
Dielectric Elastomers

Conductive Elastomer 

Insulating Elastomer 
(Dielectric) 

“Soft” Parallel Plate Capacitor 
•  Sensor – capacitance changes w/ pressure & stretch 
•  Actuator – thickness decreases (area increases) 

under applied electrostatic pressure (“Maxwell 
Stress”) 

•  Generator/Transducer – elastic deformation 
changes electrostatic potential of surface charge 

Implementation 
•  Circular Membrane – prestretch and bond to a 

rigid ring 
•  Flexural Structure – prestretch capacitor and bond 

to a flexible substrate 
•  Stacked Capacitor – no prestretch; requires IPN 

treatment to enhance dielectric breakdown strength 
•  Balloon – thin-walled spherical capacitor; inflate 

with air 
•  Spring-roll – thin-walled cylindrical capacitor; 

prestretch and rolled around a helical spring 



Parallel-Plate Capacitor

units:  F = “Farad” = N-m/V2 
Electric permittivity:  ε = εrε0
ε0 = 8.85 x 10-12 F/m = vacuum permittivity
εr = relative permittivity (“dielectric constant”)
e.g. air ~ 1; rubber ~ 2-5; silicon ~ 11; water ~ 100; PZT ~ 1000

Φ C = εA
t

q =CΦ

Electric displacement:  D = q/A
Electric Field:  E = Φ/t
Maxwell’s equation:  D = εE

Analogy  
Φ = C-1q ~ F = kx
Φ ~ F, C ~ k-1, q ~ x 



Capacitive Sensing

Uniaxial strain:  λ1 = λ, λ2 = λ3 = λ�1/2 ⇒	C/C0 = λ	

Biaxial strain:  λ1 = λ2 = λ, λ3 = λ�2 ⇒	C/C0 = λ4	

Pressure/squeezing:  λ3 = λ, λ1 = λ2 = λ�1/2 ⇒	C/C0 = λ�2	
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Maxwell Stress

λ�1/2

λ�1/2

Equibiaxial loading: λ1 = λ2 = λ-2 , λ3 = λ

Prescribed surface charge:  q

Voltage:  Φ = q/C

Maxwell Stress:  σ = qE/A

q+

q-

σ = “Maxwell Stress”

λ



The relative strain equals the absolute strain
if there is zero prestrain in the film. The
relative area strain is defined similarly, with
the active planar area replacing length in the
above expression.

Two types of strain tests were performed,
circular (biaxial) and linear (uniaxial). In the
circular tests, a small circular active region (5
mm in diameter) was used to decrease the
likelihood of a fabrication defect causing an
abnormally low breakdown voltage. The film
was stretched uniformly on the frame, and the
circle expanded in area when a voltage was

applied (Fig. 2). The expansion of the circle
is equal in both x and y planar directions
because there is no preferred planar direction
for the film. By contrast, the linear strain tests
used a high prestrain in one planar direction
and little or no prestrain in the other planar
direction. High prestrain effectively stiffens
the film in the high-prestrain planar direction,
which causes the film to actuate primarily in
the softer, low-prestrain planar direction and
in thickness. Figure 3 shows a linear strain
test. The relative strain was measured in the
central region of the elongated (black) active

area, away from the edge constraints.
The circular test results for three elas-

tomers under different conditions of prestrain
are given in Table 1. The peak relative area
strain was measured directly, and the relative
thickness strain was calculated from the con-
stant volume constraint. The breakdown field
was calculated from the known voltage and
the measured film thickness (corrected for the
given relative thickness strain). No attempt
was made to minimize voltage with these
relatively thick films, and voltages were typ-
ically 4 to 6 kV. Thinner films generally yield
lower but comparable performance at lower
voltage. For example, preliminary measure-
ments showed 104% relative area strain at
980 V using a thinner acrylic film. The elec-
tromechanical energy density e was estimated
from the peak field strength (Eq. 1) and the
relative thickness strain. The value 1⁄2e is
listed in Table 1 for convenient comparison
to conventional elastic energy densities avail-
able for other actuator materials.

As indicated by the values, the VHB 4910
acrylic elastomer gave the highest perfor-
mance in terms of strain and actuation pres-
sure. Extensive lifetime tests have not been
made, but acrylic films have been operated
continuously for several hours at the 100%
relative area strain level with no apparent
degradation in relative strain performance.
However, the acrylic elastomer has relatively
high viscoelastic losses that limit its half-
strain bandwidth (the frequency at which the
strain is one-half of the 1-Hz response) to
about 30 to 40 Hz in the circular strain test.
By comparison, HS3 silicone has been used
for prototype loudspeakers at frequencies as
high as 2 to 20 kHz (16, 17). The actuation of
CF19-2186 silicone, albeit at lower strains
and fields than reported here, has been mea-
sured directly via laser reflections with full
strain response up to 170 Hz (resonance ef-
fects prevented measurement at higher
speeds) (12). The only apparent fundamental
limits on actuation speed are the viscoelastic
losses, the speed of sound in the material, and
the time to charge the capacitance of the film
(electrical response time).

The strains in the linear strain test can be
quite large, up to 215% for the VHB 4910
acrylic adhesive (Table 1). The VHB 4910
acrylic elastomer, when undergoing !160%
strain in a linear strain test, exhibited buck-
ling (the vertical wrinkles in Fig. 3D) that
was not seen in properly stretched silicone
films. Buckling indicates that the film is no
longer in tension in the horizontal direction
during actuation, and that the overall relative
thickness strain is greater than indicated by
measurements of the electrode boundaries.
That is, the relative strain numbers for VHB
4910 in Table 1 may be undervalued.

The dielectric elastomer films presented
here appear promising as actuator materials

Fig. 2. The circular strain test mea-
sures the expansion of an actuated
circle on a larger stretched film. The
photo shows 68% area expansion
during actuation of a silicone film.

Fig. 3. (A and B) Linear strain test of HS3
silicone film with a high horizontal prestrain
for the field off (A) and on (B) with a field
of 128 V/"m; 117% relative strain was
observed in the central region of (B). (C and
D) Activation of acrylic elastomers, produc-
ing about 160% relative strain, for the field
off (C) and on (D); the dark area in (C)
indicates the active region.

Table 1. Circular and linear strain test results.

Material Prestrain
(x,y) (%)

Actuated
relative

thickness
strain (%)

Actuated
relative

area strain
(%)

Field
strength
(MV/m)

Effective
compressive

stress
(MPa)

Estimated
1⁄2e

(MJ/m3)

Circular strain
HS3 silicone (68,68) 48 93 110 0.3 0.098

(14,14) 41 69 72 0.13 0.034
CF19-2186 silicone (45,45) 39 64 350 3.0 0.75

(15,15) 25 33 160 0.6 0.091
VHB 4910 acrylic (300,300) 61 158 412 7.2 3.4

(15,15) 29 40 55 0.13 0.022
Linear strain

HS3 (280,0) 54 117 128 0.4 0.16
CF19-2186 (100,0) 39 63 181 0.8 0.2
VHB 4910 (540,75) 68 215 239 2.4 1.36
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Circular Membrane

1739 citations (as of 2/17/16) 

High-speed electrically actuated elastomers with strain greater than 100% 
Ron Pelrine, Roy Konbluh, Qibing Pei, Jose Joseph, Science vol. 287 (2000)  
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Typical values: 
•  t0 ~ 10-4 m   
•  µ ~ 105 Pa   
•  ε ~ 10-11 F/m   
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Electromechanical Instability (Pull-In)

Very high dielectric strength for dielectric elastomer actuators in 
liquid dielectric immersion 
T-G La and G-K Lau APL 102 192905 (2013) 

t0. The areal strain is measured as sA ¼ A0=A0 " 1, while the
activated thickness is calculated as t0 ¼ tpre=ðsA þ 1Þ, on the
assumption that the dielectric film that is incompressible. In
turn, the true electric field is calculated as ~E0 ¼ V=t0, accord-
ing to Ref. 7. As the voltage was ramped up during DEA
activation, leakage current was monitored continuously
using a digital multimeter (Agilent 34410A) and a NI data
logger while photographs for the activated DEA were cap-
tured using a digital camera.

Electromechanical or pull-in instability of DEAs is often
accompanied by thinning down in thickness and severe

wrinkles8,9,14,24,25 that indicate the loss of tension in the pre-
stretched dielectric film. Such pull-in instability was also
observed in our test of DEA samples. The DEA sample,
which was tested in air, nearly failed at 11 kV and it exhib-
ited a distorted electrode shape and irregular-pitch wrinkles
near the defective spot as shown in Fig. 2(a) (imagesA ). On
the other hand, the DEA sample, which was tested in the liq-
uid dielectric bath, did not fail at 11 kV while mild wrinkles
appeared on the dielectric film (see image in Fig. 2(b)).
Interestingly, as driving voltage went beyond 11 kV, the oil-
immersed DEA continued to work even though the wrinkles
turned from mild (see image at 15 kV) to severe (see the
image at 18 kV).

Figure 2(b) showed actuation of the DEAs as a function
of the applied electric filed. A similar trend of actuation was
observed for both samples tested in either air or oil immer-
sion. The areal actuation strains increase at a decreasing rate
with respect to the applied electric filed. The areal actuation
strains are almost independent of the increasing electric field
above 400 MV/m because the active dielectric film, which
was pre-stretched, lost tension and buckled into wrinkles that
were accompanied primarily by thickness reduction but little
areal expansion. Similar observation on how wrinkles affect
the areal actuation of dielectric elastomer was previously

FIG. 1. A schematic (sectional view) showing the experimental setup, which
has a DEA sample completely immersed in a silicone oil bath while the
DEA is activated by high voltage.

FIG. 2. Electromechanical activation of
DEAs in either the air or the oil immersion:
(a) Photographs showing electrode expan-
sion for a DEA when tested in air. Wrinkles
and sparks at spot were observed on dielec-
tric film when the DEA breaks down at
11 kV (or 450 MV/m). (b) Photographs
showing electrode expansion for a DEA
when tested in the silicone oil immersion.
Wrinkles appear changing from mild to
severely undulated and sagging as the driv-
ing voltage increases from 11 kV to 18 kV,
but the oil immersed DEA did not break
down. (c) A graph showing areal strain of
the activated DEAs as a function of electric
field until breakdown.

192905-2 T.-G. La and G.-K. Lau Appl. Phys. Lett. 102, 192905 (2013)
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homogenous deformation, and neglects the constraint between the two regions. Starting with this paper, we
wish to develop methods to analyze the inhomogeneous deformation. This paper is organized as follows. Sec-
tion 2 summarizes the nonlinear field theory of elastic dielectrics. Section 3 describes a procedure to discretize
the field equations using a meshfree method, and solve the resulting nonlinear algebraic equations using the
Newton–Raphson method. Section 4 describes a material model, which we call the ideal dielectric elastomer.
As a first attempt to analyze the transition between the thin and the thick states, Section 5 introduces a two-
dimensional model. Section 6 reports preliminary numerical results.

2. Nonlinear field theory of elastic dielectrics

This section summarizes the nonlinear field theory of elastic dielectrics, following closely the formulation of
Suo et al. (2007). Only the relations relevant to the present work are included; the reader is directed to the original
paper for motivations for various definitions. We model an elastic dielectric as a continuous body of material par-
ticles. The body may extend to the entire space, but may contain interfaces between dissimilar media. Any state of
the body can serve as a reference state. In the reference state, let X be the coordinates of a material particle, dV(X)
be an element of volume around X, and dA(X) be an element of an interface around X.

In the current state at time t, the material particle X is at a place with coordinates xi = xi(X, t). The defor-
mation gradient tensor is

F iJ ðX; tÞ ¼
oxiðX; tÞ

oX J
: ð1Þ

Section

Q

Φ

*Φ

Φ

Top view

b

a
Top view

X2

X1

X3

Fig. 2. (a) A schematic of an experimental observation reported by Plante and Dubowsky (2006). A thin layer of a dielectric elastomer is
subject to an electric voltage across its thickness. When the voltage is small, the layer deforms homogeneously, thinning in the thickness
direction and expanding in the lateral directions. When the voltage reaches a certain level, the homogeneous deformation becomes
unstable, and the layer deforms into a mixture of two states, one being flat and the other wrinkled. (b) A schematic plot of the relation
between the voltage applied between the two electrodes and the magnitude of the electric charge on either electrode.

J. Zhou et al. / International Journal of Solids and Structures 45 (2008) 3739–3750 3741

Zhou, Hong, Zhao, 
Zhang, Suo,  
IJSS 45 3739-3750 
(2008) 



Electromechanical Instability (Creasing)

quantitatively matched with predictions from a theoretical

model.

Many polymers under voltages are also mechanically

deformed in applications. For example, insulating polymers

usually carry mechanical loads from surrounding components

and thus deform. As another example, dielectric elastomer is one

important type of electro-active polymer actuators.3,23,24 A

milestone in the development of dielectric elastomers is the

discovery that the breakdown field of a dielectric elastomer film

can be greatly enhanced by pre-stretching the film.3,25 Although

the mechanism for the enhancement is not clear, most of the

dielectric-elastomer actuators still work in pre-stretched

states.3,25 In this paper, we will combine experiment and theory to

study the electro-creasing instability of deformed polymers

bonded on substrates. The work will be further focused on the

instability of crosslinked elastomers, which have hyperelastic

stress–strain relations. We describe the Experimental methods in

Section 2. Section 3 gives Experimental results of critical fields

for electro-creasing instability in deformed polymers, and

quantitative predictions from theoretical models. In Section 4,

we show that the measured breakdown fields of dielectric

elastomers are highly possible to be the critical fields of the

electro-creasing instability. We further explain why pre-stretch-

ing a dielectric-elastomer film increases the measured breakdown

field of the film. Section 5 gives the conclusive remarks.

2. Experimental

Fig. 1(a) illustrates the experimental setup to study the

electro-creasing instability of deformed polymers bonded on

substrates. We chose a two-part silicone elastomer, Ecoflex 00-10

(Smooth-On, USA), as the polymer for the experiment because

of its high deformability.26 The two parts (i.e. base and

crosslinker) were mixed, spin-coated on a glass slide covered by

Scotch tape (3M, USA), and crosslinked at room temperature for

12 hours. The volume ratio between crosslinker and base was

varied from 0.2 : 1 to 1 : 1 to obtain a shear modulus ranging

from 5.4 kPa to 10.4 kPa. Ecoflex films of thickness in the range

of 227 mm to 724 mm were obtained by varying the spin-coating

speed from 500 rpm to 150 rpm. The shear moduli of the Ecoflex

films were measured by uniaxial tensile tests with a Micro-Strain

Analyzer (TA Instruments, USA) under a loading rate of 2.5 !
10"4 s"1. The stress–stretch data were fitted to the neo-Hookean

model to give the shear moduli of the Ecoflex films. The

thicknesses of the un-stretched films were measured by Dektak

150 Stylus Profiler (Bruker AXS, USA).

Following polymerization, the Ecoflex film was peeled off the

glass slide and stretched in two orthogonal directions equally by

a factor of lp as shown in Fig. 1(a). A rigid polymer film, Kapton

(DuPont, USA), was bonded on a copper electrode with

conductive epoxy (SPI, USA). The stretched Ecoflex film was

adhered to the Kapton substrate to preserve the pre-stretch. The

top surface of the Ecoflex film was immersed in a transparent

conductive solution (20% wt NaCl solution) to permit observing

the film’s deformation from a microscope (Nikon, Japan) above

the solution. The conductive solution also acted as a conformal

electrode that keeps contact with the Ecoflex film during its

deformation. A high voltage supply (Matsusada, Japan) with

controllable ramping rate was used to apply a voltage between

the copper substrate and the conductive solution. The ramping

rate of the voltage was set to be 10 V s"1. Once the

electro-creasing instability appeared on the polymer, the voltage

was recorded as the critical voltage.

The breakdown fields of pre-stretched VHB films were

measured using the experimental setup demonstrated in Fig. 2

following ref. 27. A VHB film (3M, USA) with a thickness of

500 mm was stretched in two orthogonal directions equally by

a factor of lp and bonded on a copper substrate. The top surface

of the VHB film was immersed in silicone oil (Robinair, USA). A

copper rod with a spherical tip of 8 mm in diameter was placed

vertically in touch with the VHB film. The rod was also

mechanically constrained to avoid any movement during tests. A

ramping voltage was applied between the rod and the substrate

until electrical breakdown occurred. The breakdown voltages

were recorded to calculate the breakdown electric fields.27 To

avoid extremely high voltage, a thinner VHB film (50 mm) was

used for the breakdown test of un-stretched film (i.e. lp ¼ 1).

3. Results and discussion

Critical electric field for the instability

The measured critical voltages Fc for the electro-creasing

instability in films with various thicknesses H and shear moduli

Fig. 1 Schematic illustrations of the current experimental setup for

studying the electro-creasing instability (a), a pattern of electro-creases

(b), the electric fields in the polymers (c), and a cross-section of the

creased film (d).

Fig. 2 Schematic illustrations of the current experimental setup for

testing the electrical breakdown fields in pre-stretched VHB films.27

6584 | Soft Matter, 2011, 7, 6583–6589 This journal is ª The Royal Society of Chemistry 2011

Pu
bl

ish
ed

 o
n 

06
 Ju

ne
 2

01
1.

 D
ow

nl
oa

de
d 

by
 C

ar
ne

gi
e 

M
el

lo
n 

U
ni

ve
rs

ity
 o

n 
23

/0
2/

20
16

 1
5:

06
:0

4.
 

View Article Online

Electro-creasing instability in deformed polymers:   
experiment and theory 
Q. Wang, M. Tahir, L. Zhang, X. Zhao Soft Matter 7 6583 (2011) 

quantitatively matched with predictions from a theoretical

model.

Many polymers under voltages are also mechanically

deformed in applications. For example, insulating polymers

usually carry mechanical loads from surrounding components

and thus deform. As another example, dielectric elastomer is one

important type of electro-active polymer actuators.3,23,24 A

milestone in the development of dielectric elastomers is the

discovery that the breakdown field of a dielectric elastomer film

can be greatly enhanced by pre-stretching the film.3,25 Although

the mechanism for the enhancement is not clear, most of the

dielectric-elastomer actuators still work in pre-stretched

states.3,25 In this paper, we will combine experiment and theory to

study the electro-creasing instability of deformed polymers

bonded on substrates. The work will be further focused on the

instability of crosslinked elastomers, which have hyperelastic

stress–strain relations. We describe the Experimental methods in

Section 2. Section 3 gives Experimental results of critical fields

for electro-creasing instability in deformed polymers, and

quantitative predictions from theoretical models. In Section 4,

we show that the measured breakdown fields of dielectric

elastomers are highly possible to be the critical fields of the

electro-creasing instability. We further explain why pre-stretch-

ing a dielectric-elastomer film increases the measured breakdown

field of the film. Section 5 gives the conclusive remarks.

2. Experimental

Fig. 1(a) illustrates the experimental setup to study the

electro-creasing instability of deformed polymers bonded on

substrates. We chose a two-part silicone elastomer, Ecoflex 00-10

(Smooth-On, USA), as the polymer for the experiment because

of its high deformability.26 The two parts (i.e. base and

crosslinker) were mixed, spin-coated on a glass slide covered by

Scotch tape (3M, USA), and crosslinked at room temperature for

12 hours. The volume ratio between crosslinker and base was

varied from 0.2 : 1 to 1 : 1 to obtain a shear modulus ranging

from 5.4 kPa to 10.4 kPa. Ecoflex films of thickness in the range

of 227 mm to 724 mm were obtained by varying the spin-coating

speed from 500 rpm to 150 rpm. The shear moduli of the Ecoflex

films were measured by uniaxial tensile tests with a Micro-Strain

Analyzer (TA Instruments, USA) under a loading rate of 2.5 !
10"4 s"1. The stress–stretch data were fitted to the neo-Hookean

model to give the shear moduli of the Ecoflex films. The

thicknesses of the un-stretched films were measured by Dektak

150 Stylus Profiler (Bruker AXS, USA).

Following polymerization, the Ecoflex film was peeled off the

glass slide and stretched in two orthogonal directions equally by

a factor of lp as shown in Fig. 1(a). A rigid polymer film, Kapton

(DuPont, USA), was bonded on a copper electrode with

conductive epoxy (SPI, USA). The stretched Ecoflex film was

adhered to the Kapton substrate to preserve the pre-stretch. The

top surface of the Ecoflex film was immersed in a transparent

conductive solution (20% wt NaCl solution) to permit observing

the film’s deformation from a microscope (Nikon, Japan) above

the solution. The conductive solution also acted as a conformal

electrode that keeps contact with the Ecoflex film during its

deformation. A high voltage supply (Matsusada, Japan) with

controllable ramping rate was used to apply a voltage between

the copper substrate and the conductive solution. The ramping

rate of the voltage was set to be 10 V s"1. Once the

electro-creasing instability appeared on the polymer, the voltage

was recorded as the critical voltage.

The breakdown fields of pre-stretched VHB films were

measured using the experimental setup demonstrated in Fig. 2

following ref. 27. A VHB film (3M, USA) with a thickness of

500 mm was stretched in two orthogonal directions equally by

a factor of lp and bonded on a copper substrate. The top surface

of the VHB film was immersed in silicone oil (Robinair, USA). A

copper rod with a spherical tip of 8 mm in diameter was placed

vertically in touch with the VHB film. The rod was also

mechanically constrained to avoid any movement during tests. A

ramping voltage was applied between the rod and the substrate

until electrical breakdown occurred. The breakdown voltages

were recorded to calculate the breakdown electric fields.27 To

avoid extremely high voltage, a thinner VHB film (50 mm) was

used for the breakdown test of un-stretched film (i.e. lp ¼ 1).

3. Results and discussion

Critical electric field for the instability

The measured critical voltages Fc for the electro-creasing

instability in films with various thicknesses H and shear moduli

Fig. 1 Schematic illustrations of the current experimental setup for

studying the electro-creasing instability (a), a pattern of electro-creases

(b), the electric fields in the polymers (c), and a cross-section of the

creased film (d).

Fig. 2 Schematic illustrations of the current experimental setup for

testing the electrical breakdown fields in pre-stretched VHB films.27
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quantitatively matched with predictions from a theoretical

model.

Many polymers under voltages are also mechanically

deformed in applications. For example, insulating polymers

usually carry mechanical loads from surrounding components

and thus deform. As another example, dielectric elastomer is one

important type of electro-active polymer actuators.3,23,24 A

milestone in the development of dielectric elastomers is the

discovery that the breakdown field of a dielectric elastomer film

can be greatly enhanced by pre-stretching the film.3,25 Although

the mechanism for the enhancement is not clear, most of the

dielectric-elastomer actuators still work in pre-stretched

states.3,25 In this paper, we will combine experiment and theory to

study the electro-creasing instability of deformed polymers

bonded on substrates. The work will be further focused on the

instability of crosslinked elastomers, which have hyperelastic

stress–strain relations. We describe the Experimental methods in

Section 2. Section 3 gives Experimental results of critical fields

for electro-creasing instability in deformed polymers, and

quantitative predictions from theoretical models. In Section 4,

we show that the measured breakdown fields of dielectric

elastomers are highly possible to be the critical fields of the

electro-creasing instability. We further explain why pre-stretch-

ing a dielectric-elastomer film increases the measured breakdown

field of the film. Section 5 gives the conclusive remarks.

2. Experimental

Fig. 1(a) illustrates the experimental setup to study the

electro-creasing instability of deformed polymers bonded on

substrates. We chose a two-part silicone elastomer, Ecoflex 00-10

(Smooth-On, USA), as the polymer for the experiment because

of its high deformability.26 The two parts (i.e. base and

crosslinker) were mixed, spin-coated on a glass slide covered by

Scotch tape (3M, USA), and crosslinked at room temperature for

12 hours. The volume ratio between crosslinker and base was

varied from 0.2 : 1 to 1 : 1 to obtain a shear modulus ranging

from 5.4 kPa to 10.4 kPa. Ecoflex films of thickness in the range

of 227 mm to 724 mm were obtained by varying the spin-coating

speed from 500 rpm to 150 rpm. The shear moduli of the Ecoflex

films were measured by uniaxial tensile tests with a Micro-Strain

Analyzer (TA Instruments, USA) under a loading rate of 2.5 !
10"4 s"1. The stress–stretch data were fitted to the neo-Hookean

model to give the shear moduli of the Ecoflex films. The

thicknesses of the un-stretched films were measured by Dektak

150 Stylus Profiler (Bruker AXS, USA).

Following polymerization, the Ecoflex film was peeled off the

glass slide and stretched in two orthogonal directions equally by

a factor of lp as shown in Fig. 1(a). A rigid polymer film, Kapton

(DuPont, USA), was bonded on a copper electrode with

conductive epoxy (SPI, USA). The stretched Ecoflex film was

adhered to the Kapton substrate to preserve the pre-stretch. The

top surface of the Ecoflex film was immersed in a transparent

conductive solution (20% wt NaCl solution) to permit observing

the film’s deformation from a microscope (Nikon, Japan) above

the solution. The conductive solution also acted as a conformal

electrode that keeps contact with the Ecoflex film during its

deformation. A high voltage supply (Matsusada, Japan) with

controllable ramping rate was used to apply a voltage between

the copper substrate and the conductive solution. The ramping

rate of the voltage was set to be 10 V s"1. Once the

electro-creasing instability appeared on the polymer, the voltage

was recorded as the critical voltage.

The breakdown fields of pre-stretched VHB films were

measured using the experimental setup demonstrated in Fig. 2

following ref. 27. A VHB film (3M, USA) with a thickness of

500 mm was stretched in two orthogonal directions equally by

a factor of lp and bonded on a copper substrate. The top surface

of the VHB film was immersed in silicone oil (Robinair, USA). A

copper rod with a spherical tip of 8 mm in diameter was placed

vertically in touch with the VHB film. The rod was also

mechanically constrained to avoid any movement during tests. A

ramping voltage was applied between the rod and the substrate

until electrical breakdown occurred. The breakdown voltages

were recorded to calculate the breakdown electric fields.27 To

avoid extremely high voltage, a thinner VHB film (50 mm) was

used for the breakdown test of un-stretched film (i.e. lp ¼ 1).

3. Results and discussion

Critical electric field for the instability

The measured critical voltages Fc for the electro-creasing

instability in films with various thicknesses H and shear moduli

Fig. 1 Schematic illustrations of the current experimental setup for

studying the electro-creasing instability (a), a pattern of electro-creases

(b), the electric fields in the polymers (c), and a cross-section of the

creased film (d).

Fig. 2 Schematic illustrations of the current experimental setup for

testing the electrical breakdown fields in pre-stretched VHB films.27
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quantitatively matched with predictions from a theoretical

model.

Many polymers under voltages are also mechanically

deformed in applications. For example, insulating polymers

usually carry mechanical loads from surrounding components

and thus deform. As another example, dielectric elastomer is one

important type of electro-active polymer actuators.3,23,24 A

milestone in the development of dielectric elastomers is the

discovery that the breakdown field of a dielectric elastomer film

can be greatly enhanced by pre-stretching the film.3,25 Although

the mechanism for the enhancement is not clear, most of the

dielectric-elastomer actuators still work in pre-stretched

states.3,25 In this paper, we will combine experiment and theory to

study the electro-creasing instability of deformed polymers

bonded on substrates. The work will be further focused on the

instability of crosslinked elastomers, which have hyperelastic

stress–strain relations. We describe the Experimental methods in

Section 2. Section 3 gives Experimental results of critical fields

for electro-creasing instability in deformed polymers, and

quantitative predictions from theoretical models. In Section 4,

we show that the measured breakdown fields of dielectric

elastomers are highly possible to be the critical fields of the

electro-creasing instability. We further explain why pre-stretch-

ing a dielectric-elastomer film increases the measured breakdown

field of the film. Section 5 gives the conclusive remarks.

2. Experimental

Fig. 1(a) illustrates the experimental setup to study the

electro-creasing instability of deformed polymers bonded on

substrates. We chose a two-part silicone elastomer, Ecoflex 00-10

(Smooth-On, USA), as the polymer for the experiment because

of its high deformability.26 The two parts (i.e. base and

crosslinker) were mixed, spin-coated on a glass slide covered by

Scotch tape (3M, USA), and crosslinked at room temperature for

12 hours. The volume ratio between crosslinker and base was

varied from 0.2 : 1 to 1 : 1 to obtain a shear modulus ranging

from 5.4 kPa to 10.4 kPa. Ecoflex films of thickness in the range

of 227 mm to 724 mm were obtained by varying the spin-coating

speed from 500 rpm to 150 rpm. The shear moduli of the Ecoflex

films were measured by uniaxial tensile tests with a Micro-Strain

Analyzer (TA Instruments, USA) under a loading rate of 2.5 !
10"4 s"1. The stress–stretch data were fitted to the neo-Hookean

model to give the shear moduli of the Ecoflex films. The

thicknesses of the un-stretched films were measured by Dektak

150 Stylus Profiler (Bruker AXS, USA).

Following polymerization, the Ecoflex film was peeled off the

glass slide and stretched in two orthogonal directions equally by

a factor of lp as shown in Fig. 1(a). A rigid polymer film, Kapton

(DuPont, USA), was bonded on a copper electrode with

conductive epoxy (SPI, USA). The stretched Ecoflex film was

adhered to the Kapton substrate to preserve the pre-stretch. The

top surface of the Ecoflex film was immersed in a transparent

conductive solution (20% wt NaCl solution) to permit observing

the film’s deformation from a microscope (Nikon, Japan) above

the solution. The conductive solution also acted as a conformal

electrode that keeps contact with the Ecoflex film during its

deformation. A high voltage supply (Matsusada, Japan) with

controllable ramping rate was used to apply a voltage between

the copper substrate and the conductive solution. The ramping

rate of the voltage was set to be 10 V s"1. Once the

electro-creasing instability appeared on the polymer, the voltage

was recorded as the critical voltage.

The breakdown fields of pre-stretched VHB films were

measured using the experimental setup demonstrated in Fig. 2

following ref. 27. A VHB film (3M, USA) with a thickness of

500 mm was stretched in two orthogonal directions equally by

a factor of lp and bonded on a copper substrate. The top surface

of the VHB film was immersed in silicone oil (Robinair, USA). A

copper rod with a spherical tip of 8 mm in diameter was placed

vertically in touch with the VHB film. The rod was also

mechanically constrained to avoid any movement during tests. A

ramping voltage was applied between the rod and the substrate

until electrical breakdown occurred. The breakdown voltages

were recorded to calculate the breakdown electric fields.27 To

avoid extremely high voltage, a thinner VHB film (50 mm) was

used for the breakdown test of un-stretched film (i.e. lp ¼ 1).

3. Results and discussion

Critical electric field for the instability

The measured critical voltages Fc for the electro-creasing

instability in films with various thicknesses H and shear moduli

Fig. 1 Schematic illustrations of the current experimental setup for

studying the electro-creasing instability (a), a pattern of electro-creases

(b), the electric fields in the polymers (c), and a cross-section of the

creased film (d).

Fig. 2 Schematic illustrations of the current experimental setup for

testing the electrical breakdown fields in pre-stretched VHB films.27
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The voltage is also limited by electrical breakdown: 
•  Internal electric field is so large that bound charge carriers get 

energized and mobilized 
•  The charges (electrons or ions) crash into neighbors and form a 

cascade of interactions 
•  Excited charges carry current through the dielectric and cause an 

electrical discharge (much like lightening in air) 
•  Dielectric momentarily acts like a conductor – can lead to 

permanent damage 
•  To prevent breakdown, E must remain less than the breakdown 

strength Eb 

E = Φ
λt0
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ε
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Typical values: 
•  µ ~ 105 Pa   
•  ε ~ 10-11 F/m   
•  Eb ~ 107-108 MV/m 



Electrical Breakdown in Dielectrics

The relative strain equals the absolute strain
if there is zero prestrain in the film. The
relative area strain is defined similarly, with
the active planar area replacing length in the
above expression.

Two types of strain tests were performed,
circular (biaxial) and linear (uniaxial). In the
circular tests, a small circular active region (5
mm in diameter) was used to decrease the
likelihood of a fabrication defect causing an
abnormally low breakdown voltage. The film
was stretched uniformly on the frame, and the
circle expanded in area when a voltage was

applied (Fig. 2). The expansion of the circle
is equal in both x and y planar directions
because there is no preferred planar direction
for the film. By contrast, the linear strain tests
used a high prestrain in one planar direction
and little or no prestrain in the other planar
direction. High prestrain effectively stiffens
the film in the high-prestrain planar direction,
which causes the film to actuate primarily in
the softer, low-prestrain planar direction and
in thickness. Figure 3 shows a linear strain
test. The relative strain was measured in the
central region of the elongated (black) active

area, away from the edge constraints.
The circular test results for three elas-

tomers under different conditions of prestrain
are given in Table 1. The peak relative area
strain was measured directly, and the relative
thickness strain was calculated from the con-
stant volume constraint. The breakdown field
was calculated from the known voltage and
the measured film thickness (corrected for the
given relative thickness strain). No attempt
was made to minimize voltage with these
relatively thick films, and voltages were typ-
ically 4 to 6 kV. Thinner films generally yield
lower but comparable performance at lower
voltage. For example, preliminary measure-
ments showed 104% relative area strain at
980 V using a thinner acrylic film. The elec-
tromechanical energy density e was estimated
from the peak field strength (Eq. 1) and the
relative thickness strain. The value 1⁄2e is
listed in Table 1 for convenient comparison
to conventional elastic energy densities avail-
able for other actuator materials.

As indicated by the values, the VHB 4910
acrylic elastomer gave the highest perfor-
mance in terms of strain and actuation pres-
sure. Extensive lifetime tests have not been
made, but acrylic films have been operated
continuously for several hours at the 100%
relative area strain level with no apparent
degradation in relative strain performance.
However, the acrylic elastomer has relatively
high viscoelastic losses that limit its half-
strain bandwidth (the frequency at which the
strain is one-half of the 1-Hz response) to
about 30 to 40 Hz in the circular strain test.
By comparison, HS3 silicone has been used
for prototype loudspeakers at frequencies as
high as 2 to 20 kHz (16, 17). The actuation of
CF19-2186 silicone, albeit at lower strains
and fields than reported here, has been mea-
sured directly via laser reflections with full
strain response up to 170 Hz (resonance ef-
fects prevented measurement at higher
speeds) (12). The only apparent fundamental
limits on actuation speed are the viscoelastic
losses, the speed of sound in the material, and
the time to charge the capacitance of the film
(electrical response time).

The strains in the linear strain test can be
quite large, up to 215% for the VHB 4910
acrylic adhesive (Table 1). The VHB 4910
acrylic elastomer, when undergoing !160%
strain in a linear strain test, exhibited buck-
ling (the vertical wrinkles in Fig. 3D) that
was not seen in properly stretched silicone
films. Buckling indicates that the film is no
longer in tension in the horizontal direction
during actuation, and that the overall relative
thickness strain is greater than indicated by
measurements of the electrode boundaries.
That is, the relative strain numbers for VHB
4910 in Table 1 may be undervalued.

The dielectric elastomer films presented
here appear promising as actuator materials

Fig. 2. The circular strain test mea-
sures the expansion of an actuated
circle on a larger stretched film. The
photo shows 68% area expansion
during actuation of a silicone film.

Fig. 3. (A and B) Linear strain test of HS3
silicone film with a high horizontal prestrain
for the field off (A) and on (B) with a field
of 128 V/"m; 117% relative strain was
observed in the central region of (B). (C and
D) Activation of acrylic elastomers, produc-
ing about 160% relative strain, for the field
off (C) and on (D); the dark area in (C)
indicates the active region.

Table 1. Circular and linear strain test results.

Material Prestrain
(x,y) (%)

Actuated
relative

thickness
strain (%)

Actuated
relative

area strain
(%)

Field
strength
(MV/m)

Effective
compressive

stress
(MPa)

Estimated
1⁄2e

(MJ/m3)

Circular strain
HS3 silicone (68,68) 48 93 110 0.3 0.098

(14,14) 41 69 72 0.13 0.034
CF19-2186 silicone (45,45) 39 64 350 3.0 0.75

(15,15) 25 33 160 0.6 0.091
VHB 4910 acrylic (300,300) 61 158 412 7.2 3.4

(15,15) 29 40 55 0.13 0.022
Linear strain

HS3 (280,0) 54 117 128 0.4 0.16
CF19-2186 (100,0) 39 63 181 0.8 0.2
VHB 4910 (540,75) 68 215 239 2.4 1.36
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The relative strain equals the absolute strain
if there is zero prestrain in the film. The
relative area strain is defined similarly, with
the active planar area replacing length in the
above expression.

Two types of strain tests were performed,
circular (biaxial) and linear (uniaxial). In the
circular tests, a small circular active region (5
mm in diameter) was used to decrease the
likelihood of a fabrication defect causing an
abnormally low breakdown voltage. The film
was stretched uniformly on the frame, and the
circle expanded in area when a voltage was

applied (Fig. 2). The expansion of the circle
is equal in both x and y planar directions
because there is no preferred planar direction
for the film. By contrast, the linear strain tests
used a high prestrain in one planar direction
and little or no prestrain in the other planar
direction. High prestrain effectively stiffens
the film in the high-prestrain planar direction,
which causes the film to actuate primarily in
the softer, low-prestrain planar direction and
in thickness. Figure 3 shows a linear strain
test. The relative strain was measured in the
central region of the elongated (black) active

area, away from the edge constraints.
The circular test results for three elas-

tomers under different conditions of prestrain
are given in Table 1. The peak relative area
strain was measured directly, and the relative
thickness strain was calculated from the con-
stant volume constraint. The breakdown field
was calculated from the known voltage and
the measured film thickness (corrected for the
given relative thickness strain). No attempt
was made to minimize voltage with these
relatively thick films, and voltages were typ-
ically 4 to 6 kV. Thinner films generally yield
lower but comparable performance at lower
voltage. For example, preliminary measure-
ments showed 104% relative area strain at
980 V using a thinner acrylic film. The elec-
tromechanical energy density e was estimated
from the peak field strength (Eq. 1) and the
relative thickness strain. The value 1⁄2e is
listed in Table 1 for convenient comparison
to conventional elastic energy densities avail-
able for other actuator materials.

As indicated by the values, the VHB 4910
acrylic elastomer gave the highest perfor-
mance in terms of strain and actuation pres-
sure. Extensive lifetime tests have not been
made, but acrylic films have been operated
continuously for several hours at the 100%
relative area strain level with no apparent
degradation in relative strain performance.
However, the acrylic elastomer has relatively
high viscoelastic losses that limit its half-
strain bandwidth (the frequency at which the
strain is one-half of the 1-Hz response) to
about 30 to 40 Hz in the circular strain test.
By comparison, HS3 silicone has been used
for prototype loudspeakers at frequencies as
high as 2 to 20 kHz (16, 17). The actuation of
CF19-2186 silicone, albeit at lower strains
and fields than reported here, has been mea-
sured directly via laser reflections with full
strain response up to 170 Hz (resonance ef-
fects prevented measurement at higher
speeds) (12). The only apparent fundamental
limits on actuation speed are the viscoelastic
losses, the speed of sound in the material, and
the time to charge the capacitance of the film
(electrical response time).

The strains in the linear strain test can be
quite large, up to 215% for the VHB 4910
acrylic adhesive (Table 1). The VHB 4910
acrylic elastomer, when undergoing !160%
strain in a linear strain test, exhibited buck-
ling (the vertical wrinkles in Fig. 3D) that
was not seen in properly stretched silicone
films. Buckling indicates that the film is no
longer in tension in the horizontal direction
during actuation, and that the overall relative
thickness strain is greater than indicated by
measurements of the electrode boundaries.
That is, the relative strain numbers for VHB
4910 in Table 1 may be undervalued.

The dielectric elastomer films presented
here appear promising as actuator materials

Fig. 2. The circular strain test mea-
sures the expansion of an actuated
circle on a larger stretched film. The
photo shows 68% area expansion
during actuation of a silicone film.

Fig. 3. (A and B) Linear strain test of HS3
silicone film with a high horizontal prestrain
for the field off (A) and on (B) with a field
of 128 V/"m; 117% relative strain was
observed in the central region of (B). (C and
D) Activation of acrylic elastomers, produc-
ing about 160% relative strain, for the field
off (C) and on (D); the dark area in (C)
indicates the active region.

Table 1. Circular and linear strain test results.

Material Prestrain
(x,y) (%)

Actuated
relative

thickness
strain (%)

Actuated
relative

area strain
(%)

Field
strength
(MV/m)

Effective
compressive

stress
(MPa)

Estimated
1⁄2e

(MJ/m3)

Circular strain
HS3 silicone (68,68) 48 93 110 0.3 0.098

(14,14) 41 69 72 0.13 0.034
CF19-2186 silicone (45,45) 39 64 350 3.0 0.75

(15,15) 25 33 160 0.6 0.091
VHB 4910 acrylic (300,300) 61 158 412 7.2 3.4

(15,15) 29 40 55 0.13 0.022
Linear strain

HS3 (280,0) 54 117 128 0.4 0.16
CF19-2186 (100,0) 39 63 181 0.8 0.2
VHB 4910 (540,75) 68 215 239 2.4 1.36
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High-speed electrically actuated elastomers with strain greater than 100% 
Ron Pelrine, Roy Konbluh, Qibing Pei, Jose Joseph, Science vol. 287 (2000)  



When charge is the free variable,  
use the “internal electrical energy”: 

Energy Method 

Γ =
q2

2C

u = 1
2
D ⋅E

The total electrical energy is calculated by  
integrating over the volume in the current placement: Γ =

1
2
D ⋅E

#
$
%

&
'
(
dV

B∫

For a parallel-plate capacitor, E = (F/h)e3 and D = (q/A)e3  

Γ =
1
2
D ⋅E
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Noting that F = q/C, 

Referring to the “spring analogy” F ~ F, u ~ q, and k ~ C-1, the internal electrical 
energy has the same form as the elastic spring energy ku2/2. 

Γ =
q̂
C
dq̂

0

q
∫

As with spring energy, an alternative way to derive G for a parallel 
plate capacitor is by integrating F for charge increasing from 0 to q:  



Consider the same Ogden solid as before: 

Example 

W =
µ
4
λ1
4 +λ2

4 +λ3
4 −3( ) = µ4

2
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+λ4 −3
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'
(

The total potential energy is 
 
where 

⇒Π =
µ
4
2
λ2

+λ4 −3
%

&
'

(

)
*A0h0 +

λ2t0q
2

2εA0

Γ =
q2

2C
=
hq2

2εA
=
λ2h0q

2

2εA0

Π =WV0 +Γ

dΠ
dλ

=µ λ3 −
1
λ3

$

%
&

'

(
)A0t0 +

λt0q
2

εA0

≡ 0

If q is prescribed as a fixed value, then Π is only minimized w.r.t. λ: 

… must solve numerically for λ. 



Now suppose that Φ is prescribed/fixed and q is unknown.  This is analogous to 
stretching a spring with a prescribed force F.  In this case, the potential becomes  

Π =WV0 +Γ−qΦ.
The proof is similar to before.  Applying a voltage Φ to the capacitor results in a 
charge q* = CΦ at electrostatic equilibrium.  Now suppose that the capacitor is 
loaded with additional charge δq.  The electrostatic work required to elevate δq to a 
voltage Φ must be balanced by the change in internal electrical energy: 

δΓ = Φdq
q*

q*+δq
∫ =Φδq⇒δ Γ−qΦ( ) = 0

Γ̂ = Γ−qΦ.This implies that for variations in q, Γ must be replaced by  

Π =
µ
4
2
λ2

+λ4 −3
$

%
&

'

(
)A0h0 +

λ2t0q
2

2εA0

−qΦ

Now, Π must be minimized w.r.t. λ and q: 

dΠ
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λt0q
2
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For cases when Φ is prescribed, a shortcut is to use the electrical enthalpy instead of 
internal energy.  This is associated with a change of variables for Π: 

Π =Π λ, q( )→ Π = Π λ,Φ( ).

Recall Π =WV0 +Γ−qΦ

=WV0 −qΦ+ Φdq̂
0

q
∫

Performing an integration by parts (“Legendre Transformation”) 

Π =WV0 −qΦ+qΦ− qdΦ̂
0

Φ

∫
=WV0 −

1
2
CΦ2

“Electrical Enthalpy” 
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  DEA Generator
A Maintain voltage (Φin)
and stretch dielectric(increase C 
à increase Q)
Current in (low voltage)

B Maintain charge (Qhigh)
and let dielectric  
partially relax
(reduce C à increase Φ)

C Maintain voltage (Φout)
and let dielectric completely relax
(reduce C à decrease Q)
Current out (high voltage)

D Maintain charge (Qin)
and let dielectric  
partially stretch
(increase C à reduce Φ)

Dielectric starts out with a 
small voltage drop (Φin) and 
is partially stretched

D

Φin A

Charge

Voltage

B

Qlow Qhigh

Φout

C



  DEA Generator
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Harvest electrical energy from changes in fluid pressure 
•  Balloon 
•  Energy harvesting shoe 
•  Ocean waves 



  Balloon Generator

Kaltseis, Suo, Bauer, et al. APL (2011) 

We monitor the mechanical energy flows by tracking
the excess pressure p in the chamber with a JUMO

TM

dtrans
p30 pressure sensor and by monitoring the volume V of
the balloon with the video of the deforming membrane.
We realize the two charge reservoirs of different voltages,
Uin and Uout, by using high-voltage capacitors (FTCap

TM

Germany) with capacitance of Cin ¼ Cout ¼ 440 nF, much
larger than the maximum capacitance of the membrane
Cmax ¼ 34:7 nF in the fully inflated state. The voltage of
the membrane, Um, is measured without electrical contact
by a Kelvin probe voltmeter (TREK

TM

model 341 A) to
avoid charge leakage through the measurement instrument.
The measured voltage Um is taken to be the same as the
voltage of the input reservoir when it is connected to the
membrane, and the slight decrease in the voltage DUin of
the input reservoir determines the amount of charge drawn
from the input reservoir, DQ ¼ CinDUin. A similar proce-
dure determines the charge released to the output reservoir.
Data acquisition is performed with a DAQ-card (National
Instruments

TM

PCI-6040 E). The charge reservoirs are con-
nected to the top electrode of the membrane via high-
voltage reed relays (Meder

TM

H12-1A69). The inlet and out-
let valves as well as the relays are controlled via an USB-
relay card (QUANCOM

TM

USBREL8/A) and a LabView
TM

program.
The energy flows are shown in Fig. 1(b). The reservoir

of low voltage Uin supplies electric charge to the membrane,
the mechanical energy elevates the voltage of the charge,
and the charge is then released to the reservoir of high volt-
age Uout. That is, the mechanical energy pumps electric
charge from a low voltage to a high voltage.

Figure 2 shows the chosen cycle of energy conversion in
a plane, whose axes are work-conjugate variables: the volt-
age Um and the charge Qm of the membrane. At state 1 the
membrane is connected to the input reservoir at voltage Uin.

In the isovoltaic process from state 1 to state 2, the mem-
brane at voltage Uin is inflated (the balloon shape is indicated
with solid (state 1) and dashed (state 2) lines), drawing an
amount of charge DQ ¼ Qhigh " Qlow and electrical energy
jDE12j ¼ UinDQ from the input reservoir. Next, the mem-
brane is disconnected from the reservoir to work under open
circuit conditions. The membrane is deflated, and hence the
voltage of the membrane increases by DU ¼ Uout " Uin

reaching Uout at state 3. From state 3 to state 4 the membrane
is connected to the output reservoir at high voltage Uout. By
releasing air in this second isovoltaic step, an amount of
charge DQ from the compliant electrodes and electrical
energy jDE34j ¼ UoutDQ is transferred to the output reser-
voir. In the constant charge step under open circuit condi-
tions from state 4 to state 1, the membrane is inflated until
the electrical voltage decreases to Uin, completing the cycle.
For the rectangular cycle chosen, the electrical energy gener-
ated per cycle is Egen ¼ jDE34j" jDE12j ¼ DUDQ. If the
output voltage Uout and maximal volume are chosen close to
the material limits (dielectric breakdown and rupture), the
cycle can be used to compare the aptitude of different mate-
rials for use in DEGs.

Figure 3(a) shows the evolution of electrical work-
conjugate variables: voltage Um and charge Qm. At t ¼ 0s
the voltage on the membrane is Uout ¼ 4:5 kV and the
charge on the electrodes is Qlow, corresponding to state 4 in
Fig. 2. By inflating the membrane we increase the capaci-
tance Cm and reduce the voltage Um reaching Uin ¼ 2:5kV
(state 1) at t # 0:48s. At this moment the input reservoir Cin

is connected to the membrane. The voltage shortly falls
below Uin because of control latency, with negligible effect
on the harvested energy, as shown later. The slight voltage
decrease DU12 of the input reservoir between state 1 and 2
(between t # 0:48s and t # 3:48s) is used to calculate the
amount of charge DQ12 ¼ CinDU12 ¼ 74:36 lC and energy
jDE12j ¼ 183 mJ extracted from the input reservoir.

Rapid deflation (used to avoid charge leakage through
the elastomer membrane) under open-circuit conditions
causes the voltage to shortly rise above Uout ¼ 4:5kV at
t # 3:86s (due to control latency), then the output reservoir

FIG. 2. (Color online) Rectangular energy conversion cycle operating
between two charge reservoirs depicted in the work-conjugate (U,Q) plane.
The cycle proceeds counterclockwise from state 1 to state 4. During the four
steps of the cycle solid and dashed lines indicate the evolution of the balloon
shape. In the constant voltage steps, 1 ! 2 and 3 ! 4, charges are taken
from the low voltage reservoir and fed into the high voltage reservoir. In the
constant charge steps 2! 3 and 4! 1, the voltage across the membrane is
brought in line with the reservoirs. The area enclosed by the contour corre-
sponds to the generated electrical energy DUDQ.

FIG. 3. (Color online) Time evolution of work-conjugate variables during
one full conversion cycle. (a) Voltage Um (top) and charge Qm (bottom) on
the membrane. (b) Excess pressure p (top) and volume V (bottom) of the bal-
loon. Dashed red lines with number labels correspond to the respective states
in Fig. 2.

162904-2 Kaltseis et al. Appl. Phys. Lett. 99, 162904 (2011)
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  DEA Generator

0.8 J per step 
Avg. Power ~ 1 Watt 
Specific Energy:  0.3J/g 
33% conversion 

Iain Anderson (Univ. Auckland) 
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Reduced Model and Application
of Inflating Circular Diaphragm
Dielectric Elastomer Generators
for Wave Energy Harvesting
Dielectric elastomers (DE) are incompressible rubberlike solids whose electrical and
structural responses are highly nonlinear and strongly coupled. Thanks to their coupled
electromechanical response, intrinsic lightness, easy manufacturability, and low-cost,
DEs are perfectly suited for the development of novel solid-state polymeric energy con-
version units with capacitive nature and high-voltage operation, which are more resil-
ient, lightweight, integrated, economic, and disposable than traditional generators based
on conventional electromagnetic technology. Inflated circular diaphragm dielectric elas-
tomer generators (ICD-DEG) are a special embodiment of polymeric transducer that can
be used to convert pneumatic energy into usable electricity. Potential application of
ICD-DEG is as power take-off system for wave energy converters (WEC) based on the
oscillating water column (OWC) principle. This paper presents a reduced, yet accurate,
dynamic model for ICD-DEG that features one kinematic degree of freedom and which
accounts for DE visco-elasticity. The model is computationally simple and can be easily
integrated into existing wave-to-wire models of OWCs to be used for fast analysis and
real-time applications. For demonstration purposes, integration of the considered ICD-
DEG model with a lumped-parameter hydrodynamic model of a realistic OWC is also
presented along with a simulation case study. [DOI: 10.1115/1.4028508]

Introduction

DE transducers are a promising technology for the development
of solid-state actuators, sensors, and generators [1]. DE trans-
ducers comprise one or more sheets of incompressible dielectric
rubber that are sandwiched between compliant electrodes to form
a deformable capacitor. In actuator mode, electrostatic attraction
between oppositely charged electrodes is used to convert electric-
ity into mechanical energy. In sensor mode, measurements of the
electrical impedance of the deformable transducer are used to
infer strains or stresses (i.e., displacements or forces). In generator
mode, mechanical energy is converted into direct electricity via
the variable–capacitance electrostatic generator principle.

Properties of DEs which make them suited for transduction
applications are: low mass density; large deformability; high
energy density; rather good electromechanical conversion effi-
ciency; moderate or low-cost; solid-state monolithic embodiment
with no sliding parts; easy to manufacture, assemble and recycle;
good chemical resistance to corrosive environments; and silent
operation.

Initially proposed as musclelike actuators for robots, DE are
now receiving significant attention for energy scavenging applica-
tions [2–6]. Their intrinsically cyclical operation makes them par-
ticularly suited for the development of WEC [7–12]. Specifically,
dielectric elastomer generators (DEG) are foreseen to replace the
power take-off systems of traditional WEC, which are currently
made of stiff, heavy, shock-sensitive, corrosion-sensitive, and
costly (metallic and rare-earth) materials. Expected advantages of
DEG power take-off systems are: ease of installation and mainte-
nance; low capital and operating costs; shock and corrosion

insensitivity; noise and vibration free operation; and high energy
conversion efficiency that is independent of sea-wave period.

A very interesting concept of a DEG-based WEC is the poly-
meric oscillating water column (poly-OWC) [9] that is shown in
Fig. 1. A poly-OWC is a partially submerged hollow structure fea-
turing an immersed part opened to the sea action, and an upper
part closed by a DEG membrane forming an air chamber. The
structure partially encloses a column of water that is exposed to
the incident wave field at the bottom and to the chamber air pres-
sure at the top. As the waves impinge on the poly-OWC structure,
wave-induced pressure oscillations at the underwater interface
cause the reciprocating motion of the water column, with a

Fig. 1 Poly-OWC WEC
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