreases, and
elastic energy is thus converted into electrical energy.
A complete cycle of conversion from elastic energy to elec-
tric energy is thus accomplished. Piezoelectric materials
can also be used to fabricate the energy harvester based
on the above-mentioned basic principle, and the theoreti-
cal investigations have been analyzed extensively by using
the models as follows [9–16].
The electromechanical stability of a dielectric elastomer

and its actuator has been delved for some years [17–38],
however, the theoretical research on a dielectric elastomer
generator is just beginning [17]. Koh et al. obtained
the allowable area of an energy harvester based on neo-
Hookean model [17]. They calculated the maximal energy
generated by the harvester in one cycle.
In this paper, we studied the typical failure model of

a Mooney-Rivlin silicone energy harvester, derived the
constitutive relationship of a silicone elastomer under the
coupling of electric and mechanical fields. We calculated
the allowable area of an energy harvester under equal-
biaxial and unequal-biaxial conditions. Based on these
calculations, we designed a dielectric-elastomer–based
energy harvester and evaluated its performance.
Pure silicone is a typical Mooney-Rivlin soft material,

its elastic strain energy function W (I1, I2, I3) depends
on the deformation gradient, FiK(X, t) = ∂xi(X, t)/∂XK ,
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where I1, I2, I3 are left Cauchy-Green deformation tensor,
I1 = FiKFiK , I2 = [FiKFiKFjMFjM −FiKFjKFiMFjM ]/2
and I3 =det{FiKFjK}.
The deformation of the arbitrary mass point X in the

current state and at time t can be denoted by xi(X, t).
Considering the simple process of tension, the lengths in
the three principal directions in the reference state can
be assumed to be L1, L2 and L3, respectively, and the
lengths in the current state can be expressed as l1, l2
and l3, respectively. The stretches in the three principal
directions can thus be λ1 = l1/L1, λ2 = l2/L2 and λ3 =
l3/L3, respectively. Then the left Cauchy-Green deforma-
tion tensor can be simplified by taking into account the
assumption of incompressibility, I1 = λ

2
1+λ

2
2+λ

−2
1 λ

−2
2 ,

I1 = λ
2
1+λ

2
2+λ

−2
1 λ

−2
2 and I3 = λ

2
1λ
2
2λ
2
3 = 1.

Subjected to the electric voltage U , each surface
of the silicone rubber gains a magnitude of electric
charge Q. The nominal electric field can be denoted by
E∼ =U/L3 and the corresponding true electric field is
E =U/l3 =U/λ3L3. The nominal electric displacement
is D∼ =Q/L1L2 and the corresponding true electric
displacement is D=Q/l1l2 =Q/λ1L1λ2L2.
The elastic strain energy function of silicone DE can be

expressed as the Mooney-Rivlin model

W (I1, I2) =
∑

α,β�0

Cαβ(I1− 3)α(I2− 3)β , (1)

where D∼ is the nominal electric displacement, and ε is
the permittivity of the silicone rubber.
We can then get the nominal stress and nominal electric

field of an electromechanical coupling system based on a
silicone dielectric elastomer as shown below:

si =
∑

α,β�0

Cαβ

[

α(I1− 3)α−1(I2− 3)β
∂I1
∂λi

+β(I2− 3)β−1 (I1− 3)α
∂I2
∂λi

]

− D
∼2

ε
λ−1i λ

−2
1 λ

−2
2 ,

(2a)

E∼ =
∂W

∂D∼
=
D∼

ε
λ−21 λ

−2
2 . (2b)

From the relations given above, the true stresses can
be written as σ1 = s1λ1, σ2 = s2λ2. By substituting them
into (2a) and (2b), the corresponding true nominal stress
and true nominal electric field of the silicone rubber
dielectric elastomer are, respectively,

σi =
∑

α,β�0

Cαβ

[

α(I1− 3)α−1(I2− 3)β
∂I1
∂λi

+ β(I2− 3)β−1(I1− 3)α
∂I2
∂λi

]

λi−
D∼2

ε
λ−21 λ

−2
2 ,

(3a)

E =
D

ε
. (3b)

By taking eq. (1) into account, the Mooney-Rivlin
model can be simplified into an elastic strain energy

function with two material constants. By setting α= 1,
β = 0, α= 0, β = 1, C1 = 2C10 and C2 = 2C01, under the
equal-biaxial condition λ1 = λ2 = λ and C2 = kC1 (k is the
material constant ratio), due to the dielectric elastomer’s
incompressibility, we get λ3 = λ

−2, and the free energy can
be described as

W (λ,D∼) =
C1
2
(2λ2+λ−4− 3)+ kC1

2
(2λ−2+λ4− 3)

+
D∼2

2ε
λ−4. (4)

Evidently, the condition in which the material constant
k= 0 has been studied by Koh et al. [17].
Considering eqs. (1) and (4), the relations between

nominal stress and stretch, nominal electric field and
nominal electric displacement can be listed as shown
below:

s

C1
= 2λ− 2λ−5+2k(λ3−λ−3)− 2D

∼2

C1ε
λ−5, (5a)

E∼
√

C1/ε
=
D∼√
C1ε
λ−4. (5b)

The condition of zero-field stress-strain is simply to
satisfy the fundamental thermodynamic stability. The
failure process can be simplified, namely D∼ = 0 and
E∼ = 0. From eq. (5), we have the first critical condition
for the allowable area as shown below:

s

C1
= 2λ− 2λ−5+2k(λ3−λ−3). (6)

The second critical condition for allowable area can be
defined as electrical breakdown. For a soft active dielec-
tric elastomer, the elastomer will be broken down when
the exerted static electric field goes beyond the critical
breakdown point of an electric field. The static break-
down strength can be measured through experiments.
Here we take a typical value EEB = 3× 108V/m [1,17],
and C1 and ε are typical values, respectively, namely
C1 = 1× 106N/m2 [18] and ε= 3.54× 10−11 F/m [27].

s

C1
= 2λ− 2λ−5+2k(λ3−λ−3)− 2E

2
EB

C1/ε
λ−1, (7a)

E∼
√

C1/ε
=
E2EB
C1/ε

(

D∼√
C1ε

)

−1

. (7b)

The third condition for the allowable area is based
on the consideration of electromechanical instability
(EMI) [17,27,35]. A dielectric elastomer film under pre-
stretch load will expand in the film plane and shrink along
the thickness direction when a mechanical force field and
an electric field are applied. Such changes cause a high
electric field in the dielectric elastomer, which results in
a positive feedback loop. If the positive feedback process
continues, the dielectric elastomer film will break down
when the critical electric field is reached. From eq. (5),
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Fig. 1: (Color online) Relation between deformation and
stress of a Mooney-Rivlin–type DE generator when λ1 = λ2 = λ
(hatching representing the allowable area).

s/C1 = 4(λ− 4λ−5− 3kλ−3)/3,

D∼√
C1ε
=

√

1

3
(λ6+5)+ k(λ8+λ2), (8a)

E∼
√

C1/ε
= λ−4

√

1

3
(λ6+5)+ k(λ8+λ2). (8b)

The following energy harvester failure model can be
called as tension loss, which leads to the formation of wrin-
kles, and results in a premature electrical breakdown [39].
For example, without pre-stretching, the rolling actuator
based on dielectric elastomer cannot work [2]. Moreover,
it has been confirmed using various experiments and theo-
ries that can be enhanced by the stability of a dielectric
elastomer [1,18,29]. When the tension loses, namely s= 0,
the relation between nominal electric field and nominal
displacement in the DE generator can be established as
shown below:

D∼√
C1ε
=
√

λ6− 1+ k(λ8−λ2), (9a)

E∼
√

C1/ε
= λ−4

√

λ6− 1+ k(λ8−λ2). (9b)

What is shown by the following failure model is the case
of damage to the dielectric elastomer film. For an ideal
dielectric elastomer, the stretch in the planar direction
is: λ1 � 5, and λ2 � 5 [27,28]. When a generator fails, the
stretch reaches a critical value in the planar direction,
λR = 5,

E∼
√

C1/ε
=
D∼√
C1ε
λ−4R . (10)

We synthesized control equations (6)–(10), and gave the
allowable area of the Mooney-Rivlin–type DE generator
under planar biaxial and equal tensile loads with different
constants k. As shown in figs. 1 and 2, when k= 0, the
allowable area obtained through our calculation is identi-
cal to what is shown in the conclusion of Koh et al. [17].
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Fig. 2: (Color online) Relation between nominal electric
field and nominal electric displacement of various Mooney-
Rivlin–type DE generators when λ1 = λ2 = λ (hatching repre-
senting the allowable area).

The equal-biaxial experiment is common, see, for
instance, the apex of an inflating membrane, and an
expanding balloon [36,38,40]. However, what we need
in many cases is the biaxial stretching in accordance
with the specific ratio between the two axes. Hence the
unequal-biaxial condition is considered. Let λ2 = pλ1
with p > 0, which is the ratio between the principal
planar stretches and p= 1 means the equal-biaxial condi-
tion. To simplify the formulation, let λ1 = λ, similar to
the processing method mentioned above. We have the
following free-energy function of the dielectric elastomer:

W (λ,D∼) =
C1
2
[(1+ p2)λ2+ p−2λ−4− 3]

+
kC1
2

[

(1+p−2)λ−2+ p2λ4−3
]

+
D∼2

2ε
p−2λ−4.

(11)

According to the processing method mentioned above,
the typical failure models of dielectric elastomers are sepa-
rately taken into account: in sequence, disappearance elec-
tric charge, static electric breakdown, electromechanical
instability, disappearance tension and stretch damage.
Then, we deduced the governing equations for the stable
allowable areas as shown below.
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s

C1
= (1+ p2)λ− 2p−2λ−5+2kp2λ3− k(1+ p−2)λ−3,

s

C1
= (1+ p2)λ− 2p−2λ−5+2kp2λ3− k(1+ p−2)λ−3

− 2p
−2E2EB
C1/ε

λ−1,

s

C1
=
2(1+ p2)λ− 16p−2λ−5− 6k(1+ p−2)λ−3

3
,

s

C1
= 0,

s

C1
� 0, λR = 5,

(12a)
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Fig. 3: (Color online) Relation between deformation and stress
of a Mooney-Rivlin–type DE generator when λ2 = pλ1 = pλ
and k= 0.001, 0.01 (hatching representing the allowable area).
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D∼√
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6
,

E∼
√
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D∼√
C1ε
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,
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√

C1/ε
=
D∼√
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D∼√
C1ε
� 50.

(12b)

As shown in figs. 3 and 4, the allowable area decreases
with the increase of the ratio between principal planar
stretches and with the increase of the material constant
ratio k as well. According to eq. (12), when p > 0.45, the
nominal stress s > 0 and the nominal electric displacement
D∼ > 0 (equivalent to E∼ > 0). To design a harvester
with a larger allowable working area, the values of the
parameters p and k should be small. For example,
the EMI curve moves upward in the plane formed by the
nominal electric field and so the allowable area increases
as p decreases.
The hatched part in fig. 5 represents the working cycle

of an energy harvester, which can be used to calculate the
energy density ξ generated by the harvester in one cycle.
That is ξ = [ρX2(Y3−Y2)]/C1, in which ρ= 1000 kg/m3
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Fig. 4: (Color online) Relation between nominal electric field
and nominal electric displacement of a Mooney-Rivlin–type
DE generator when λ2 = pλ1 = pλ and k= 0.001, 0.01 (hatching
representing the allowable area).
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is the density of an elastic body and X2, Y2, X3 and Y3
are the coordinates of points 2 and 3 in fig. 5(b). If X2
is known, then ξ = ρ

C1
X22p

−2(λ−4(3)− 1
625 ) and λ(3) satisfies

the following equation:

X2 =

√

p2(p2+1)λ6(3)+10+6kp
4λ8(3)+3k(p

2+1)λ2(3)

6
.
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⎧
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(13a)

It is proved through further investigation that the
maximum energy ξ generated by a harvester in a single
work cycle is

see eq. (13a) above

λξ1 and λξ2 in eq. (13a) satisfy the following relationship:
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24
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kp−2λ12ξ1

−3p
2+9kp−2+9k+3

625
λ10ξ1− 20p−2 = 0,

4kp2λ8ξ2+(p
2+
kp−2

625
+
k

625
+1)λ6ξ2+ k(1+ p

−2)λ2ξ2

− 8
625
kp2λ12ξ2−

3

625
(p2+1)λ10ξ2+4p

−2 = 0.

(13b)
As shown in fig. 6, the energy generated in one cycle

increases with the increasing of k. For example, the
energy is 6.81 J/g, when p= 1, k= 0.1 and X2 = 17.5; as
p increases, the allowable working area of a harvester
reduces and its stability declines. Moreover, the harvester
will produce less energy too. As we know, the allowable
area of an energy harvester decreases with the increase
of the ratio between principal planar stretches p, together
with the decrease of the structural stability and of the
harvested energy. However, for the same nominal electrical
displacement, the energy harvested in the structure will
increase with increasing p and decreasing stretch. Hence,
these two influential factors, decreasing allowable area and
decreasing stretch, will decrease or increase the harvested
energy. When p= 0.5, 0.9, 1, the ratio between principal
planar stretches p has less influence compared with stretch
λ. However, the ratio between principal planar stretches
has more influence when p= 1.1 and k= 0.1.
From our previous research on the allowable area of a

silicone rubber energy harvester, we proposed a stacking
energy harvester and its performance test equipment, as
shown in figs. 7 and 8. The stacking energy harvesters are
emplaced separately in three sleeves, which are symmetri-
cal around the axle wire as shown in figs. 7 and 8. These
sleeves, the brace, upper and lower plates, are fixed with
the floating body by a hinge bracket. An external load
is applied on the energy harvester in each sleeve, and
connected with the astral plate by swivel joints. A tie bar
is connected with the central hinged support of the astral
plate on the top, and the rigid wire at the bottom. The
rigid wire passes through the central hole in the upper and
lower plates, and is fastened at the bottom of the water
on the other end.

Hinge bracket

hinge bracket

upper plate

sleeve

pressure hammer

stacked energy harvester based on silicone 

lower plate

astral plate

brace

bracket leg

floating body
tie bar

Fig. 7: (Color online) Energy harvester and its experimental
setup.

Fig. 8: (Color online) Experimental setup for the energy
harvester based on the silicone dielectric elastomer.

Figure 8 shows the configuration of energy harvester and
its performance test device. The diameter of the silicone
rubber film is 50mm, the diameter and height of the
electrode are 40mm, and 60mm, respectively. We use a
plexiglas with a density of 1.8 g/cm3 to form the main
body of a collector and a hard aluminum alloy with a
density of 2.8 g/cm3 to prepare the carriages. When the
motor drives the floating body to beat the water surface to
produce waves, the energy harvester will endure a periodic
mechanical force and accomplish the periodic conversion
from mechanical to electric energy. There are 14 light-
emitting diodes located in the device. Each diode has a
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power of 0.06W and the light lasts about 1.5 s, so the
total amount of energy is 1.26 J and the energy density is
0.0036 J/g.
We studied the allowable area of a Mooney-Rivlin–type

silicone rubber energy harvester under equal- and unequal-
biaxial conditions, formulated the calculation method for
the energy produced in one cycle, and gave the maxi-
mal energy of an energy harvester. The numerical results
indicate that the allowable area increases when the ratio
between principal planar stretches p and the material
constant ratio k decrease. The periodic energy generated
by a harvester increases as the parameter k increases,
however, when the parameter p increases, the amount of
energy is also influenced by λ(3). When k= 0 and p= 1,
the result is identical to what is reported in Koh’s conclu-
sion. These results will provide significant assistance to the
design and manufacture of a dielectric elastomer energy
harvester.
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