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Abstract When air is pumped in, a tubular balloon initially
inflates slightly and homogeneously. A short section of the
balloon then forms a bulge, which coexists with the unbulged
section of the balloon. As more air is pumped in, the bulged
section elongates at the expense of the unbulged section, un-
til the entire balloon is bulged. The phenomenon is analo-
gous to the liquid-to-vapor phase transition. Here we study
the bulging transition in a dielectric elastomer tube as air is
pumped into the balloon and a voltage is applied through
the thickness of the membrane. We formulate the condition
for coexistent budged and unbulged sections, and identify
allowable states set by electrical breakdown and mechani-
cal rupture. We find that the bulging transition dramatically
amplifies electromechanical energy conversion. Energy con-
verted in an electromechanical cycle consisting of unbulged
and bulged states is thousands of times that in an electrome-
chanical cycle consisting of only unbulged states.

Keywords Dielectric elastomer · Bulge · Electromechani-
cal energy conversion · Tubular balloon · Electromechanical
transition

1 Introduction

The recent decade has seen the emergence of dielectric elas-
tomers as materials of choice for the artificial-muscle tech-
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nology [1]. Attributes include large deformation, fast re-
sponse, light weight, silent operation, low maintenance, and
low cost [2–4]. The deformation of dielectric elastomers
can be induced by applying either a voltage or a force. The
voltage-induced deformation is exploited in actuators in soft
robots [5, 6], adaptive optics [7], bioengineering [8] and
programmable haptics [9]. The force-induced deformation
changes the capacitance of the elastomers, and is exploited
in generators for harvesting energy from human movements
and ocean waves [10–12].

The performance of a transducer is markedly affected
by how it is loaded. Consider a transducer made of a mem-
brane of a dielectric elastomer sandwiched between two
compliant electrodes (Fig. 1). When the electrodes are sub-
ject to a voltage, the positive and negative charges spread
on the two faces of the membrane, causing the membrane
to reduce its thickness and expand its area. The capacitance
of the membrane is proportional to its area and is inversely
proportional to its thickness. Recall that elastomers are typ-
ically incompressible, so that the capacitance of the mem-
brane is quadratic in its area. If the membrane is subject
to equal-biaxial stretches, the capacitance scales with the
stretch to the fourth power. For example, a commonly used
acrylic elastomer, VHB, is readily stretched six times equal-
biaxially; such a deformation increases the capacitance by a
factor of 64 = 1 296. However, if the membrane is clamped
in one direction and stretched in the other direction (i.e.,
stretched under the pure-shear condition), the capacitance is
quadratic in the stretch. If the membrane is stretched by a
uniaxial force, the capacitance is linear in the stretch.

The loading conditions also markedly affect the elec-
tromechanical instability, also known as the pull-in instabil-
ity [13]. As the thickness decreases, the electric field in-
creases. If this positive feedback prevails over the strain-
stiffening of the elastomer, the membrane becomes unsta-
ble and thins down dramatically. The pull-in instability
often leads to electrical breakdown, and has been consid-
ered as a mode of failure [14–17]. A suitably designed
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transducer, however, can operate on the verge of the pull-
in instability without electrical breakdown, leading to giant
voltage-induced deformation [18, 19]. An acrylic elastomer
has been shown to achieve voltage-induced expansion in area
by 158% with a membrane biaxially prestretched and fixed
to a rigid frame [20] by 260% with a membrane constrained
by two rigid clamps [21] by 488% with a membrane subject
to biaxial dead loads [22] and by 1 689% with a membrane
mounted on a chamber of compressed air [23].

Fig. 1 In the reference state, an undeformed and uncharged mem-
brane of a dielectric elastomer is sandwiched between two com-
pliant electrodes. In an actuated state, the membrane is subject to
forces in the plane and a voltage through the thickness. a Reference
state; b Actuated state

The pull-in instability can also lead to an electrome-
chanical phase transition. For example, a pre-stretched mem-
brane under a voltage can deform into coexistent regions of
two types, one being flat and the other wrinkled [24]. This
experimental observation has been interpreted theoretically
as follows [25, 26]. The membrane is thick in the flat re-
gions, and thin in the wrinkled regions. At a certain voltage,
localized regions of the membrane undergo the pull-in insta-
bility and become thin. The pull-in instability, however, does
not cause electrical breakdown. Rather, the thickness of the
thin regions is stabilized by the steep strain-stiffening of the
elastomer, so that the thin regions survive the pull-in instabil-
ity without electrical breakdown, and coexist with the thick
regions. Because the volume of the elastomer is incompress-
ible, the thin regions must expand in area. This expansion
is constrained by the surrounding thick regions, causing the
thin regions to form wrinkles. As more charge is supplied
to the membrane, the thin regions enlarge at the expense of
the thick regions, until the entire membrane becomes thin.
The phenomenon is analogous to the liquid-to-vapor phase
transition.

It is tempting to push this analogy further. A steam
engine or a refrigerator operates by cycling a working fluid
through the liquid-vapor phase transition. The transition
is accompanied with large changes in entropy and volume,
enabling robust thermomechanical energy conversion [27].
By analogy, the transition from a thick membrane to a thin
membrane is accompanied with large changes in charge and
area, enabling robust electromechanical energy conversion.
In a previous analysis of dielectric elastomers under uniax-

ial forces, however, the electromechanical phase transition
was predicted to occur at an electric field above the electrical
breakdown strength of existing dielectric elastomers [28].

Here we propose a setup in which an electromechanical
phase transition occurs far more readily. The setup involves
a common experience with a tubular balloon (Fig. 2). When
air is pumped in, the balloon initially inflates slightly and
homogeneously. A short section of the balloon then forms a
bulge, which is in equilibrium with the unbulged section of
the balloon. As more air is pumped in, the bulged section
elongates at the expense of the unbulged section, until the
entire balloon is bulged. The propagating bulges have been
used daily by balloon artists [29] and analyzed occasion-
ally by scientists [30–32]. Here we study the bulging tran-
sition induced by simultaneously pumping air into the tube
and applying a voltage through the thickness of the mem-
brane. We formulate the condition for coexistent budged
and unbulged sections. We regard a balloon as a thermo-
dynamic system of two degrees of freedom, and represent
the states of the balloon on two dimensional diagrams, such
as the voltage-stretch diagram, voltage-charge diagram, and
pressure-volume diagram. In such a diagram, we identify the
region of allowable states by plotting conditions of failure,
such as electrical breakdown and mechanical rupture. We
find that the bulging transition dramatically amplifies elec-
tromechanical energy conversion. Energy converted in an
electromechanical cycle consisting of unbulged and bulged
states is thousands of times that in an electromechanical cy-
cle consisting of only unbulged states.

Fig. 2 When air is pumped into a tubular balloon, a small section
of the balloon forms a bulge, which coexists with the unbulged sec-
tion. As more air is pumped in, the bulged section elongates at the
expense of the unbulged section, until the entire balloon is bulged.
One can also squeeze the balloon to arrange multiple bulges to co-
exist with the unbulged section. a Before pumping; b After pump-
ing; c Pumping with more air; d Multiple states
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2 Model of ideal dielectric elastomers

The theory of dielectric elastomers has been reviewed re-
cently [33]. Here we summarize the key ideas relevant to
this work (Fig. 1). In the reference state, subject to no force
and no voltage, a membrane of a dielectric elastomer is of
thickness H and lengths L1 and L2. The membrane is sand-
wiched between two compliant electrodes. In an actuated
state, subject to forces P1 and P2 in the plane and voltage Φ
through the thickness, the membrane is of thickness h and
lengths l1 and l2, while charges +Q and −Q are spread over
the two electrodes. Define the stresses as σ1 = P1/(l2h) and
σ2 = P2/(l1h), the stretches as λ1 = l1/L1 and λ2 = l2/L2,
the electric field as E = Φ/h, and the electric displacement
as D = Q/(l1l2).

We adopt the model of ideal dielectric elastomers. This
model assumes that the membrane is incompressible (hl1l2 =
HL1L2), and that the elastomer is a linear dielectric

D = εE, (1)

with the permittivity ε being a constant independent of de-
formation. The stress-stretch relations are

σ1 + εE2 = λ1
∂Ws(λ1, λ2)
∂λ1

, (2)

σ2 + εE2 = λ2
∂Ws(λ1, λ2)
∂λ2

, (3)

where Ws(λ1, λ2) is the Helmholtz free energy associated
with stretching the elastomer. The elasticity of the elastomer
is balanced by the applied stresses σ1 and σ2 , along with
the electrostatic interaction—the Maxwell stress εE2. Equa-
tions (1)–(3) constitute the equations of state of an ideal di-
electric elastomer.

As mentioned before, after the pull-in instability, the
membrane is stabilized by the steep strain-stiffening of the
elastomer. Each individual polymer chain in the elastomer
has a finite contour length. When the elastomer is sub-
ject to no loads, the polymer chains are coiled, allowing a
large number of conformations. Subject to loads, the poly-
mer chains become less coiled. As the loads increase, the
end-to-end distance of each polymer chain approaches the fi-
nite contour length, and the elastomer approaches a limiting
stretch. On approaching the limiting stretch, the elastomer
stiffens steeply. To account for this behavior, we adopt the
Gent model [34]

Ws(λ1, λ2) = −μ
2
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where μ is the shear modulus, and Jlim is a material constant
related to the limiting stretch. When the stretches are small,
λ2

1+λ
2
2+λ

−2
1 λ
−2
2 −3 << Jlim, the Gent model recovers the neo-

Hookean model, Ws(λ1, λ2) = μ(λ2
1 + λ

2
2 + λ

−2
1 λ
−2
2 − 3)/2.

When the stretches approach the limit, λ2
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Jlim, the Gent model stiffens steeply.
A combination of Eqs. (2)–(4) gives the stress-stretch

relations
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Throughout the paper, we consider an acrylic elastomer
VHB4910 (by 3M) with the following representative ma-
terial parameters: ε = 3.98 × 10−11 F/m, μ = 45 kPa,
Jlim = 120 [22, 35]. The density of VHB is ρ =980 kg/m3

(3M Company).
The membrane is susceptible to various modes of

failure. Here we consider two significant modes of fail-
ure: electrical breakdown and mechanical rupture. We
adopt a constant value of electrical breakdown field EEB =

200 MV/m [36, 37]. We assume a simple criterion for rup-
ture: (λ2

1 + λ
2
2 + λ

−2
1 λ
−2
2 − 3)/Jlim = 0.9.

3 Homogeneous expansion of dielectric elastomer tube

We next apply the model of ideal dielectric elastomers to
the homogeneous expansion of a tubular balloon (Fig. 3).
In the reference state, the balloon is undeformed and un-
charged, and is of thickness H, radius R and length L. The
outer and inner surfaces of the balloon are coated with com-
pliant electrodes. In an actuated state, subject to an in-
ternal pressure p and a voltage Φ through the thickness,
the balloon is of thickness h, radius r and length l, while
charges +Q and −Q are spread over the outer and the in-
ner electrodes. The membrane is incompressible, so that
RHL = rhl. The longitudinal stretch is λ1 = l/L, the hoop
stretch is λ2 = r/R, and the volume enclosed by the balloon
is v = πr2l. The balance of forces gives the longitudinal
stress σ1 = pr/(2h) and the hoop stress σ2 = pr/h. The
electric field is E = Φ/h = λ1λ2Φ/H, and the magnitude of
charge on either electrode is Q = 2πrlD, or

Q = 2πε(λ1λ2)2 RL
H
Φ. (7)

The factor before the voltage defines the capacitance of the
balloon, C = 2πε(λ1λ2)2RL/H. As remarked in the intro-
duction, the capacitance of the membrane is quadratic in its
area, can change enormously when the balloon expands.

Rewrite Eqs. (5) and (6) in a dimensionless form, we
obtain that

pR
2μH

=
(λ2

2 − λ2
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, (8)
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. (9)

Once the loading parameters p and Φ are prescribed,
Eqs. (8) and (9) determine the stretches λ1 and λ2. These
equations are nonlinear and, for given values of p and Φ,
have multiple solutions (Fig. 3). Take one curve in Fig. 3c
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as an example. Imagine an experiment in which the pres-
sure is kept constant at pR/(2μH) = 0.1 and the voltage is
ramped up. When the voltage is small, the balloon expands
gradually as the voltage increases. When the voltage reaches
the peak of the voltage-stretch curve, no state of equilibrium
exists nearby with a higher voltage, but the voltage is ramped

up by the external mechanism that applied the voltage. Con-
sequently, the balloon expands suddenly, undergoing snap-
through instability, and reaches a budged state. As the volt-
age is ramped up further, the bulged balloon expands contin-
uously.

Fig. 3 Homogeneous states of a dielectric elastomer tube subject to internal pressure and voltage. a The reference state. b An actuated
state. c–f Various diagrams are used to represent homogeneous states of the balloon

When the pressure is kept constant at pR/(2μH) = 0.2,
the voltage-stretch curve is broken into two parts. The de-
formation is independent of the sign of the voltage, and only
the positive voltage is plotted here.

4 Formation of bulges as an electromechanical phase
transition

A bulged and an unbulged section can equilibrate in a bal-
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loon (Fig. 4). We now formulate the condition of coexistence
following a similar approach described before [25, 26, 28].
In the reference state, the bulged and the unbulged sec-
tions are of lengths L′ and L′′, respectively. In an actu-
ated state, the two sections are of lengths l′ and l′′, vol-
umes v′ and v′′, charges Q′ and Q′′, electric displacements
D′ and D′′, and stretches (λ′1, λ

′
2) and (λ′′1 , λ

′′
2 ). The balloon,

along with the mechanisms that apply the voltage and pres-
sure, forms a composite thermodynamic system. The com-
posite is assumed to exchange energy with the rest of the
world by heat, but the temperature is held constant. Un-
der the isothermal condition, the composite reaches a state
of equilibrium when the Helmholtz free energy of the com-
posite is stationary. The Helmholtz free energy of the com-
posite is the sum of the Helmholtz free energy of the bal-
loon, the potential energy of the mechanisms that apply volt-
age and pressure. The Helmholtz free energy of the bal-
loon consists of both the elastic energy due to stretching and
the dielectric energy: 2πRHL′(Ws(λ′1, λ

′
2) + (D′)2/(2ε)) +

2πRHL′′(Ws(λ′′1 , λ
′′
2 ) + (D′′)2/(2ε)). The potential energy of

the mechanism that applies the voltage is −Φ(Q′ + Q′′). The
potential energy of the mechanism that applies the pressure
is −p(v′ + v′′). The sum of these contributions gives the
Helmholtz free energy of the composite

Π = 2πRHL′(Ws(λ′1, λ
′
2) + (D′)2/(2ε))

−πR2L′(λ′2)2λ′1 p − 2πRL′λ′1λ
′
2D′Φ

+2πRHL′′(Ws(λ′′1 , λ
′′
2 ) + (D′′)2/(2ε))

−πR2L′′(λ′′2 )2λ′′1 p − 2πRL′′λ′′1 λ
′′
2 D′′Φ. (10)

Recall that L′ + L′′ = L. When the pressure and volt-
age are held constant, the Helmholtz free energy of the
composite is a function of seven independent variables,
Π(D′, λ′1, λ

′
2,D

′′, λ′′1 , λ
′′
2 , L

′).
The free-energy function is stationary when the com-

posite reaches a state of equilibrium. Setting the partial
derivatives with respect to the independent variables to zero,
we obtain seven equations of equilibrium, six of which re-
cover the equations of state (1)–(3) in the bulged and the
unbulged sections. The seventh equation, resulting from
∂Π/∂L′ = 0, is

Ws(λ′1, λ
′
2) − pR

2H
(λ′2)2λ′1 −

ε

2

(
Φ

H

)2
(λ′1λ

′
2)2
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′′
2 ) − pR

2H
(λ′′2 )2λ′′1 −

ε

2

(
Φ

H

)2
(λ′′1 λ

′′
2 )2. (11)

This equation is the condition for the bulged and unbulged
sections to equilibrate in the balloon. The condition is read-
ily understood as follows. Assume that both the bulged and
unbulged sections are long compared to the diameter of the

Fig. 4 A bulged section and an unbulged section coexist in a balloon subject to an internal pressure and a voltage through the thickness.
a In the reference state, the lengths of the bulged and unbulged sections are marked as L′ and L′′. b In an actuated state, the two sections
are of lengths l′ and l′′. c At one value of constant pressure, the voltage-charge curve goes up, down, and up again. The bulged and the
unbulged sections coexist at the transition voltage Φt that makes the two shaded areas equal. d At a higher value of constant pressure, the
voltage-charge curve starts from the origin, goes up, loops back to the origin, and then goes up again. The bulged and the unbulged sections
coexist at the transition voltage Φt that makes the two shaded areas equal
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balloon. We can speak of the Helmholtz free energy of the
composite per unit length of the tube. When the bulged and
unbulged sections equilibrate, the Helmholtz free energy of
the composite per unit length must equal for the bulged and
unbulged sections. Equation (11) can also be represented
graphically by using the Maxwell rule [38]. Under a small
constant pressure, the voltage-stretch curve goes up, down,
and then up again (Fig. 3c). The bulged and the unbulged
sections coexist at the transition voltage Φt that makes the
two shaded areas equal in voltage-charge plane (Fig. 4c).
The transition voltage can be much lower than the peak volt-
age. Under a large constant pressure, the voltage-stretch
curve is broken into two parts. In the voltage-charge plane,
the curve goes up, loops back to the origin, and then goes
up again (Fig. 4d). The transition voltage makes the shaded
areas equal.

Given a voltage Φ and a pressure p, the bulged section
should be in a state of equilibrium, and the unbulged sec-
tion should be in another state of equilibrium. Both states
satisfy Eqs. (8) and (9). When the two sections equilibrate
with each other, Eq. (11) holds. Consequently, the condition
of coexistence can be represented by a curve on the voltage-
pressure diagram (Fig. 5). Each point in the diagram repre-
sents a given pair of voltage and pressure. Below the curve,
the entire balloon is unbulged. Above the curve, the entire
balloon is bulged. The transition curve intersects with the
p-axis, indicating that pressure alone can induce the bulging
transition, as is well known. The transition curve also inter-
sects with the Φ-axis, indicating that the voltage alone can
induce the transition. This prediction, however, has never
been observed experimentally. As will become clear, the
bulged state for a balloon without internal pressure suffers
electrical breakdown.

Fig. 5 A bulged and an unbulged section coexist when the values
of the pressure and voltage fall on the curve in the pressure-voltage
plane. Below the curve, the entire balloon is unbulged. Above the
curve, the entire balloon is bulged

The description of a steam engine or a refrigerator has
long been aided by diagrams of various independent vari-
ables [27]. The description of a electromechanical trans-
ducer can be similarly aided [33]. Here we describe a tubular
balloon with two degrees of freedom—that is, each state of
the balloon is specified by values of two independent vari-
ables. For example, one choice of the independent variables
can be the voltage and the charge (Fig. 6). Each point in
the voltage-charge diagram represents a state of the balloon.
The plane can be divided into several regions. The left re-
gion corresponds to the states in which the entire balloon is
unbulged. The right region corresponds to the states in which
the entire balloon is bulged. The middle region corresponds
to states in which bulged and unbulged sections coexist in
the balloon.

Fig. 6 Constant-pressure curves in the voltage-charge plane. The left figure expands the interval (0, 0.6) of the horizontal axis. When the
values of the voltage and charge fall in the region to the left, the entire balloon is unbulged. When the values of the voltage and charge fall
in the region to the right, the entire balloon is bulged. A point on a horizontal line corresponds to a balloon with a mixture of bulged and
unbulged sections
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A curve in the plane represents a sequence of states
that constitute a process. As an example, consider a bal-
loon under a constant pressure pR/(2μH) = 0.1 and a ramp
voltage. The slope of the voltage-charge curve defines the
capacitance. The capacitance is small when the entire bal-
loon is unbulged, and the capacitance is large when the en-
tire balloon is bulged. In the region of bulging transition,
the constant-pressure curve is horizontal. A point on the
horizontal line corresponds to a balloon with a mixture of
bulged and unbulged sections. For a balloon with a fixed to-
tal charge Q, the lengths of the two sections are determined
by Q = (Q′L′ + Q′′L′′)/L and L = L′ + L′′, where Q′ and
Q′′ can be read from the two end points of the horizontal
line. The state of the balloon of coexistent bulged and un-
bulged sections can also be described by two parameters, for
instance by the total charge Q and the fraction of the bulged
section L′/L. The fraction L′/L is analogous to the fraction
of the mass of the vapor in a saturated liquid-vapor mixture,

a number known as the quality of the mixture.

5 Allowable states, electromechanical cycles, and energy
converted per cycle

Not all states of the balloon are allowable. Following an ap-
proach described before [39, 40], we represent the allowable
states on the plane of work-conjugating variables, such as the
voltage-charge diagram and the pressure-volume diagram.
The two conditions of failure—breakdown and rupture—are
plotted on the voltage-charge diagram (Fig. 7). The condi-
tions of failure, together with conditions p = 0 and Φ = 0,
define the region of allowable states. We further divide the
region of allowable states into three subregions: in subregion
I the entire balloon is unbulged, in subregion II the balloon
consists of coexistent bulged and unbulged sections, and in
subregion III the entire balloon is bulged.

Fig. 7 A region of allowable states is identified on the voltage-charge diagram. The left figure expands the interval (0, 0.6) of the
horizontal axis. The curves correspond to the boundary of coexistence, the conditions of electrical breakdown, and the conditions of
mechanical rupture. These lines, together with the conditions p = 0 and Φ = 0, surround the region of allowable states. The region of
allowable states is further divided into three subregions: the entire balloon is unbulged in subregion I, the balloon consists of coexistent
bulged and unbulged sections in subregion II, and the entire balloon is bulged in subregion III

When the bulged and the unbulged sections coexist, the
former has the higher electric field. Consequently, in the re-
gion of the voltage-charge diagram where bulged and un-
bulged sections coexist, the allowable states are below the
dashed line (Fig. 7). The special case p = 0 corresponds to a
tube subject to no pressure but subject to voltage. The case is
the same as a flat membrane considered previously [28, 37].
Under p = 0, when the applied voltage is below the transition
voltage, the balloon is entirely unbulged. Upon reaching the
transition voltage, a small part of the balloon starts to bulge,
but before the bulge fully forms the balloon suffers electri-
cal breakdown. By contrast, when the pressure in the tube
is high enough, the transition voltage is lowered, so that the
balloon forms a bulge without electrical breakdown.

A closed curve in the voltage-charge diagram repre-

sents an electromechanical cycle. If the cycle is clockwise,
the mechanism of applying the voltage does net work in the
cycle, and the balloon acts as an actuator. If the cycle is
counterclockwise, the work is done on the mechanism of ap-
plying the voltage, and the balloon acts as a generator. In
both cases, the amount of work is the area enclosed by the
curve. The maximum electromechanical energy converted
is achieved by a cycle going along the boundary of the re-
gion of the allowable states. The energy density calculated
from the area of the region of allowable states is approxi-
mately 1.2 J/g. The contributions from the three subregions
are 0.02%, 47.29%, 52.69%, respectively.

The area of subregion II is more than 2 000 times that
of subregion I. If the cycle only operates in subregion I, the
energy converted per cycle is extremely small. The situation
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is analogous to a practice noted by Carnot: engines do not
operate by cycles consisting of only liquid states [41]. In
liquid states, the fluid is nearly incompressible and a cycle
of liquid states coverts an extremely small amount of energy
compared to a cycle of mixed states of liquid and gas. A ther-
modynamic vapor cycle is analogous to an electromechani-
cal cycle going through a sequence of states in all three sub-
regions, including states of entirely unbulged balloon, states
of coexistent unbulged and bulged sections, and states of en-
tirely bulged balloon. A thermodynamic gas cycle is anal-
ogous to an electromechanical cycle restricted in subregion
III, in which the balloon is bulged in all states of the cycle.

The states of balloon can also be represented on planes
of other independent variables. In particular, the pressure
and the volume are also work-conjugating variables, so that

the pressure-volume diagram is just as effective to describe
energy converted in electromechanical cycles (Fig. 8). If
a cycle in the pressure-volume diagram is clockwise, the
mechanism of applying the pressure does net work in the
cycle, and the balloon acts as a generator. If the cycle is
counterclockwise, the work is done on the mechanism of ap-
plying the pressure, and the balloon acts as an actuator. In
both cases, the amount of work is the area enclosed by the
curve. Because we have excluded dissipative processes, after
a generation cycle is completed, the free-energy recovers its
value, and the mechanical work done by the mechanism that
applies the pressure equals the electrical work done to the
mechanism that applies the voltage. The region of allowable
states in the pressure-volume diagram has the same area as
that in the voltage-charge diagram.

Fig. 8 A region of allowable states is identified on the pressure-volume diagram. The left figure expands the interval (1.0, 1.5) of the
horizontal axis. The entire balloon is unbulged in subregion I, the balloon consists of coexistent bulged and unbulged sections in subregion
II, and the entire balloon is bulged in subregion III

6 Concluding remarks

The electromechanical phase transition is studied for a prop-
agating bulge in a tubular balloon. The presence of inter-
nal pressure reduces the voltage needed for the transition, so
that the balloon can form a bulge without electrical break-
down. The bulging transition is analogs to liquid-vapor
phase transition. A dielectric elastomer generator cycling
through bulged and unbulged states is analogous to a steam
engine cycling through liquid and gas states. Energy con-
verted in an electromechanical cycle consisting of unbulged
and bulged states is thousands of times that in an electrome-
chanical cycle consisting of only unbulged states. It is hoped
that experiments will soon succeed in demonstrating dielec-
tric elastomer generators that convert large amount of energy
per cycle by the electromechanical phase transition.
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