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Active Shape Control and Phase
Coexistence of Dielectric
Elastomer Membrane With
Patterned Electrodes
Various applications of dielectric elastomers (DEs) have been realized in recent years
due to their lightweight, low cost, large actuation and fast response. In this paper, experi-
ments and simulations are performed on the active shape control of DE structures with
various two-dimensional patterned electrodes by applying voltage. A DE membrane with
a pattern of electrodes is mounted on an air chamber. It is first inflated by air pressure
and then further deformed by applying voltage, which actively controls the membrane
shape. Under higher voltage, an acrylic membrane with larger actuation can induce
shape instability and demonstrate multiphase coexistence behavior. In the framework of
electromechanical theory, finite element simulations are carried out and the results are
in good agreement with those obtained by experiments. [DOI: 10.1115/1.4025416]

1 Introduction

Dielectric elastomer (DE) membrane reduces thickness and
expands area when subjected to an electric field through its thick-
ness direction [1–5]. As a typical electroactive polymer (EAP),
DE has a large actuation strain (over 300%), is light weight, has a
fast response, and is low cost. It has various applications including
adaptive optics, braille displays, microfluid control, and energy
harvesting [6–13]. Suitably designed DE actuators using acrylic
elastomers can be operated with giant voltage-induced deforma-
tion. Recent studies have shown voltage-induced expansion in
area by 158% when a membrane is biaxially stretched and fixed to
a rigid frame [7], and by up to 1689% when it is mounted in a
chamber of compressed air [14]. In practical applications, “soft”
robots require flexible components such as actuators and grippers,
which provide multiple degrees of freedom to conform to their
surroundings. Previous studies have shown that active materials
such as shape memory alloy, hydrogel, and liquid crystal can be
specifically arranged and combined with passive frames to build
deformable structures [15]. Artificial muscles and smart structures
based on DEs are widely attractive in the robotics field, which is
attributed to their self-sensing and self-priming abilities [16].

While a DE membrane can produce large in-plane deformation
by applying voltage, achieving three-dimensional shape control
and out-of-plane deformation is challenging. The conventional
design of active DE structure relies on combining passive skeleton
frame and prestretched elastomer membrane, which results in
complex 3D structures [17–20]. Complex motions and desired 3D
shapes are difficult to obtain using the soft active zones in the pas-
sive frame and active membrane structures. To overcome the
above difficulty, we adopt a different approach using 2D patterned
electrodes to achieve active 3D shape control. First, a commer-
cially available acrylic elastomer (3M-VHB 4905), coated with
patterned electrodes, is inflated into a 3D configuration by air
pressure. Then, various voltages are applied through the active
zones (electrode-coated zones) to actively control the shape of the
inflated membrane. With specific patterns of electrodes, large
voltage-induced actuation and multiphase coexistence behavior
are achieved. To predict the actuation behavior and to design the

patterns of electrodes, a numerical method is developed for the
deformation of DE membranes.

2 Experiments

Following the previous studies on DE membrane inflation
[14,21–23], the experimental setup shown in Fig. 1 includes a DE
membrane inflation actuator, a high voltage power source (Trek
610E), an air pump, a syringe, and an air pressure gauge. As
shown in Fig. 2, the DE membrane inflation actuator is composed
of a membrane module mounted on the air chamber. The circular
DE membrane (3M-VHB 4905) has a diameter of 65 mm and is
coated with two-dimensional patterns of electrodes (carbon
grease) at two sides using mask pattern printing method. Air is
pumped into the chamber through an air pump and a syringe. A
pressure gauge is connected to the air chamber for pressure
measurements.

The membrane module is designed for easy assembling so that
membranes with different patterns of electrodes can be easily
replaced. In the membrane module, the DE membrane is clamped
by two acrylic glass rings and connected to two tin foil strips. A
silicone rubber ring is installed between the rings and the bottom
mount for air sealing. The air pressure in the chamber is measured
using a U-tube pressure gauge. Following the previous studies
[14], the volume of air chamber Vchamber is fixed as 300 ml to
restrain the excessive voltage induced actuation and to avoid elec-
tric breakdown. The membrane is initially mounted on the air
chamber without prestretch. Air is pumped into the air chamber
through a valve, and the membrane is inflated into a balloon. Pre-
vious studies on DE membrane inflation actuator have shown that
properly pressurizing the membrane into a state near the verge of
the instability can trigger giant actuation after voltage is applied
[14]. To enhance the actuation stroke and sensitivity of active
shape control, a syringe is connected to the air chamber for fine
adjustment of pressure. The syringe can inflate the membrane near
the snap-through state, which is away from the failure. When the
membrane is inflated into that proper state, valves are closed, and
the amount of air enclosed by the air chamber and the balloon is
fixed. Then various voltages are applied through the active zones
of the DE membrane to further shift the balloon towards larger
deformations, to various 3D configurations. During the voltage
actuation, the air inside the balloon and chamber is taken as ideal
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gas. The pressure P in the balloon and chamber, and the volume
of the balloon Vballoon are governed by

NkT ¼ Vchamber þ Vballoonð Þ � Patm þ Pð Þ (1)

where N is the molecular number, kT represents the temperature
in the unit of energy, and Patm is the pressure of the surrounding
atmosphere. We use video cameras to track the 3D shape of the
balloon in both the top and side views simultaneously and record
air pressure using the pressure gauge. In the experiments, inflation
pressure is tuned around 20 mbar until the valves are closed. Vol-
tages ranging from 0 to 7.5 kV are supplied by TREK 610E. As
shown in Fig. 3, four different patterns of electrodes are chosen,
tricircle (Fig. 3(a)), triangle (Fig. 3(b)), semicircle (Fig. 3(c)), and
inner circle (Fig. 3(d)). Different 2D patterns of electrodes provide
extensive range for active shape control. For instance, in the
tricircle case (Fig. 3(a)), the patterned area can be actuated by
voltage to form three antennas, and has the potential to be a soft
gripper. In the inner-circle case (Fig. 3(d)), the curvature of the
top area can be tuned fast and easily, and can be designed as soft
lenses using transparent electrode techniques.

Furthermore, to enhance the voltage induced actuation, mem-
branes with multiple layers are adopted. As shown in Fig. 4(a),
two membranes (3M-VHB 4905) are stacked together. The top
layer was cut through with three circular holes by laser cutter.
Compliant electrodes are coated on both sides of the bottom layer
only through the cut regions. This design provides the active
zones larger preactuation deformation compared to the surround-
ing passive zones (Fig. 4(b)). By actuating these active zones,
large voltage induced actuations are achieved (Fig. 4(c)).

3 Simulations

In order to guide the design of DE structures described in
Sec. 2, we simulate the behaviors of DEs transducers using a finite
element method based on the nonlinear field theory [24–26]. The
method is implemented in the commercial finite element software
ABAQUS, which provides a large library of functions to describe
hyperelasticity. It can be used to solve electromechanical coupling
problems of DE transducers with complex configurations and
under inhomogeneous deformation. In the process of designing a
new DE device, especially when the structure is complex, if a
numerical simulation can predict how the performances and
functionalities of the device depends on the material and geomet-
ric parameters, it would provide valuable guidance to the design
and complements to traditional theoretical and experimental
approaches.

The approaches developed by Zhao and Suo [27] and Qu and
Suo [28] are applicable to solid elements but not membrane ele-
ments. When the balloon is inflated by air pressure, the membrane
element is more suitable to describe the deformation than solid
elements. In this study, we rewrite the equations of state in Zhao
and Suo [27] and Qu and Suo [28] and develop a new USER-
MATERIAL subroutine UMAT for membrane element to
simulate the electromechanical coupling of DE structures. The
Helmholtz free energy density function can be expressed as

W k1; k2;Dð Þ ¼ WS k1; k2ð Þ þ D2

2e
(2)

in which the mechanical part and the electrical part are independ-
ent of each other. Following Qu and Suo’s work [28], two sets of
elements are adopted for the same set of nodes, but with different
material properties, one for the mechanical model and the other

Fig. 2 (a) The membrane module (1—the bottom mount, 2—
the membrane, and 3—the acrylic glass clip). (b) Assembling
of the membrane module. (c) Membrane module is mounted on
the air chamber. Three channels from air chamber are con-
nected to the 1—pump, 2—syringe, and 3—pressure gauge.

Fig. 3 The reference, pressurized, and actuated states of the
membranes with different patterns of electrode (a)–(d). The first
row shows the reference states, the second row shows the pres-
surized states, and the third row shows the voltage actuated states.

Fig. 4 (a) Schematics of two combined DE membranes struc-
ture. (b) Membranes in the state of preactuation. (c) Membranes
in the actuated state by voltage.

Fig. 1 A DE membrane (3M-VHB 4905) with patterned electro-
des (carbon grease) is mounted on a chamber and inflated into
a balloon. Voltages are applied through the active zones to
further actuate the membrane.
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for the electrical one. Since the stresses induced by mechanical
deformation and electrical field are calculated at the Gaussian
integration points of each set of elements separately, we devel-
oped a USER-VARIABLE subroutine (UVARM) to obtain the
total stresses in ABAQUS.

We adopt the Neo-Hookean material model to simulate the
actuation of the DE membrane. The DE membrane has the same
two-layered design as in Sec. 2 to achieve large preactuation de-
formation and voltage actuation. Both sides of the DE membrane
are coated with tricircle patterns of electrodes. Figures 5(a) and
5(b) show the preactuation state and the actuated state of the
membrane by voltage. Figures 5(c) and 5(d) show the correspond-
ing numerical results in three-dimensional Cartesian coordinate
systems. UVARM1 denotes the stress along the x-direction, i.e.,
the horizontal direction of the membrane plane in the reference
state. Numerical results are in good agreement with experimental
ones. Huang recently developed a new constitutive framework for
rubberlike materials with finite deformation [29], which can be
used to predict the actuation behavior of DE membranes too.

4 Electromechanical Phase Coexistence

Figure 6 shows the two-phase coexistence behavior during actua-
tion. When there is only pressure being applied, three active zones
of the DE membrane inflate out with same deformation (Figs. 6(a)
and 6(d)). Then a ramping up voltage is applied simultaneously to
all three active zones. Under 3.8 kV voltage, all three active zones
further inflate with same deformation (Figs. 6(b) and 6(e)).

When the voltage reaches 4 kV, one active zone bulges out and
coexists with the other two unbulged active zones (Figs. 6(c) and
6(f)). The “unbulge-to-bulge” phenomenon is analogous to the
liquid-to-vapor phase transition. During actuation, the three active
zones of the DE membrane form a composite thermodynamic
system with the same voltage and pressure applied. Because the
temperature is held constant, under the isothermal condition, the
system reaches a state of equilibrium when the Helmholtz free
energy of the system is stationary. The Helmholtz free energy of
the composite is the sum of the Helmholtz free energy of each
active zone. The condition of coexistence can be formulated
following the previous approaches [25]. In the reference state, the
bulged and the unbulged zones are of the same volume V. In the
pressurized (pressure P) and the voltage actuated state (voltage U),
the bulged and unbulged sections are in two different states of equi-
librium. The bulged and unbulged zones are of different volumes
V1 and V2 (the volume enclosed by the electrode-coated surface
and the base plane formed by its edge), different charges Q1 and
Q2, different electric displacements D1 and D2, and different
deformation fields. To simplify the calculation, the inflated tricircle
membrane is replaced by three connected inflation membranes with
same voltage and pressure (Fig. 7(a)). Following the previous
analysis of DE membrane inflation, in the absence of any applied
load, the membrane is of a circular shape, thickness H, and radius
A. The equations of state for the transducer can be expressed as
follows:

p̂ ¼ pA=lH ¼ f ðV̂;U=H
ffiffiffiffiffiffiffi
e=l

p
Þ (3)

Û ¼ U=H
ffiffiffiffiffiffiffi
e=l

p
¼ gðQ=A2 ffiffiffiffiffi

el
p

; p̂Þ (4)

where V̂ is the dimensionless volume, defined as V̂ ¼ V=A3. We
set the parameters as follows: shear modulus l¼ 45 kPa, permit-
tivity e¼ 4.7e0, where e0 is the permittivity of vacuum. These pa-
rameters are comparable with those reported in literature
[14,30–32]. After calculation, the normalized pressure and volume
curve is plotted in Fig. 7(c). The coexisting bulged (zone 2) and
unbulged (zones 1 and 3) states, marked in Figs. 7(a) and 7(b),
correspond to two states on the curve.

Fig. 5 The comparison between experimental and simulation
results, (a) and (c) are the pressurized state without voltage,
(b) and (d) are the actuated state by voltage

Fig. 6 The side and top views of inflated membranes, (a) and
(d) three active zones of the DE membrane inflate out when
only pressure is applied, (b) and (e) when voltage is applied,
three active zones further inflate out, (c) and (f) when voltage
reaches a certain level, a bulged zone and two unbulged zones
coexist

Fig. 7 (a) To simplify the calculation, the inflated tricircle mem-
brane can be analyzed by three connected inflation membranes
with the same voltage and pressure. One bulged section and
two unbulged sections. (b) The coexisting bulged (zone 2) and
unbulged (zones 1 and 3) states in the experiment. (c) The
corresponding coexisting states on the calculated pressure-
volume curve.
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5 Conclusions

In summary, both the experiment and simulation show that the
shape of a DE membrane with 2D patterned electrodes can be
actively controlled by applying air pressure and voltage. Large
voltage-induced actuation is demonstrated. The method for struc-
tural design and operation may be applicable in various applications
of soft actuators. Furthermore, in a certain specific experimental
setup, phase coexistence behavior is observed. Two stable states
with significantly different actuation volume can coexist and be
switched by voltage. This phase coexistence behavior may offer a
novel way for actuation in soft robots and haptic feedback.
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