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The deformation of a dielectric induced by voltage is limited by electrical breakdown if the dielectric is

stiff, and by electromechanical instability if the dielectric is compliant. The interplay of the two modes of

instability is analyzed for a dielectric elastomer, which is compliant at a small stretch, but stiffens steeply.

The theory is illustrated with recent experiments of interpenetrating networks, and with a model of

swollen elastomers. The theory predicts that, for an elastomer with a stress-stretch curve of a desirable

form, the voltage can induce giant deformation.
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Subject to a voltage, a membrane of a dielectric elas-
tomer reduces thickness and expands area. This phenome-
non is being studied intensely in the emerging technology
of elastomeric transducers. Applications include artificial
muscles, tunable optics, generators for harvesting energy,
and tactile sensors for Braille displays [1–4]. The elasto-
meric transducers have remarkable attributes such as high
specific energy, fast response, and negligible noise. This
Letter focuses on the most conspicuous attribute: large
deformation of actuation induced by voltage.

While all dielectrics deform under voltage, the attain-
able deformation of actuation varies markedly.
Piezoelectric ceramics attain strains of actuation typically
less than 1% [5]. Glassy and semicrystalline polymers can
attain less than 10% [6]. The initial reported values for
elastomers were a few percent [7]. By using soft elec-
trodes, strains of actuation about 30% were observed in
some elastomers [8]. In the past decade, strains over 100%
have been achieved in several ways, by prestretching an
elastomer [9], by using an elastomer of interpenetrating
networks [10], by swelling an elastomer with a solvent
[11], and by spraying charge on an electrode-free elasto-
mer [12].

These experimental advances have prompted a theoreti-
cal question: What is the fundamental limit of deformation
of actuation? A theory may interpret the diverse and in-
triguing experimental observations mentioned above, and
guide the search for dielectrics of even larger deformation
of actuation. This Letter presents a theory to show that
dielectric elastomers are capable of giant deformation of
actuation, beyond 100%.

For a stiff dielectric such as a ceramic or a glassy
polymer, deformation of actuation is limited by electrical
breakdown, when the voltage mobilizes charged species in
the dielectric to produce a path of electrical conduction
[13]. For a compliant dielectric such as an elastomer, the
deformation of actuation is often limited by electrome-
chanical instability, when the voltage causes the dielectric
to thin down excessively [14,15]. After electromechanical
instability, the electric field increases as the membrane
thins until the dielectric fails by electrical breakdown. In

addition to these two types of behavior, which we call
type I and type II, the theory will suggest a type III
behavior: the dielectric eliminates or survives electrome-
chanical instability, reaches a stable state without electrical
breakdown, and attains large deformation of actuation.
Figure 1(a) sketches a dielectric membrane pulled by

biaxial stresses �. The length of the membrane in any
direction in the plane is stretched by a ratio �. As will
become clear, a type III dielectric should have a stress-
stretch curve �ð�Þ of the following desirable features:
(a) The dielectric is compliant at small stretches, and
(b) the dielectric stiffens steeply at modest stretches.
That is, the limiting stretch �lim should not be excessive.
Also sketched are several designs of materials that exhibit
the stress-stretch curve of the desirable form. Many bio-

λ

σ

(a)
1

H
1 λ

λ2−λH

σ σ

σ

σ

1

(b) (c)

(d) (e)

limλ

FIG. 1 (color online). (a) Stress-stretch curve of a membrane
under biaxial stresses. (b) Fibers embedded in a compliant
matrix. (c) A network of polymers with folded domains. (d) A
network of polymers with side chains. (e) A network of polymers
swollen with a solvent.
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logical tissues, such as skins and vascular walls, deform
readily, but avert excessive deformation [16]. Figure 1(b)
sketches a design of such a tissue, consisting of stiffer
fibers in a compliant matrix. At small stretches, the fibers
are loose, and the tissue is compliant. At large stretches, the
fibers are taut, and the tissue stiffens steeply. As another
example, Fig. 1(c) sketches a network of polymers with
folded domains [17]. The domains unfold when the net-
work is pulled, giving rise to substantial deformation. After
all the domains unfold, the network stiffens steeply.

Consider a synthetic elastomer, i.e., a network of poly-
mer chains. When the individual chains are short, the initial
modulus of the elastomer is large and the limiting stretch
�lim is small. When the individual chains are long, the
initial modulus of the elastomer is small and the limiting
stretch �lim is large. Consequently, it is difficult to achieve
the stress-stretch curve of the desirable form by adjusting
the density of cross-links alone. The stress-stretch curve,
however, can be shaped into the desirable form in several
ways. For example, the widely used dielectric elastomer,
VHB (a tape from 3M Company), is a network of polymers
with side chains [Fig. 1(d)] [18]. The side chains fill the
space around the networked chains. The motion of the
networked chains is lubricated, lowering the glass transi-
tion temperature. Also the density of the networked chains
is reduced, lowering the stiffness of the elastomer when the
stretch is small. While the side chains do not change the
contour length of the networked chains, the side chains pull
the networked chains towards their full contour length even
when the elastomer is not loaded. Once loaded, the elas-
tomer may stiffen sharply, averting electromechanical in-
stability. Similar behavior is expected for a network
swollen with a solvent [Fig. 1(e)] [19]. The stress-stretch
curve can also be shaped into the desirable form by pre-
stretch [9], or by using interpenetrating networks [10,20].

Figure 2(a) illustrates the working principle of dielectric
elastomer transducers. When a membrane of an elastomer,
thicknessH in the undeformed state, is subject to a voltage
�, the membrane is stretched by � in both directions in the
plane, the thickness of the membrane reduces toH��2, and
the electric field in the membrane is E ¼ �2�=H. The
membrane is taken to be incompressible. The actuation
can be described by the Maxwell stress, � ¼ "E2, where "
is the permittivity of the elastomer [8]. The use of the
Maxwell stress assumes that the dielectric behavior of
the elastomer is liquidlike, unaffected by deformation.
This material model, known as the ideal dielectric elasto-
mer [21,22], has been confirmed experimentally [23], and
used almost exclusively in the literature on dielectric elas-
tomers (e.g., Refs. [1–4,8–15]). A recent experiment, how-
ever, showed that the permittivity of a dielectric elastomer
varied about a factor of 2 when the area of the membrane
was stretched by a factor of 25 [24]. This variation has been
included in a theoretical analysis [22]. The resulting equa-
tions are more complicated, but do not change the physical
picture here. In this Letter, to focus on essential ideas, we
will adopt the model of ideal dielectric elastomer.

A combination of the above considerations relates the
voltage to the stretch:

� ¼ H��2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ð�Þ="

p
: (1)

This relation is sketched in Fig. 2(a). Even though the
stress-stretch curve �ð�Þ is monotonic, the voltage-stretch
curve �ð�Þ is usually not [21]. At a small stretch (�� 1),
the rising �ð�Þ dominates, and the voltage increases with
the stretch. At an intermediate stretch, the factor ��2 due to
thinning of the membrane becomes important, and the
voltage falls as the stretch increases. As the elastomer
approaches the limiting stretch �lim, the steep rise of
�ð�Þ prevails, and the voltage rises again. The shape of
the voltage-stretch curve �ð�Þ indicates a snap-through
electromechanical instability [21]. The instability can
cause some regions of the elastomer to thin down more
than others [25,26].
Before a voltage is applied, an elastomer may be pre-

stretched to � by a mechanical force, and then fixed by
rigid electrodes. Subsequently, when the voltage is applied,
the elastomer will not deform further. The measured volt-
age at failure is taken to be the electrical breakdown volt-
age. Experiments indicate that the breakdown voltage is a
monotonically decreasing function of the prestretch�Bð�Þ
[23,27]. This trend may be interpreted as follows. In terms
of the electrical breakdown field EB, the breakdown volt-
age is �B ¼ EBH��2. For an ideal dielectric elastomer,
the dielectric behavior is liquidlike, and EB is independent
of deformation, so that the breakdown voltage scales with
the stretch as �B / ��2. The experimental data show that
�B for dielectric elastomers decreases less steeply than
��2, indicating that EB increases with �. This dependence
of the breakdown field on the prestretch is not understood,
but will not affect the physical content of our theory. For
simplicity, we will assume that EB is independent of de-
formation in numerical calculations.
According to where the curves �ð�Þ and �Bð�Þ inter-

sect, we distinguish three types of dielectrics. A type I
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FIG. 2 (color online). (a) A membrane of a dielectric elasto-
mer subject to a voltage reduces thickness and expands area. The
voltage-stretch curve is typically not monotonic. (b)–(d) Three
types of dielectrics are distinguished, depending on where the
two curves �ð�Þ and �Bð�Þ intersect.
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dielectric suffers electrical breakdown prior to electrome-
chanical instability, and is capable of small deformation of
actuation; Fig. 2(b). A type II dielectric reaches the peak of
the �ð�Þ curve, and thins down excessively, leading to
electrical breakdown; Fig. 2(c). The dielectric is recorded
to fail at the peak of �ð�Þ, which can be much below the
breakdown voltage �B. The deformation of actuation is
limited by the stretch at which the voltage reaches the peak.
A type III dielectric eliminates or survives electromechani-
cal instability, reaches a stable state before the electrical
breakdown, and attains a large deformation of actuation;
Fig. 2(d). For a dielectric that survives the snap-through
electromechanical instability, there will be a gap in the
achievable stretches of actuation: the voltage can control
stretches of small and large values, but not the intermediate
ones.

This theory accounts for the diverse experimental ob-
servations mentioned at the beginning of the Letter. As an
illustration, Fig. 3(a) plots the stress-stretch curves for
VHB and for VHB-Trimethylolpropane trimethacrylate
(TMPPMA) interpenetration networks, using available ex-
perimental data [28]. Substituting these stress-stretch
curves into Eq. (1), we plot the voltage-stretch curves
�ð�Þ; Fig. 3(b). Also included in Fig. 3(b) is the curve
�Bð�Þ, plotted using the representative experimental val-
ues H � 1 mm, EB � 4� 108 V=m, and " � 4�
10�11 F=m [1]. The VHB is compliant and stiffens slowly,
but the VHB-TMPPMA stiffens steeply. The voltage-
stretch curve indicates that the VHB is a type II dielectric,
and attains a stretch of actuation about � � 1:26. By con-
trast, the voltage-stretch curve indicates that the VHB-
TMPPMA is a type III dielectric, and attains a stretch of
actuation about � � 2. These theoretical results agree with
experimental observations [28].

To illustrate the potential of the theory, consider a net-
work of polymers swollen with a solvent [Fig. 1(e)]. The
existing experimental papers on swollen dielectric elasto-
mers did not report stress-stretch curves in the stiffening
region [11,19]. Instead, here we adopt a well-known model
that represents the network in which every chain deforms
by the same amount [29], and represents each individual
chain by freely jointed links [30].

Let �1, �2, and �3 be the stretches of the elastomer
relative to the unstressed swollen elastomer. We assume
that the volumes of the networked polymers and the solvent
molecules do not vary during actuation, so that the swollen
elastomer is incompressible, �1�2�3 ¼ 1. Let �3 be the
volume of the swollen elastomer divided by the volume of
the dry network, so that the stretches of the elastomer
relative to the dry network are ��1, ��2, and ��3. Let �
be the stretch of each chain [29]. In the presence of the
solvent,

� ¼ �ð�2
1 þ �2

2 þ �2
3Þ1=2=

ffiffiffi
3

p
: (2)

For a chain of n links, the stretch � relates to the
normalized force � as [30]

� ¼ ffiffiffi
n

p ð�= tanh� � 1Þ=�: (3)

The free energy per unit volume of the swollen elastomer is

W ¼ kT

v�3

�
�

tanh�
þ log

�

sinh�

�
; (4)

where kT is the temperature in the unit of energy, and v the
volume per link. As mentioned above, we have assumed
that the amount of the solvent in the elastomer does not
change during actuation. The free energy of mixing the
network and the solvent depends on the amount of the
solvent, but is invariant when the elastomer changes shape.
Consequently, the free energy of mixing is not included in
(4). To focus on main ideas, we have not included delicate
effects of coupling between swelling and chain stretching.
Equations (2)–(4) define the function Wð�1; �2Þ using

two intermediate variables, � and �. For an elastomer
under triaxial stresses �1, �2, and �3, the equations of
state are �1 � �3 ¼ �1@Wð�1; �2Þ=@�1 and �2 � �3 ¼
�2@Wð�1; �2Þ=@�2 [30]. Under biaxial stresses, �1 ¼
�2 ¼ � and �3 ¼ 0, we obtain that �1 ¼ �2 ¼ � and
�3 ¼ ��2, as well as the stress-stretch curve

�ð�Þ ¼ kT�ð�2 � ��4Þ
3�v

ffiffiffi
n

p
�

: (5)

The solvent modifies the stress-stretch curve of the
elastomer into the desirable form by reducing both the
limiting stretch �lim and the initial modulus�. In one limit,
as � ! �lim, the chain approaches the full contour length,
so that � ! ffiffiffi

n
p

. Under the biaxial stress, the limiting

stretch is determined by �ð2�2 þ ��4Þ1=2= ffiffiffi
3

p ! ffiffiffi
n

p
, or

�lim � ��1
ffiffiffiffiffiffiffiffiffiffiffi
3n=2

p
. In the other limit, the chain coils much

below the full contour length, so that� � ffiffiffi
n

p
. The model

becomes W ¼ ðkT=6�3vÞ�2 and � ¼ ð ffiffiffi
n

p
=3Þ� , which re-

covers the neo-Hookean model, with the initial modulus
� ¼ kT=ðvn�Þ.
The curve �ð�Þ can be obtained by combining (1) and

(5). Figure 4(a) plots �ð�Þ for several values of n for a
dry network (� ¼ 1). Also plotted is the condition for
electrical breakdown �B ¼ EBH��2. We have used rep-
resentative values EB ¼ 2� 108 V=m, T ¼ 300 K,
v ¼ 10�27 m3, " ¼ 4� 10�11 F=m, and H ¼ 1 mm
[23,27]. To account for the uncertainty of the available
experimental data, we have used a conservative value for

FIG. 3 (color online). (a) Stress-stretch curves for VHB and for
VHB-TMPPMA interpenetrating networks plotted using experi-
mental data [28]. (b) Voltage-stretch curves for the two materials
plotted according to Eq. (1).
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the breakdown field EB. For various values of n, type II
behavior occurs, where the elastomer fails by electrome-
chanical instability, and the stretch of actuation is � �
1:26. Figure 4(b) plots the voltage-stretch curves �ð�Þ
for several values of n for a swollen elastomer (� ¼ 5).
Here type III behavior occurs, where the elastomer elimi-
nates or survives the electromechanical instability. The
stretch of actuation reaches � � 2 for n ¼ 65, and reaches
� � 5:5 when n ¼ 500. Moreover, for the elastomer that
survives the instability (e.g., n ¼ 500), there is a gap in the
achievable stretches of actuation.

The model of swollen elastomers is characterized by two
dimensionless numbers:

ffiffiffi
n

p
=� scales with the limiting

stretch, and kT=ðvn�"E2
BÞ is the ratio of the initial modu-

lus over the Maxwell stress at electrical breakdown.
Figure 4(c) uses the two numbers as the axes for a plane,
in which the regimes of the three types of dielectrics are
marked. Type I dielectrics have large initial moduli.
Type II dielectrics have small initial moduli and excessive
limiting stretches. Type III dielectrics have small initial
moduli and modest limiting stretches.

We have shown that giant deformation of actuation is
achievable for an elastomer with a stress-stretch curve of a
desirable form: the elastomer is compliant at small
stretches and then stiffens steeply at modest stretches.
Such an elastomer either eliminates or survives the snap-
through electromechanical instability, and reaches a stable
state before electrical breakdown. It is hoped that this
theory will help in the experimental search for dielectric
elastomers capable of giant deformation of actuation.
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FIG. 4 (color online). (a) A dry elastomer fails by electrome-
chanical instability, and attains deformation of actuation about
1.26. (b) An elastomer swollen with a solvent eliminates or
survives electromechanical instability, and attains a large defor-
mation of actuation. (c) Regimes of the three types of dielectrics
plotted on the plane spanned by two dimensionless parameters.

PRL 104, 178302 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

30 APRIL 2010

178302-4

http://dx.doi.org/10.1002/marc.200900425
http://dx.doi.org/10.1002/marc.200900425
http://dx.doi.org/10.1016/j.sna.2009.08.027
http://dx.doi.org/10.1016/j.sna.2009.08.027
http://dx.doi.org/10.1007/s00339-009-5434-5
http://dx.doi.org/10.1007/s00339-009-5434-5
http://dx.doi.org/10.1063/1.365983
http://dx.doi.org/10.1126/science.280.5372.2101
http://dx.doi.org/10.1126/science.280.5372.2101
http://dx.doi.org/10.1002/polb.1994.090321618
http://dx.doi.org/10.1016/S0924-4247(97)01657-9
http://dx.doi.org/10.1016/S0924-4247(97)01657-9
http://dx.doi.org/10.1126/science.287.5454.836
http://dx.doi.org/10.1126/science.287.5454.836
http://dx.doi.org/10.1002/adma.200502437
http://dx.doi.org/10.1002/adma.200602644
http://dx.doi.org/10.1002/adma.200602644
http://dx.doi.org/10.1073/pnas.0913461107
http://dx.doi.org/10.1038/1761225a0
http://dx.doi.org/10.1038/1761225a0
http://dx.doi.org/10.1063/1.2768641
http://dx.doi.org/10.1063/1.2768641
http://dx.doi.org/10.1007/s10853-007-1649-z
http://dx.doi.org/10.1007/s10853-007-1649-z
http://dx.doi.org/10.1177/1045389X06063344
http://dx.doi.org/10.1063/1.3272685
http://dx.doi.org/10.1103/PhysRevB.76.134113
http://dx.doi.org/10.1103/PhysRevB.76.134113
http://dx.doi.org/10.1063/1.3031483
http://dx.doi.org/10.1063/1.3031483
http://dx.doi.org/10.1177/104538903039260
http://dx.doi.org/10.1016/j.sna.2007.05.029
http://dx.doi.org/10.1016/j.sna.2007.05.029
http://dx.doi.org/10.1016/j.ijsolstr.2006.03.026
http://dx.doi.org/10.1016/j.ijsolstr.2006.03.026
http://dx.doi.org/10.1063/1.2929383
http://dx.doi.org/10.1117/12.817277
http://dx.doi.org/10.1117/12.817277
http://dx.doi.org/10.1117/12.715061
http://dx.doi.org/10.1117/12.715061
http://dx.doi.org/10.1016/0022-5096(93)90013-6
http://dx.doi.org/10.1016/0022-5096(93)90013-6

