
Stacked Dielectric Elastomer

Thin membrane structures can assume complex shapes
under the influence of boundary geometry. A simple exam-
ple is a soap film supported within a non-planar boundary
that assumes a shape minimizing the film’s stored elastic
strain and gravitational energy. Kofod and co-workers53,54

have taken this a step further, by coupling a stretched DE
membrane to a flexible plastic frame. The resulting self-
configuring electro-active structure can be used for small
machines. Examples include a mini-gripper54 that opens
when the voltage is on (Fig. 10), or an array of touch-
sensitive actuators for a conveyor, as developed by O’Brien
et al.55 The latter device is described further in Sec. III.

In all of the examples cited above, workers have used
the in-plane electro-active extension or expansion strain of

DE for actuation. To achieve muscle-like contraction, we
can also take advantage of DE thickness reduction. This
presents some interesting engineering challenges associated
with the stacking of many thin layers of muscle. Several
methods for manufacturing such actuators have been pro-
posed. Carpi et al.56 produced a multi-level contractile actua-
tor consisting of an elastomer helix electroded on top and
bottom and sealed with a thin layer of silicone (Fig. 11) that
was capable of contractile strains of 5% for an electric field
of 14 MV/m. The group has also produced an easier to fabri-
cate, silicone sealed, stack actuator built up from a folded
single layer of an electroded silicone dielectric57 (Fig. 11).
Folded actuators 85 mm high and 25 mm wide were pro-
duced from folded layers that were 0.5-0.8 mm thick.

FIG. 12. (a) Schematic of the stack actuator design by Kovacs et al.58 (b) Stack actuators in action. Reprinted with permission from Ref. 58.

FIG. 13. (Top) Schematic of three-stage
automated process for producing multi-layer
patterned devices. (Bottom) The vibrotactile
display. Demonstrator with highlighted actu-
ator elements and contact areas. Reprinted
with permission from Lotz et al.62
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a b s t r a c t

This paper presents a novel approach for active structures driven by soft dielectric electro-active polymers
(EAPs), which can perform contractive displacements at external tensile load. The active structure is
composed of an array of equal segments, where the dielectric films are arranged in a pile-up configuration.
The proposed active structure has the capability of exhibiting uniaxial contractive deformations, while
being exposed to external tensile forces. The serial arrangement of active segments has one contracting
degree of freedom in the thickness direction of the dielectric EAP film layers.

Due to the envisaged tension force transmission capability, special attention is paid to the electrode
design which is of paramount importance with regard to functionality of the actuator. A compliant elec-
trode system with anisotropic deformation properties is presented based on nano scale carbon powder.
In experiments, the free deformation as well as the contractive motion under external tensile loading of
several actuator configurations with different setups is characterized. These involve the study of various
sizes and numbers of stacked film layers as well as different electrode designs.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the last decade, the interest in “smart materials”, which
respond to external stimuli by changing their shape or size, has
essentially increased. In particular soft dielectric EAPs as muscle-
like actuators, a subgroup of the electro-active polymers (EAPs),
have attracted much interest in recent years due to their outstand-
ing active deformation potential [1–4]. Soft dielectric EAPs consist
of a thin elastomer film, which is coated on both sides with compli-
ant electrodes (Fig. 1, left). When applying a DC high voltage U (in
the range of several kV) to this compliant capacitor, the electrodes
squeeze the elastomeric dielectric in the thickness direction (elec-
trode pressure, Pequivalent [5]), and thus the nearby incompressible
film expands in the planar direction (Fig. 1, right).

Pequivalent = ε0 · εr ·
(

U
d

)2
(1)

Thereby ε0 is the free-space dielectric permittivity
(ε0 = 8.85 × 10−12 F/m), εr is the relative permittivity of the
dielectric material and d represents the thickness of the dielectric
film. As soon as the voltage is switched off and the electrodes are
short-circuited the film deforms back to its initial state.

So far, a variety of different types of dielectric elastomer (DE)
actuators have demonstrated the versatile capabilities of this actu-
ator technology (e.g. [6,7]). Due to their intrinsic compliance and

∗ Corresponding author. Tel.: +41 0 44 823 4063; fax: +41 0 44 823 4011.
E-mail address: gabor.kovacs@empa.ch (G. Kovacs).

unique deformation potential, soft dielectric EAPs are promising
for compliant, lightweight structures in the macro-scale, which can
perform continuous displacements. The actuation of the dielectric
elastomer films can be used in two different ways. Based on the
principle of operation, two directions are possible to perform work
against external loads (Fig. 2):

• Work in the planar directions (expanding actuator): Under electri-
cal activation of a DE basic unit the film expands in the x, y plane
(Fig. 1) and can thus work against external pressure loads in both
planar directions x and y.

• Work in the thickness direction (contractile actuator): Under elec-
trical activation the electrodes squeeze the DE film in the
thickness direction (z) (Fig. 1). Thus, the actuator can work against
external tensile loads acting in the direction of the electric field
lines of the compliant capacitor.

With regard to the elastomers used as the dielectric in DE actu-
ators, the best overall performances have been shown by mainly
silicone and acrylic films, such as commercially available VHB 4910
from 3 M [8,9]. The dielectric film, made from acrylic VHB 4910
especially for DE actuators, is strongly pre-strained in planar direc-
tions in order to reduce the thickness and therefore the required
activation voltage level. To maintain the DE film in this biaxially
pre-strained state a support structure is needed. To enable the
required displacements this support structure must offer the cor-
responding mechanical degrees of freedom (DOF). Obviously, in
pre-strained DE actuators the design of the support structure is
one of the key issues and causes many design constraints.

0924-4247/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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Figure 12. Axial contraction of a prototype folded actuator with
rectangular cross section: (a) rest state; (b) activation.
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Figure 13. Electric field dependence of the axial strain of a prototype
folded actuator with rectangular cross section and no
pre-compression (a fitting curve is inserted as a guide for the eye).

(not lower than 0.5 mm). Thinner elastomers may behave
differently, even in consideration of the stress experienced by
the material around the folds.

As another point, a sort of ‘optimization’ of the ratio
between the electroded area of the cross section with respect
to its total extension is considered of fundamental importance.
For a definite geometry of the cross section, this implies a
reduction of the inactive area to the limit electrically permitted
(in order to avoid lateral electric discharges). However,
if the geometry of the cross section is not constrained by
the application, the use of a rectangular shape seems to be
preferable. In fact, this permits us to limit the inactive portions
to a couple of lateral bands (increasing the above-mentioned
area ratio). Therefore, for the same value of the active area, a
rectangular cross section seems to be better than a circular one.
As an example, figure 12 presents a contraction of a prototype
sample of such an actuator. The efficacy of this elementary
configuration is shown by the preliminary data reported in
figure 13. They show that strains greater than those of a circular
actuator can be achieved.

These preliminary data encourage further investigations
aimed at identifying optimized dimensional parameters, so as

to obtain the most from this simple and promising new type of
contractile actuator.

6. Conclusions

The concept of a new dielectric elastomer actuator with
contractile linear properties has been described. The proposed
configuration permits us to obtain a monolithic compact
structure, functionally equivalent to a multi-layer stack but
with continuous electrodes. Silicone-made prototypes have
been demonstrated. The simplicity of fabrication of this new
type of actuator may facilitate the short-term diffusion of
contractile devices, to be readily employed for a broad range
of potential applications.
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Figure 12. Axial contraction of a prototype folded actuator with
rectangular cross section: (a) rest state; (b) activation.
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Abstract
Polymer-based linear actuators with contractile ability are currently
demanded for several types of applications. Within the class of dielectric
elastomer actuators, two basic configurations are available today for such a
purpose: the multi-layer stack and the helical structure. The first consists of
several layers of elementary planar actuators stacked in series mechanically
and parallel electrically. The second configuration relies on a couple of
helical compliant electrodes alternated with a couple of helical dielectrics.
The fabrication of both these configurations presents some specific
drawbacks today, arising from the peculiarity of each structure. Accordingly,
the availability of simpler solutions may boost the short-term use of
contractile actuators in practical applications. For this purpose, a new
configuration is here described. It consists of a monolithic structure made of
an electroded sheet, which is folded up and compacted. The resulting device
is functionally equivalent to a multi-layer stack with interdigitated electrodes.
However, with respect to a stack the new configuration is advantageously not
discontinuous and can be manufactured in one single phase, avoiding
layer-by-layer multi-step procedures. The development and preliminary
testing of prototype samples of this new actuator made of a silicone
elastomer are presented here.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Several types of polymers present intrinsic high compliance,
lightness, high processability and the usual low cost.
These properties, in addition to different types of active
functionalities they can show, are frequently regarded as
advantageous for the use of such materials for specific
actuation tasks. In particular, actuators based on electroactive
polymers (EAP) offer attractive performances in these and
other respects [1, 2]. They are being studied for a very broad
spectrum of potential fields of application, such as robotics,
biomedical engineering, automotive, aerospace, etc. However,
at present a large number of such areas of application would
benefit from new reliable actuators having linear contractile
properties. For instance, they may find challenging uses as
‘artificial muscles’ [1, 2]. Prosthetics, orthotics, robotics and
bio-robotics are just a few examples of the general areas of
potential application for such devices.

Within the broad EAP family, actuators based on dielectric
elastomers represent one of the most performing technologies.

They consist of insulating soft elastomers subjected to high
electric fields, applied via compliant electrodes [3–5]. With
respect to different EAP actuators, they can exhibit very large
deformations at medium–high stresses. The electromechanical
response is mainly due to an electrostatic compression, which
arises from interactions among the electrode free charges
(Maxwell stress effect). In particular, when a thin film of
a dielectric elastomer is sandwiched between two compliant
electrodes charged by a high voltage difference, a squeezing of
the material at constant volume is achieved [3–5].

Several research efforts are today being focused on
dielectric elastomer actuation. Accordingly, a quick widening
of the affordable range of applications is expected in the
next few years. A large number of different types of
dielectric elastomer actuators have been demonstrated so far.
Most notable examples include planar devices, rolls, tubes,
stacks, diaphragms, extenders, bimorph and unimorph benders,
etc [3–12]. Nevertheless, despite such a variety of devices,
very few solutions are currently available to obtain linear
contractile actuators. A first type of approach adopts auxiliary
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These properties, in addition to different types of active
functionalities they can show, are frequently regarded as
advantageous for the use of such materials for specific
actuation tasks. In particular, actuators based on electroactive
polymers (EAP) offer attractive performances in these and
other respects [1, 2]. They are being studied for a very broad
spectrum of potential fields of application, such as robotics,
biomedical engineering, automotive, aerospace, etc. However,
at present a large number of such areas of application would
benefit from new reliable actuators having linear contractile
properties. For instance, they may find challenging uses as
‘artificial muscles’ [1, 2]. Prosthetics, orthotics, robotics and
bio-robotics are just a few examples of the general areas of
potential application for such devices.

Within the broad EAP family, actuators based on dielectric
elastomers represent one of the most performing technologies.

They consist of insulating soft elastomers subjected to high
electric fields, applied via compliant electrodes [3–5]. With
respect to different EAP actuators, they can exhibit very large
deformations at medium–high stresses. The electromechanical
response is mainly due to an electrostatic compression, which
arises from interactions among the electrode free charges
(Maxwell stress effect). In particular, when a thin film of
a dielectric elastomer is sandwiched between two compliant
electrodes charged by a high voltage difference, a squeezing of
the material at constant volume is achieved [3–5].

Several research efforts are today being focused on
dielectric elastomer actuation. Accordingly, a quick widening
of the affordable range of applications is expected in the
next few years. A large number of different types of
dielectric elastomer actuators have been demonstrated so far.
Most notable examples include planar devices, rolls, tubes,
stacks, diaphragms, extenders, bimorph and unimorph benders,
etc [3–12]. Nevertheless, despite such a variety of devices,
very few solutions are currently available to obtain linear
contractile actuators. A first type of approach adopts auxiliary
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Dielectric:  BJB TC-5005 Silicone/PDMS 
Conductor:  CAF 4 Rhodorsil Silicone +  Vulcan XC 
R72 Carbon Powder 
 

Dielectric:  VHB 4910 Acrylic Elastomer infused w/ a 
penetrating network of 1,6-hexanediol diacrylate for 
enhanced dielectric breakdown strength 
Conductor:  Ketjenblack 600 (Akzo Nobel) Carbon 
Powder 
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Viscoelasticity

Kelvin-Voigt Model: σ = E λ −1( )+ηdλ
dt
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Viscoelasticity

For a Neo-Hookean Solid subject to unixaxial loading and Maxwell Stress,  

σ3 −σM = C1 λ2 −
1
λ

$

%
&

'

(
)

Including the viscoelasticity term, this becomes 

σ =C1 λ
2 −
1
λ

$

%
&

'

(
)+

εΦ2

λ2h0
2 +η

dλ
dt

0 5 10 15 20 25 30
1

1.005

1.01

1.015

1.02

1.025

1.03

1.035

time (s)

λ

Φ = 0 Φ = 5 kV Φ = 0 

σM = εE
2 =

εΦ2

λ2t0
2



HW 3

λ

Stacked Capacitor 

m 

L0 + x(t) 
L0 

Kovacs et al. (EMPA Switzerland) 

24-673 HW 3:  Soft Conductors and Dielectrics Due:  3/2/15 

 
 
4 Stacked DEA.  As in lecture, consider a stacked DEA with an initial radius R0 = 1cm 
length L0 = 10 cm, and dielectric gap h0 = 0.1 mm,  The DEA contains N = L0/h0 = 1000 
capacitive elements and the thickness and rigidity of the capacitive electrodes will be 
ignored.   
 

Let the dielectric be treated as a Neo-Hookean solid with an added Maxwell stress and 
viscosity term 
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with modulus E = 1 MPa, dielectric constant εr = 2, and viscosity η = 1 MPa-s. [4 points] 
 

a) Suppose that at time t = 0s, the DEA is loaded with a tensile deadweight P = 10 N. 
Plot λ vs. t over the domain 0s ≤ t ≤ 10s . 

 

b) Now suppose that starting at time t = 10s, a voltage Φ = 5 kV is applied for 10s.  
Reconstruct the plot below for λ vs. time t over the domain 0s ≤ t ≤ 30s .  
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function xdot = DEA(t,x) 
  
global L0 R0 h0 eta P C1 
  
A = pi*R0^2/x; 
  
xdot = (P/A - 2*C1*(x^2 - 1/x))/eta; 

 

 
 

b)   
function  prob2b_alt 
  
global L0 R0 h0 eta P C1 eps V 
  
L0 = 0.1; 
R0 = 0.01; 
h0 = 0.1e-3; 
eta = 1e6; 
P = 10; 
E = 1e6; 
C1 = E/6; 
  
eps = 2*8.85e-12; 
V = 5e3; 
  
t0 = 0; 
t1 = 10; 
t2 = 20; 
tf = 30; 
  
[T1,lambda1] = ode45(@DEA1,[t0 t1],1); 
N1 = length(lambda1); 
[T2,lambda2] = ode45(@DEA2,[t1 t2],lambda1(N1)); 
N2 = length(lambda2); 
[T3,lambda3] = ode45(@DEA1,[t2 tf],lambda2(N2)); 
  
plot(T1,lambda1,'k-',T2,lambda2,'k-',T3,lambda3,'k-') 
xlabel('time (s)') 
ylabel('\lambda') 
  
%%%%%%%%%%% 
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m Mass 

Vibrating  
Structure 
Elastomer  
(E, h, A, L) 

m 

u(t) 

L(t) 

y(t) 

m y

F 
−F ≡my

u = u0 sin ωt( )
y = u+L

L = L0 + x = λL0
y 0( ) = L0
y 0( ) = 0

⇒ y = L0 + u + x



σ = Eε+ηεKelvin-Voigt Solid: ε =
x
L0

ε =
x
L0

k c 

F ≈ σA0 =
EA0

L0
x+ ηA0

L0
x

−F ≡my⇒ x+ F
m
= −u

y 0( ) = L0 ⇒ x 0( ) = 0
y 0( ) = 0⇒ x 0( ) = −u0ω

x+ c
m
x+ k
m
x = u0ω

2 sin ωt( )

Linearized Model 



ωn =
k
m

It is convenient to define the following: 

x+ 2ζωn x+ωn
2x = u0ω

2 sin ωt( )

Damping Ratio: 

Natural Frequency: 

ζ =
c

2 mk

Solution:  x = xc + xp 

“complementary 
solution” 

“particular 
solution” 

x 0( ) = 0
x 0( ) = −u0ω



Natural Frequency 

Recall that for a spring mass system, the natural frequency is  

ωn =
k
m

For a Hookean solid, k = EA0/L0 

L0 = 10 cm 
R0 = 1 cm 

h0 = 0.1 mm 
u0 = 1 mm 

E = 1 MPa 
η = 100 Pa-s 
m = 10 mg 
εr = 2 

ωn = 560.5 Hz   



Solution Summary 

X =
u0ω

2

ωn
2 −ω2( )

2
+ 2ζωnω( )2

x =
u0ω

2 sin ωt + φ( )

ωn
2 −ω2( )

2
+ 2ζωnω( )2

X1 =
u0ω

2 ωn
2 −ω2( )

ωn
2 −ω2( )

2
+ 2ζωnω( )2

X2 =
−u0ω

2 2ζωnω( )
ωn
2 −ω2( )

2
+ 2ζωnω( )2

x =A1e
ωn −ζ+iωd( )t +A2e

ωn −ζ−iωd( )t +X1sin ωt( )+X2 cos ωt( )

At steady state, this converges to 

where 

is the steady state amplitude 

ωd = 1− ζ2

A2 =
λ1X2 − u0ω−ωX1

λ2 − λ1
A1 =

λ2X2 − u0ω−ωX1

λ1 − λ2
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Complementary Solution 

xc + 2ζωn xc +ωn
2xc = 0

xc = Aie
λit∑

⇒ Aie
λit λ i

2 + 2ζωnλ i +ωn
2{ }∑ = 0

For this to be satisfied for arbitrary Ai and t,  

λ i
2 + 2ζωnλ i +ωn

2 = 0

This only has two linearily independent solutions.  
Therefore in general, 

xc =A1e
λ1t +A2e

λ2t where λ1,2 =ωn −ζ± ζ2 −1( )



Particular Solution 

We postulate that xp has the form 

xp = X1sin ωt( )+X2 cos ωt( )
Substituting xc + xp into the governing ODE and noting 

xc + 2ζωn xc +ωn
2xc = 0,

it follows that xp + 2ζωn xp +ωn
2xp = u0ω

2 sin ωt( )
Substituting the expression for xp into the above ODE, 

−X1ω
2 sin ωt( )−X2ω

2 cos ωt( ){ }
+2ζωn X1ωcos ωt( )−X2ωsin ωt( ){ }
+ωn

2 X1 sin ωt( )+X2 cos ωt( ){ }= u0ω2 sin ωt( )



Rearranging terms, 
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2
+ 2ζωnω( )2



Noting that sin(A+B) = sin(A)cos(B) + cos(A)sin(B), it follows 
that xp can also be expressed as  

xp = Xsin ωt +φ( ),

where X = X1
2 +X2

2 =
u0ω

2

ωn
2 −ω2( )

2
+ 2ζωnω( )2is the amplitude, and 

φ = nπ+ tan−1 X2

X1
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) is the phase shift. 



Boundary Conditions 

Lastly, A1 and A2 are determined by applying the boundary 
conditions x 0( ) = 0 x 0( ) = −u0ω

x =A1e
λ1t +A2e

λ2t +X1sin ωt( )+X2 cos ωt( )
x = λ1A1e

λ1t +λ2A2e
λ2t +ωX1 cos ωt( )−ωX2 sin ωt( )

x 0( ) = 0⇒ A1 +A2 +X2 = 0⇒ A1 = − A2 +X2( )

x 0( ) = −u0ω⇒−λ1 A2 +X2( )+λ2A2 +ωX1 = −u0ω

⇒ A2 =
λ1X2 − u0ω−ωX1

λ2 −λ1



Solution 

The coefficients, A1, A2, X1, and X2 are real.  However, for 
an underdamped system (ζ < 1) λ1 and λ2 will be imaginary.   

x =A1e
ωn −ζ+iωd( )t +A2e

ωn −ζ−iωd( )t +X1sin ωt( )+X2 cos ωt( )

ωd = 1−ζ2 .

= e−ζωnt A1e
iωnωdt +A2e

−iωnωdt{ }+X1sin ωt( )+X2 cos ωt( )
where 

The first term vanishes as t approaches ∞, and so it is 
known as the “transient solution.”  The solution converges 
to the last two terms (particular solution), which is known 
as the “steady state solution.”   
 

The smaller the damping, the longer it takes to reach steady 
state and the larger the steady state amplitude X. 



Once the steady state solution is reached, the length of the 
viscoelastic solid will change with amplitude 

X = u0ω
2

ωn
2 −ω2( )

2
+ 2ζωnω( )2

Clearly, this is maximized when the excitation frequency ω 
of the external (base) vibration matches the natural 
frequency ωn of the system:  Xmax = u0/2ζ. 
 
Interestingly, X approaches zero when ω is small.  This 
means that the elastomer doesn’t deform and the mass 
vibrates with the base. 
 
When ω gets large, X approaches u0.  This is not intuitive 
and should be examined in more detail. 
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Comparison: No Voltage, ω = ωn 
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Φ =
1
2
Φ0 1+ sin ωt −ψ( ){ }

Assume a sinusoidal applied voltage with amplitude Φ0 , frequency ω, and phase ψ: 
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Φ0 = 1 kV, ω = ωn 
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Maxwell Stress has 
modest influence on 
deformation. 



0 0.02 0.04 0.06 0.08 0.1 0.12
−0.02

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

t (sec)

D
is

pl
ac

em
en

t (
m

)
Φ0 = 5 kV, ω = ωn 

(black) ψ = 0   Pavg = 35 W  *out of phase w/ excitation 
(blue) ψ = π Pavg = 56 W  **in phase w/ excitation
(dashed) Φ0 = 0 



Φ0 = 1 kV, ψ = 0, ω = ωn 
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