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Abstract
Constant-force actuators based on dielectric elastomers can be obtained by coupling a dielectric elastomer film with par-
ticular compliant frames whose structural properties must be carefully designed. In any case, the practical achievement
of a desired force profile can be quite a challenging task owing to the time-dependent phenomena, which affect the
dielectric elastomer’s electromechanical response. Within this scenario, a hyperviscoelastic model of a rectangular
constant-force actuator is reported. The model, based on the bond graph formalism, can be used as an engineering tool
when designing and/or controlling actuators that are expected to work under given nominal conditions. Simulations and
experimental results are provided, which predict the system response to fast changes in activation voltage and actuator
position as imposed by an external user.
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Introduction

The interest in linear actuators based on dielectric elasto-
mers (DEs) is currently increasing. Potential applications
span bioinspired robotics (Carpi et al., 2008; Kim and
Tadokoro, 2007), medical engineering (Biddiss and
Chaua, 2007), active vibration damping (Kaal and
Herold, 2011), and haptic rendering for immersive vir-
tual reality (Zhang et al., 2006). Recent researches have
also explored the potentials of DE-based variable stiff-
ness devices (Berselli et al., 2012; Dastoor and Cutkosky,
2012) for safe human-machine interaction (Bicchi, 2008;
Palli et al., 2011; Palli and Melchiorri, 2011).

For actuation usage, DEs are shaped in thin films that
are first prestretched and then coated with compliant
electrodes to form an electrically deformable film (EDF).
Activation of the EDF via the placement of large electric
potential differences (voltages) between the electrodes
can induce film area expansion, and thus points’ displa-
cements, which can be used to produce useful mechanical
work (whenever forces are applied to such points).

Several kinds of DE actuators have been proposed in
the literature, characterized by various shapes/sizes and
disparate performances in terms of efficiency, force/
power densities, and reliability (see O’Halloran et al.,
2008 for a review). Despite these differences, a typical
DE actuator is composed of a mono- or multilayered

EDF, which provides electromechanical energy conver-
sion, an energy source that delivers the electric activa-
tion stimuli, and a passive flexible frame that might be
necessary to support the EDF.

As previously shown in the literature, particular
EDF shapes with proper prestretches (see, for example,
the lozenge-shaped actuator proposed by Vertechy et
al. (2010)) or particular compliant frames (see, for
example, Berselli et al., 2009, 2011b; Pedersen et al.,
2006; Wingert et al., 2006) can be used to conceive
mono- or bidirectional actuators characterized by a
constant available thrust over a given range of motion.
Constant-force actuators are typically desirable since
they possess uniform behavior, enable optimal use of
the available output work, and are easy to control
(Hackl et al., 2005; Huber et al., 1997). Nonetheless,
the practical achievement of a desired force profile is
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challenging as long as the actuator response is highly
affected by creep and stress-relaxation effects, which
are intrinsic of the nonlinear viscoelastic nature of the
employed DE material. Hence, reliable dynamic models
are needed to correctly predict the time-dependent phe-
nomena arising during the actuator functioning.

Within this scenario, the objective of this article is to
investigate the dynamic properties of a constant-force
actuator of rectangular shape whose conceptual design
is reported in Berselli et al. (2009).

Figure 1(a) and (b) represents the actuator in deacti-
vated (OFF) and activated (ON) states, respectively.
The actuator frame (Figure 1(c)), whose pseudo-rigid
model schematic (Howell, 2001) is depicted in Figure
1(d), is a fully compliant 6-bar linkage mechanism. The
EDF, shaped as a rectangle (Figure 1(c)), is attached
to link 1 (base link) and link 2 (moving platform).
Displacement along the y-direction (as well as, alter-
natively, rotation) is prevented by the symmetry of
both the 6-bar linkage geometry and the EDF stress
distribution so that links 1 and 2 are always parallel
to each other. Half frame can then be schematized as
a slider crank compliant mechanism (SCCM) (Figure
1(d)) whose elastic properties allow to achieve the
desired constant force (refer to Berselli et al., 2011b
for a detailed description). The frame prototype is
shown in Figure 2(a) (undeflected condition) and in
Figure 2(b) (moving platform loaded with a constant
load acting in the x-direction). The elastic joints are
made with a couple of close-wound helical springs
(Figure 3(a)), which allow large rotations while pre-
venting fatigue failures and excessive external size
(Lotti et al., 2006). In fact, when the springs are sub-
jected to an adequate bending moment (principal
load, Figure 3(b)), the deformation is distributed all
along a helical beam such that a limited number of
coils can easily generate a substantial displacement.
At the same time, parasitic effects (i.e. undesired
motions) are reduced thanks to a higher stiffness with
respect to load components other than the principal

bending moment. The overall actuator prototype is
depicted in Figure 2(c) (actuator deactivated state)
and in Figure 2(d) (actuator activated state).

Following previous studies on piezoelectric actua-
tors (Rodriguez-Fortun et al., 2010), the model pre-
sented in this article is based on bond graph (BG)
formalism (whose advantages are described in, for
example, Karnopp et al., 2005) and includes a descrip-
tion of the electrostatic, hyperviscoelastic behavior of
the EDF (Goulbourne et al., 2007; Michel et al., 2010;
Plante and Dubowsky, 2007; Wissler, 2007) connected
to an ideal high-voltage (HV) power supply (Hackl
et al., 2005; Zhang et al., 2006). Different from preced-
ing studies, the force contribution of the compliant
frame is hereafter included. Simulations and experi-
mental results are provided, which predict the system
response to fast changes in activation voltage and
actuator position as imposed by an external user.

Background on rectangular constant-force
actuators

Achievement of a constant available thrust

Let us first neglect any time-dependent phenomena that
might arise during actuator functioning. Recalling general
guidelines reported in Berselli et al. (2009), it can be stated
that the EDF deformation produces a variation of the
actuator length x= j(P� O)j, where P and O are, for
instance, two points of the actuator lying on the EDF axis
of symmetry (Figure 1(d)), and a force having the same
direction as vector OP

1
that can be supplied to an external

user. This force, called the actuator available thrust, Fa, is
generally given by the sum of two contributions: the frame
reaction force, Fs, due to the frame own stiffness, and the
EDF force, Ff, that is the resultant force in the direction
of actuation due to the stress field arising in the EDF. The
force Ff decreases in modulus upon EDF activation. In
particular, according to a one-dimensional model, the
EDF behaves as a nonlinear tension spring with stiffness
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Figure 1. Concept behind the proposed solution and actuator 3D model, (a) deactivated state, (b) activated state, (c) assembly
exploded view, (d) and compliant frame schematic.
3D: three-dimensional.
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Kf = dFf =dx, whereas the flexible frame behaves as a
nonlinear compression spring with stiffness Ks = dFs=dx
and coupled in parallel with the EDF.

Figure 4 shows qualitative diagrams of force–length
(FL) curves concerning the moduli of Ff and Fs. In
particular, the continuous curves Foff

f and Fon
f represent

the film force Ff when the EDF is deactivated (OFF-
state mode) or activated (ON-state mode), respectively.
The dotted curve S represents the modulus of the frame
reaction force Fs.

Assuming the EDF electromechanical characteristics
as given, a constant-force actuator can be obtained by
coupling the EDF with particular compliant mechan-
isms (as, for instance, the SCCM), which are designed
so as to provide a negative elastic reaction force that
increases in modulus as the actuator length x increases
(i.e. Ks\0). As an example, considering a frame having
the FL profile represented by the curve S, for a consis-
tent part of the stroke (namely, d9s1), Fa maintains a
constant value, Fa

off , equal to the distance AC as the
actuator is in its OFF-state. In this case, the overall
actuator stroke, ds1, can be limited by means of
mechanical stops in order to prevent its functioning in
regions where Fa

off is not constant.

Constant-force actuator production steps

Figure 5 summarizes the conceptual steps carried out
for the production of the planar DE actuator with

Elastic
joint

(a) (b) (c) (d)

Figure 2. Actuator prototype. Frame prototype (a) in undeflected condition and (b) under constant external load application and
actuator in (c) deactivated and (d) activated states.
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Figure 3. Elastic joint (Figure 2(a)) made with closed-wound helical springs: (a) undeflected condition and (b) deflected condition
when subjected to principal load.
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Figure 4. FL curves qualitatively showing the moduli of Ff and
Fs and the ‘‘negative stiffness’’ effect.
FL: force–length.
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rectangular geometry depicted in Figure 2. An unde-
formed EDF (reference configuration, Figure 5(a)) is
prestretched along the length (x-direction) and width
(y-direction, Figure 5(b)). In parallel, the fully compli-
ant frame is precompressed (Figure 5(c)). The EDF is
then glued to the frame’s fixed link and moving plat-
form. In such a way, the imposed EDF prestretch along
the width direction is completely maintained. Starting
from this unloaded configuration (actuator OFF-state
mode, Figure 5(d)), activation of the EDF by means of
a HV source can induce a film expansion along the
EDF unconstrained direction, x (Figure 1(a) and (b)).
In particular, as deeply described in Berselli et al.
(2011b), a suitable design of the frame link lengths and
elastic joints stiffness allows to tailor the overall actua-
tor stiffness to the specific application and, in particu-
lar, to achieve the desired constant force.

Description of the actuator lumped
parameter model

For design purposes, DEs can be considered as incom-
pressible, hyperelastic linear dielectrics whose electric
polarization is fairly independent of material deforma-
tion (Kornbluh et al., 1995; Pelrine et al., 1998).
Neglecting thermally induced deformations (Vertechy
et al., in press), the coupled electromechanical response
of the DE actuator portrayed in Figure 1 can then be
represented and understood via the one-dimensional
lumped electrical and mechanical models depicted in
Figure 6. With reference to Figure 6(a) and similarly to
Babic et al. (2010), the electrical system comprises the
following:

� An ideal HV power supply;
� An EDF electrical model, which is composed

of—
– A variable capacitance CDE =CDE(x) depending
on the actuator configuration x;

– The lumped EDF electrode resistance Re

(assumed constant);
– The lumped resistance Rl accounting for the
leakage current flowing through the EDF
(assumed constant).

With reference to Figure 6(b), the mechanical system
comprises the following:

� An electrically induced term, Fem, representing
the EDF electromechanical coupling and having
the dimension of a force. The force Fem is
assumed dependent on the actuator position x,
on the applied voltage V , and on the absolute
dielectric permittivity of the DE, e;
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Figure 5. Rectangular actuator production steps. (a) Unstretched EDF, (b) prestretched EDF, (c) precompressed frame, and
(d) rectangular actuator, OFF-state mode.
EDF: electrically deformable film.
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Figure 6. Electrical and mechanical model of a DE actuator.
(a) Electrical model and (b) mechanical model.

DE: dielectric elastomer; EDF: electrically deformable film.
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� An internal nonconservative force, Fve, account-
ing for the purely elastic and viscoelastic effects
within the EDF and described by means of a
quasi-linear viscoelastic (QLV) model (Findley
et al., 1989; Fung, 1993). According to the QLV
assumptions, the force Fve depends on the EDF
constitutive parameters and on the actuator posi-
tion x, and velocity _x, that is, Fv(x, _x);

� An internal conservative force, Fs, due to the
frame’s stiffness and inertia. The force Fs is func-
tion of the actuator’s output position x, and
acceleration €x, that is Fs(x,€x), as well as of the
masses of the moving links and of the stiffness
of the compliant joints. The EDF masses are
assumed rigidly connected to the frame moving
platform.

The BG model of the overall system with causality
assignment is depicted in Figure 7 where the system
components’ interconnection is highlighted. In particu-
lar, thanks to the particular actuator geometry, analyti-
cal expression of the system forces can be derived.

Mathematical model of the DE film force

Concerning EDF kinematics, let us define li(i= x, y, z)
as the principal stretches, and x0 and y0 as the EDF pla-
nar dimensions in the reference configuration
(unstretched EDF, Figure 5(a)), whereas x and yp are
the EDF planar dimensions in the actual configuration
(Figure 5(b) and (d)). As said, yp remains constant dur-
ing actuator functioning along with the principal pre-
stretch lp applied in the y-direction. Assuming EDF
incompressibility (lxlylz = 1), the EDF deformation
state (pure shear deformation2) is characterized by the
following principal stretches

lx = l=
x

x0
; ly = lp =

yp

y0
; lz =

1

lxly
=

z

z0
ð1Þ

EDF electrical model

From the electrical standpoint, the EDF can be mod-
eled as a planar capacitor such that

CEDF(x)= e
ypx

z
= e

yplp

z0x0
x2 ð2Þ

= CEDF

x

x0
� �2

ð3Þ

where e= e0er, e0 = 8:85e�12F=m is the dielectric
constant of the vacuum, and e= 4:5 is the absolute
dielectric permittivity of the DE. The constant term
CEDF is the minimum EDF capacitance achieved for
x= x0. Given an ideal voltage source VB, the time deri-
vative of the electric charge stored on the EDF elec-
trode surface can be derived directly from the BG of
Figure 7. In particular, the following expression holds

_qDE =
VB

RE

� qDE

CDE(x)
(R�1

E +R�1
L ) ð4Þ

EDF electromechanical coupling

The expression of the overall external force Ff that
must be supplied at O and P (and directed along the
line joining these points) to balance the EDF stress
field at a given (fixed) generic configuration x of the
actuator is given by

Ff = zyps

= zyp(sve)|fflfflfflffl{zfflfflfflffl}
Fve

+ zyp(sem)|fflfflfflffl{zfflfflfflffl}
Fem

ð5Þ
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where s is the stress on the DE film cross section (also
depicted in Figure 5(b)). Similar to Goulbourne et al.
(2007), the stress s is assumed to be the sum of a vis-
coelastic stress sve and an ‘‘electrically induced’’ term
sem (referred in the literature as Maxwell stress;
Goulbourne et al., 2007). Accordingly, the overall force
Ff =Ff (x, _x,V ) is then split into a viscoelastic compo-
nent Fve and an electrically induced term Fem, having
the dimension of a force and usually referred to as
Maxwell force (Kofod, 2008; Plante and Dubowsky,
2007).

Owing to the simple actuator shape, as demonstrated
in (Kofod, 2008), the term sem can be written as

sem = �e
VDE

z

� �2
= �e

qDE

zCDE

� �2
= � q2DE

ey2px
2

ð6Þ

where the relation VDE = qDE=CDE and equation (2)
have been applied. The term Fem is then given by

Fem = � x0z0q2DE
elpypx3

ð7Þ

EDF viscoelastic behavior

As previously stated, the EDF mechanical behavior is
affected by relevant time-dependent phenomena (such
as hysteresis, creep, and stress relaxation). In general,
the EDF behaves nonlinearly, and three-dimensional
viscoelastic models suitable for finite deformations
should be employed (Holzapfel, 2001). Nonetheless,
simpler assumptions are sometimes necessary for
model-based control of DE actuators (Xie et al.,
2005). In some cases, under restricted range of the
involved variables, the linear theory may be applied.
Within the linear framework, the stress is propor-
tional to the displacement at a given time, and the lin-
ear superposition principle holds. Several models,
being composed of linear springs and linear viscous
dampers arranged in different configurations have
been proposed in the literature (Findley et al., 1989;
Fung, 1993). As an instance, a Kelvin model consists
of a parallel spring–damper system, whereas the
standard linear viscoelastic solid model, shown in
Figure 8 and also named Zener model, is composed
of a linear spring connected in series to the

aforementioned Kelvin model. In this latter case,
stress and strain are related through the following dif-
ferential equation

sve +
h

k1 + k2
_sve =

k1
k1 + k2

(k2e+h _e) ð8Þ

Equation (8) can be solved with respect to the strain
e(t) or with respect to the stress sve(t) by considering a
constant input stress, sve, 0, or a constant input strain,
e0, respectively, and assuming in both cases the initial
conditions equal to zero. In such a case, one obtains:

e(t)=Ĵ (t) � sve, 0 =
1

k1
+

1

k2
1� e

�k2
h t

� �� �
� sve, 0

ð9Þ

sve(t)= ˆK (t) � e0 = k1
k1 + k2

k2 + k1 � e�
k1 + k2

h t

� �
� e0
ð10Þ

The function Ĵ , named creep compliance, and the
function ˆK , named relaxation function (Fung, 1993),
specify the strain response to a unit step change in
stress and the stress response to a unit step change in
strain, respectively. In the following, similar to
Wissler (2007), the stress response will be considered
only. Nonetheless, as long as creep and relaxation
phenomena are two aspects of the same viscoelastic
behavior, the two functions Ĵ and ˆK are related
(Findley et al., 1989; Fung, 1993). By considering an
imposed variable history of strain e(t) and by applying
the superposition principle, from equation (10), the
stress response is given by

sve(t)=

ðt
0

ˆK (t � t) � d½e(t)�=
ðt
0

ˆK (t � t)
de(t)
dt

dt

ð11Þ
having assumed e= 0 for t\0 and a differentiable
strain history.

QLV model

When the linear hypothesis is not applicable, the need
to overcome the difficulties of the nonlinear theory
arises. In such a case, a QLV model, frequently used to
describe the behavior of biological tissues, can be
adopted in order to achieve a compromise between the
simplicity of classical linear models and the difficulty of
nonlinear approaches. According to the QLV hypoth-
esis, as proposed by Fung (1993), the relaxation func-
tion is assumed to be of the form

ˆK (l, t)=se(l) � g(t) with g(0)= 1 ð12Þ
where se(d) is the elastic response, which is the ampli-
tude of stress instantaneously generated by a stretch l,

ε

1

η1

FF

Kelvin model

κ

κ

Figure 8. Standard linear viscoelastic solid model.
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whereas g(t), called reduced relaxation function,
describes the time-dependant behavior of the material.
As for the nonlinear elastic response, it can be
described, for instance, using an Ogden model of
proper order (Findley et al., 1989). Under pure shear
conditions of loading, the stress on the end plane of a
rectangular EDF prestretched in the y-direction can be
written as (Findley et al., 1989; Kofod, 2008)

se =
Xk
p= 1

mp(l
ap

x � l�
ap

x l�
ap

p ) ð13Þ

where k is the model order and mp and ap are material
constitutive parameters.

As for the relaxation function g(t), it is a decreasing
continuous function of time, normalized to 1 at t= 0.
It is customary to assume a linear combination of expo-
nential functions, the exponents ni identifying the rate
of the relaxation phenomena, and the coefficient ci
depending on the material

g(t)=
Xr

i= 0

cie
�ni�t with

Xr

i= 0

ci = 1 ð14Þ

The parameters ni (for i= 1, . . . , r) depend on the
system behavior, whereas n0 = 0. The stress time his-
tory can be computed by means of the superposition
principle (Fung, 1993). In particular, the stress pro-
duced by an infinitesimal change in stretch dl(t), super-
posed on a state of stretch l at an instant of time t, is,
for t.t

dsve(t)= g(t � t)
∂se½l(t)�

∂l
dl(t) ð15Þ

Finally, the total stress at the instant t is the sum of
contributions of all the past changes (Findley et al.,
1989), that is

sve(t)=

ðt
0

g(t � t)
∂se½l(t)�

∂l

∂l(t)

∂t
dt ð16Þ

Physical insight of the QLV Model

In order to gain a better insight of the physical meaning
of the QLV model, equation (16) can be rewritten in the
form

sve(t)=

ðt
0

g(t � t)Ke½l(t)� _l(t)dt ð17Þ

where Ke(l)= ∂se½l�=∂l. Recalling the Zener model
illustrated in Figure 8, whose relaxation function ˆK is
expressed by equation (10), the one-dimensional stress
computed on the basis of equation (11) becomes

sve(t)=

ðt
0

k1
k2

k1 + k2
+

k1
k1 + k2

� e�
k1 + k2

h (t�t)
� �

� _e(t)dt

ð18Þ
On the other hand, for a nonlinear QLV material,

by substituting equations (12) and (14) in equation (17),
one obtains

sve(t)=

ðt
0

Ke(l) � c0 +
Xr

i= 1

cie
�ni(t�t)

" #
� _l(t)dt ð19Þ

By noting that e= l� 1, a comparison between
equations (19) and (18) reveals that the stress response
of the QLV model can be interpreted as that of a non-
linear stiffness connected by a series of r linear Kelvin
models, as illustrated in Figure 6(b) and in the BG of
Figure 7.

QLV: from BG to block-scheme representation

As previously done in the study by Biagiotti et al.
(2005), the QLV model can be usefully examined
through a block-scheme representation. Equation (17)
or (19) are interpreted considering the term Ke(l) _l as a
signal filtered by the linear system represented by

G(s)=L fg(t)g
where L denotes the Laplace transform. It is possible
to find that the total force sve(t), induced by a displace-
ment l(t), is given by two main additive contributions.
The former term

s1(t)=L �1 c0

s
� L ∂se(l)

∂l
� _l

	 
	 


= c0

ðt
0

∂se(l(t))

∂l
� _ldt= c0 � se½l(t)�

ð20Þ

represents the elastic DE response in steady state,
whereas the latter term

s2(t)=L �1 Gs(s) � L Ke(l) � _l
� �� � ð21Þ

where

Gs(s)=
c1

s+ n1
+ � � � + ci

s+ ni
+ � � � + cr

s+ nr
ð22Þ

reproduces the time-dependent behavior of the mate-
rial. In parallel, the term Fve is composed of a purely
elastic response F1, and a time-dependent response F2,
and can be computed using equations (1) and (5)

Fve= z0y0l�1s1|fflfflfflfflffl{zfflfflfflfflffl}
F1

+ z0y0l�1s2|fflfflfflfflffl{zfflfflfflfflffl}
F2

ð23Þ

The corresponding block diagram is depicted in
Figure 9.
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Compliant frame model

Concerning the compliant mechanism representing the
frame, a pseudo-rigid-body model of the system can be
derived, according to analysis procedures as described
in (Howell, 2001; Boyle et al., 2003). The compliant
frame is modeled as a double SCCM (Figure 1(d)). Due
to symmetry, half the frame can be modeled as a single
SCCM (Figure 10).

Following the general methodology described in the
study by Allen and Dubowsky (1977), let us define the
ordered vector _qk of generalized velocities (given with
respect to the ground link)

_qk = ½ _qkI j _qkD�t ð24Þ
_qkI = ½_rs�; _qkD = ½ _qc

_qr�t ð25Þ
where, with reference to the BG of Figure 7, _qkI is the
chosen vector of independent flows and _qkD is the vec-
tor of dependent flows. With reference to Figure 10, _rs
is the slider speed, whereas _qc and _qr are the crank and
connecting-rod angular velocities, respectively. Hence,
qk = ½qkI j qkD�t = ½rs jqc qr� represents an ordered vec-
tor of generalized displacements.

Let us define, for notational convenience,
Si = sinqi, Sij = sin (qi � qj), Ci = cosqi, and

Cij= cos(qi � qj), the subscripts i and j varying
according to the subscript of the function argument.
From the displacement analysis of the mechanism, the
following relationships are found

Cc =
r2s + r2c � r2r

2rsrc
; Sr = � rc

rr
Sc ð26Þ

From the velocity analysis of the mechanism, the
relation between dependent and independent flows and
static efforts is given by

_qkD =Tk _qkI ð27Þ
ekD =Tt

kekI ð28Þ
T= ½bc br�t ð29Þ

having defined bc =(�r2cScCc=j � rcSc)
�1, br =

�ycrcCc=j, and j=(r2r � r2cS
2
c )

1=2.
The inertias of SCCM crank and connecting rod are

reasonably neglected. The inertia of the moving plat-
form, also accounting for the EDF deforming masses,
is described by an Is element with derivative causality.
The effort e is simply given by

eIs =
ms +mEAF

2
(€rs + g) ð30Þ

where ms and mEAF are SCCM slider mass and an
equivalent mass describing the EDF deforming mass,
whereas g is the acceleration of gravity. As for the
frame stiffness, the compliance of SCCM joints is
described by a compliance field Cf with integral causal-
ity and constituted by three elements. With reference to
Figure 7, the vector vC 2 R

3 of velocities related to the
Cf -field is given by

vC = ½ _qK1
_qK2

_qK3�t =TC _qk ð31Þ
The matrix TC is defined as

TC =
0 1 0

0 1 �1

0 0 1

2
4

3
5 ð32Þ

The efforts wC on the bonds of the Cf -field are sim-
ply given by

wC =Kf½vC � vC0� ð33Þ
where Kf = diagfK1,K2,K3g 2 R

3 is a diagonal matrix
of (constant) joint stiffness coefficients, and
vC0 = vC(t= 0). The vector of efforts eC due to the
compliance field Cs can be computed as

eC =Tt
CwC = Tt

C Kf½vC � vC0� ð34Þ
The term eC is partitioned into the following terms

(see Figure 7)
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Figure 9. Block diagram of the quasi-linear model (Biagiotti
et al., 2005). The function Gs is composed of r blocks, see
equation (22).
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eC =
eCs
eCm

� �
ð35Þ

where the subscript ‘‘s’’ refers to efforts associated with
the SCCM slider and the subscript ‘‘m’’ refers to efforts
associated with every other body of the mechanism.

Efforts on ‘‘1’’ junctions associated with the qk vector
are given by

FSCCN = fs + eIs + eCs ð36Þ
ekI = eCm ð37Þ

Finally, by noting that two identical SCCM are con-
nected to the same slider and by using equations (28)
and (37) in equation (36), the overall frame force can
be derived as

Fs = 2½Tt(eCm)+ eIs + eCs� ð38Þ

Dissipative effects and the effect of the crank and sli-
der inertias can be included by following the procedure
described in the study by Allen and Dubowsky (1977).
For the purpose of the present article, such inclusion
seems unnecessary.

Elastic hinge design

The hinge physical dimensions can be calculated once
joint stiffness coefficients, K1,K2, andK3, have been
designed. Referring to Figure 11, the bending stiffness
of a single closed-wound helical spring has been evalu-
ated in Lotti et al. (2006) and can be expressed as

ki = 0:95
E

2+ n

r5

Rl
i= 1, 2, 3 ð39Þ

where D is the external spring diameter, d is the
wire diameter (r= d=2 being the wire radius),
R=(D� d)=2 is the mean helix radius, l is the coil
length, and E and n are the spring material Young’s
modulus and Poisson’s ratio, respectively. Note that as
depicted in Figure 3, two springs are used in parallel
such that the overall joint stiffness can be computed as
Ki = 2ki.

Numerical and experimental results

The adopted experimental setup is visible in Figure 12
and comprises a linear motor (Linmot P01-23 3 80)
equipped with a position sensor having 1mm resolution.
The motor slider is then directly connected to a load cell
characterized by a structural stiffness of 242000 N/mm
and accuracy of 0.1 N. Either the rectangular EDF spe-
cimen (Figure 5(b)) or the overall actuator (Figure 5(d))
is mounted such that the moving platform is rigidly
connected to the load cell, whereas the base link is kept
fixed. A general purpose digital signal processor (DSP)
board is used to implement a basic position controller
(with a sampling time of 1 ms) such that proper trajec-
tories are applied to the platform and the normal com-
ponent of the reaction force is continuously monitored.

Fitting of the model constants

The EDF used for the experimental validation is a
membrane of an acrylic elastomer (VHB-4905), whereas
the compliant electrodes are made with a conductive
grease. At first, the specimen is preconditioned meaning
that the rectangular EDF is subjected to mechanical
and electrical loading–unloading cycles at constant
velocity.

For the purpose of the present article, the specimen
consisted of a virgin rectangular acrylic DE having ini-
tial dimensions x3 y0= 5 3 33.3 mm, which is pre-
stretched in the y-direction (lp = 3), coated with
conductive grease and glued to two identical rigid
beams (i.e. the base link and the moving platform). The
tensile test consisted in preliminary displacing the mov-
ing link from the length x= x = 5 mm (initial length)
to x = 36 mm, then cyclically displacing the same link
between the length x = 14 mm and x = 36 mm at a
constant velocity of 1 mm/s. At the same time, the
EDF electrodes were subjected to an actuation voltage
equaling V = 0 kV for the first eight cycles, V = 3.0
kV for the subsequent three cycles, and V = 6.0 kV for
the last three cycles. In particular, Figure 13 highlights
that the electromechanical response of typical rectangu-
lar EDFs features:

D

L

d

Figure 11. Close-wound spring hinge: basic parameters.
Adapted from Lotti et al. (2006).

Attached to
Linear Motor

Load
cell

Actuator

Base link Moving platform

Figure 12. Experimental setup.
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� A reduction in stress (stress softening) at a given
strain on each successive loading, which is larg-
est in the first loading–unloading cycle, becomes
rather negligible after about three cycles and is
rather insensitive to EDF electrical activation;

� Sensible difference between the loading and
unloading forces (hysteresis) corresponding to
the same deformation level, whose magnitude is
rather insensitive to EDF electrical activation.

In addition, a residual strain (permanent set) is
noticed, which is mostly generated during the first
loading–unloading cycle and appears to reach a fixed
value after about six cycles. After preconditioning, a
specimen with initial length equaling x is then charac-
terized by an unloaded length x.x and a stabilized,
repeatable behavior. The constants mp, ap, vi, and ci
can now be assessed by imposing a ‘‘ramp-hold’’ displa-
cement history to the specimen (Figure 14).

The fitting procedure, described in, for example, the
study of Berselli et al. (2011a), is composed of two
steps:

� First, the specimen is displaced at an increasing
speed _l. A sufficiently high _l= g� is deter-
mined, upon which the time-dependent effects
are negligible for application purposes (i.e. for
_l ! ‘, the response of the material is similar to
that of an ideal step). This FL profile is taken as
a good approximation of the purely elastic
response F1 (Figure 9) and can be used to
determine mp andap by means of standard least-
square fitting (Berselli et al., 2011a). A second-
order Ogden model (p= 2; equation (13)) is cho-
sen for material description, whereas g� is set to
10 mm/s.

� Once mp,ap are known, the values for vi, ci are
determined by minimizing the integral square
error of the model output with respect to the
experimental response

min
vi, ci

ð‘
0

Fve tð Þ � Fve tð Þ �2
dt ð40Þ

where Fve is the force of the real system (measured
data), whereas Fve is the model force. The integral is
performed along the overall ‘‘ramp-hold’’ test, and a
second-order reduced relaxation function (r= 2; equa-
tion (14)) is chosen for material description.

In order to assess the validity of the proposed vis-
coelastic model, a set of experimental tests is performed
by, first, applying a predefined actuation voltage and,
subsequently, displacing the moving link up to a maxi-
mum stroke of Dx = 22 mm, using five different rates
of loading, g, namely, g = 0.1, 0.5, 1, 5, and 10 mm/s.
The maximum stroke is then held constant for 30 s,
allowing the force response to stabilize, reduced to 15
mm at a speed of 1.00 mm/s, and finally held constant
for another 30 s. As an instance, Figure 14 depicts two
tests characterized by g = 1 mm/s and g= g� = 10
mm/s, respectively. The corresponding numerical and
experimental force responses, for an actuation voltage
equaling V = 0 kV, are depicted in Figure 15(a). In
addition, Figure 15(b) reports the Maxwell force, Fem,
concerning the same displacement time history for an
actuation voltage equaling V = 4 kV. This same plot
confirms that the Maxwell force (obtained by subtract-
ing the force responses achieved for V = 0 kV and
V = 4 kV, respectively) can be effectively modeled as a
velocity-independent term as expressed in equation (7).

Overall actuator model: simulation and experimental
validation

Numerical simulations are first run in order to correctly
design the compliant frame. As for the EDF, the model
parameters are reported in Table 1 and the contribution
of gravity is neglected. The actuator is subjected to
work cycles where the moving platform position x= rs,
velocity _x= _rs, and acceleration €x=€rs are imposed by
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Figure 13. Experimental FL curve of a rectangular EDF
specimen subjected to mechanical and electrical loading–
unloading cycles (preconditioning).
EDF: electrically deformable film; FL: force–length.
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an external user along with a voltage command VB.
Starting from the minimum actuator length, the posi-
tion is increased (opening cycle), while a constant vol-
tage is applied as a step function (VB = 6:0 kV). When
the maximum imposed position is reached, the output
voltage is removed and the direction of imposed motion
is reversed (closing cycle). Figure 16 reports qualitative
time plots of the simulation variables imposed by an
external user. Figure 17 reports the simulation results
concerning the EDF force Ff during the opening and
closing cycle for different velocity profiles (_xmax being
the maximum velocity). The force difference between
the opening and closing forces, DFf , (Figure 17) corre-
sponds to the actuation force that can be used to pro-
vide useful work to an outside system. The term DFf

varies with both the actuator stroke and applied velo-
city. In particular, due to the viscoelastic nature of the
DE, the actuation force decreases as the velocity
increases, eventually vanishing at some stage.

Once the EDF FL curves are known, the compliant
frame can be designed by means of the methodology
previously described by the authors in the study of
Berselli et al. (2011b), whereas the elastic joints are
dimensioned by means of equation (39). Figure 18
shows the overall actuator available thrust
Fa =Ff +Fs (EDF + compliant frame) as compared
to the sole EDF force, Ff . Both numerical and experi-
mental values are reported. The overall frame para-
meters are reported in Table 2. The actuator thrust in
the ON-state (V = 6.0 kV) is approximately constant

Table 1. EDF model parameters.

x9= 14mm z9= 1:5mm yp = 100mm lp = 3mm
c0 = 0:4349 c1 = 0:4347 c2 = 0:1304 v1 = 0:30 s�1 v2 = 1:20 s�1

m1 = 18:952 kPa a1 = 1:8 m2 = 36:799 kPa a2 = 1:9 RE = 20 kO Rl = 2:5GO

EDF: electrically deformable film.
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Figure 16. Qualitative time plots of voltage command VB and
moving platform position x= rs, velocity _x= _rs, and
acceleration €x=€rs.
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(about 0 N) over the range 19–33 mm when the maxi-
mum imposed velocity equals 0:8 mm/s.

Conclusion

A hyperviscoelastic model of a constant-force DE
actuator with rectangular shape has been presented. As
for viscoelasticity, the quasi-linear framework has been
adopted in order to achieve a compromise between the
simplicity of classical linear models and the difficulty of
nonlinear approaches. The model parameters have
been determined by numerically fitting experimental
data. As for the achievement of a constant-force out-
put, the EDF has been coupled with a compliant frame
designed, on the basis of the proposed simulations, in
order to obtain a desired available thrust profile. As
long as the overall actuator response is highly affected
by time-dependent phenomena, the proposed model
represents an important engineering tool when sizing
the compliant frame parameters. Numerical simula-
tions and experiments are provided, which validate the
proposed modeling assumptions.
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Notes

1 The direction of vector OP will be referred to as direction
of actuation.

2 According to the definition given by Holzapfel (2001) a pure
shear deformation is characterized by the constancy of one

principal stretch (for instance ly). A pure shear deformation
can be achieved for infinitely wide electrically deformable film
(EDF), that is, for yp � x8O(t), where O(t) are the possible
configurations of the EDF in working condition.
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