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Abstract

This work intends to extend the electromechanical characterisation of dielectric elastomer actuators. Planar actuators were realised with a
50�m-thick film of an acrylic elastomer coated with compliant electrodes. The isotonic transverse strain, the isometric transverse stress and
the driving current, due to a 2 s high voltage impulse, were measured for four electrode materials (thickened electrolyte solution, graphite
spray, carbon grease and graphite powder), four transverse prestress values (19.6, 29.4, 39.2 and 49.0 kPa) and different driving voltages
(up to the dielectric breakdown voltage). Results showed that the electrode material and prestress strongly influence the electromechanical
performances of the devices. Actuators with graphite spray electrodes and transverse prestress of 39.2 kPa exhibited an isotonic transverse
strain of 6% at 49 V/�m, with a driving current per unit electrode area of 3.5� A/cm2, and an isometric transverse stress of 49 kPa at
42 V/�m. An electromechanical coupling efficiency of 10% at 21 V/�m was calculated for actuators with thickened electrolyte solution
electrodes and a transverse prestress of 29.4 kPa. The presented data permits to choose the best electrode material and the best prestress
value (among those tested), to obtain the maximum isotonic transverse strain, the maximum isometric transverse stress or the maximum
efficiency for different ranges of applied electric field.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Since many years, electroactive polymers (EAP) are in-
vestigated as compliant, versatile, low density and low cost
materials for the satisfaction of the growing need of new
actuators for various small scale applications[1–6].

Dielectric elastomers, one particular class of EAP[7],
have been demonstrated to be able to generate strains greater
than those obtainable with different types of EAP, as well as
considerable stresses and low response times[8,9]. They are
forecast today as suitable materials to realise high perfor-
mance devices for the actuation of minirobots, minipumps,
loudspeakers, valves and prosthetic devices[9,10].

This article provides an extension of the electromechan-
ical characterisation of planar actuators made of a film
of dielectric elastomer coated with compliant electrodes.
By applying a voltage difference between the electrodes,
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the electrostatic forces cause a contraction of the actuator
along the electric field direction and an expansion of it
along the two orthogonal directions[9]. The principal aim
of this work is to evaluate the effect of different compli-
ant electrode materials, different counterloads (prestresses)
and different electric fields on the actuator transverse strain
(respect to the electric field direction), transverse stress,
driving current and electromechanical coupling efficiency.

2. Materials

An acrylic polymer, commercially available as a
50�m-thick adhesive film (3 M, USA, VHB F9460PC),
was used as dielectric elastomer. As shown by the following
SEM images, the film presents a regular thickness (Fig. 1)
and a quite uniform surface with occasional defects (Fig. 2).

Four electrode materials were tested: graphite spray
(Due-ci electronic, Italy, N-77), carbon grease1 (Chemtron-

1 Graphite particles suspended in a silicone oil-based grease.
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Fig. 1. SEM image showing the film thickness (middle shade of grey).

Fig. 2. SEM image showing the film surface seen under a 45◦ angle out
of plane.

ics Circuit Works, USA, CW7200), graphite powder (Zec-
chi, Italy) and thickened electrolyte solution.2

3. Methods

3.1. Sample preparation

Planar actuators were made of rectangular (3 cm× 2 cm)
strips of the film coated with the electrode materials, as de-
scribed below. Carbon grease, graphite powder and thick-
ened electrolyte solution were smeared on the two sides of
the strip, while graphite spray electrodes were realised as
follows. First of all, the material was sprayed on the same
paper support to which the commercial film (previously re-

2 Proprietary formulation based on an electrolyte (NaCl), thickened
agents (polyethylene glycol) and surfactants (sodium laureth sulfate) in
water.

moved) is coupled; then, after the solvent evaporation, the
graphite-covered support was placed in contact with the film
and, afterwards, removed again. The film adhesiveness kept
the graphite particles stuck to the elastomer, for all the tested
deformations of the actuators. This behaviour was found also
for graphite powder electrodes, even though the electrodes
made of graphite spray showed a superior uniformity, due
to the smaller size of the material particles and their more
homogeneous distribution, enabled by the mixing solvent.

3.2. Measurements

For each electrode material a two-terminal resistance mea-
surement was performed with a digital multimeter (Keithley,
USA, 199 system DMM scanner).

Measurements of actuating properties were carried out
placing each actuator in vertical position, constraining its
lower end and applying a prestress along the vertical direc-
tion (transverse prestress), by connecting its upper end to an
appropriate transducer (Fig. 3). Two experimental conditions
were realised: isotonic (i.e. at constant load) and isometric
(i.e. at constant length), both along the vertical direction, as
described below.

In isotonic condition the actuator was connected to an
Hall-effect isotonic displacement transducer (Ugo Basile,
Italy, 7006). Following the application of an high voltage
step impulse (generated by a dc voltage applied for 2 s), the
effective driving voltage signal, the driving current signal
and the isotonic displacement signal along the vertical di-
rection (transverse displacement) were measured.

In isometric condition the actuator was connected to an
isometric force transducer (Ugo Basile, Italy, 7003). In this
case, following the application of a 2 s high voltage step im-
pulse, the isometric force signal along the vertical direction
(transverse force) was measured.

Fig. 3. Experimental set-up.
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Table 1
Mechanical constraints

Applied transverse
engineering force (g)

Applied transverse
prestress (kPa)

Measured
transverse
prestrain (%)

Estimated
thickness
(�m)

2 19.6 19 46
3 29.4 35 43
4 39.2 58 40
5 49.0 83 37

In both isotonic and isometric conditions each signal was
measured for the four electrode materials (Section 2), for
four transverse prestress values (Table 1) and for different
excitation voltages, ranging from 100 V up to the dielectric
breakdown voltage of the polymer.

Table 1lists the transverse (vertical) engineering forces
applied on the rest cross-section (2 cm× 50�m) of the de-
vice and the related values of transverse prestress, measured
transverse prestrain and estimated thickness, which was cal-
culated as follows. Assuming the thickness direction as the
z-axis of a Cartesian termx, y, z (Fig. 4), the prestretched
thickness (z0) is given by:

z0 = zr(1 + Szz,p) (1)

where zr is the rest thickness (50�m) and Szz, p is the z
prestrain, which can be estimated by the following relation,
assuming a volumetric incompressibility of the polymer[9]:

Szz,p = −1 + 1√
1 + Sxx,p

(2)

where Sxx, p is the measuredx prestrain (transverse pre-
strain):

Sxx,p = x0 − xr

xr
(3)

Fig. 4. Planar actuator in isotonic condition.

where xr (3 cm) andx0 are respectively the rest and the
prestretched length of the actuator.

Fig. 3 shows the experimental set-up: the actuator was
connected to a displacement or force transducer and was
driven by a dc high voltage generator (Bertan, USA, HV-DC
205A-30P), which, at the same time, gave also an output
signal proportional to the supplied currentIs(t) (time (t)).
The effective driving voltage signalV(t) was measured by
a shielded and buffered voltage divider with an attenuation
factor of 10 M�/(10 M� + 10 G�) ∼= 1/1000. The driving
current signalI(t) of the actuator was calculated by the dif-
ference between the measured supplied current and the cal-
culated current flowing in the voltage divider.

3.3. Simplified analysis of the electrically induced
transverse stress

In order to estimate the actuator electromechanical cou-
pling efficiency (Section 3.4), a simplified (first order) anal-
ysis of the electrically induced transverse stress, in both
isotonic and isometric conditions, was performed as follows.

Assuming the acrylic polymer as a linearly elastic,
isotropic and homogenous material with constant volume
(Poisson’s ratioν = 1/2 [9]), the mechanical equilibrium
of the actuator can be described by the following equations
(Hooke’s law):

Sxx = 1

Y
Txx − 1

2Y
Tyy − 1

2Y
Tzz (4)

Syy = − 1

2Y
Txx + 1

Y
Tyy − 1

2Y
Tzz (5)

Szz = − 1

2Y
Txx − 1

2Y
Tyy + 1

Y
Tzz (6)

where Sii and Tii are respectively the actuator strain and
stress along the Cartesian axisi (i = x, y, z) and Y is the
Young’s modulus of the acrylic polymer. By applying an
electric field (Ez) along the thickness direction (z), the re-
sulting electrostatic pressure (p) alongz is [9]:

p = ε0εrE
2
z (7)

where ε0 is the free-space dielectric permittivity (ε0 =
8.85× 10−12 F/m) andεr is the relative dielectric constant
of the acrylic polymer.

In the prestress-induced isotonic condition represented in
Fig. 4, assuming positive a tensile stress, we have:Txx =
prestress,Tyy = 0, Tzz = −p. Therefore, the equilibrium
strains are expressed by the following equations:

Sxx = 1

Y
Txx + 1

2Y
p (8)

Syy = − 1

2Y
Txx + 1

2Y
p (9)

Szz = − 1

2Y
Txx − 1

Y
p (10)
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Eq. (8) shows thatTxx/Y is the prestress-induced passive
isotonic strain alongx (transverse prestrainSxx, p), while
p/(2Y) is the active isotonic transverse strain, due to the
electrostatic pressure. This means that the active isotonic
transverse stress alongx is:

isotonic stressxx = p

2
= ε0εrE

2
z

2
(11)

In the isometric condition, realised constraining also the up-
per end of the actuator, the polymer recovery stress is op-
posite to the applied prestress. Following the application
of an electric field alongz, the active isometric transverse
stress alongx is opposite to the stress (Rx) exerted by the
constraining reaction and we have:Sxx = 0, Txx = Rx =
−(isometric stressxx), Tyy = 0, Tzz = −p. Therefore, the
new equilibrium condition is described by these equations:

0 = 1

Y
Txx + 1

2Y
p ⇒ Txx = −p

2
(12)

Syy = − 1

2Y
Txx + 1

2Y
p ⇒ Syy = 3p

4Y
(13)

Szz = − 1

2Y
Txx − p

Y
⇒ Szz = −3p

4Y
(14)

Then, the active isometric transverse stress alongx is
(Eq. (12)):

isometric stressxx = p

2
= ε0εrE

2
z

2
(15)

Eqs. (11) and (15)show that the isotonic and isometric trans-
verse stresses have the same theoretical expression.

3.4. Calculation of the electromechanical coupling
efficiency

A key figure of merit of an electromechanical actuator
is represented by its electromechanical coupling efficiency,
quantifying the percentage of the supplied electrical energy
converted into useful mechanical energy. The efficiency can
be defined as:

efficiency= wm

we
(16)

wherewe andwm are respectively the electric charging work
(We) and the generated mechanical work (Wm) per unit ac-
tive volume (Vol) of the prestretched actuator, operating in
isotonic condition. These quantities can be calculated as fol-
lows:

we = We

Vol
=

∫ Q

0 VC dQ

x0y0,ez0
=

∫ VC
0 CVC dVC

x0y0,ez0

= 1

2

C

x0y0,e

V 2
C

z0
= 1

2

C

A0

V 2
C

z0
(17)

where y0, e is the width of the prestretched electrodes,
A0 their area,Q their stored electric charge andVC the
steady-state voltage applied on the actuator equivalent

capacitanceC (assumed as time-invariant), defined and
calculated as specified inSection 3.5;

wm = Wm

Vol
=

∫ x

x0
Fx dx

x0y0,ez0
(18)

whereFx = (isotonic stressxx)y0, ez0 is the active isotonic
transverse force, proportional toE2

z (Eq. (11)).
The following considerations show howwm can be easily

calculated. Since the active isotonic transverse strain along
x is 1/2 of the absolute value of the active isotonic strain
alongz (Eqs. (8) and (10)), we have:

x − x0 = x0

2z0
|z − z0| (19)

As x0 
 z0, we have|z − z0| � (x − x0) (from Eq. (19)),
so we can neglect the variation of the electric field, and
consequently ofFx, with respect to the variation ofx:

Ez = V

z
∼= V

z0
(20)

Therefore, we can write:

wm ∼= Fx

y0,ez0

x − x0

x0
= (isotonic stressxx)(isotonic strainxx)

(21)

Finally, considering the equality of the stress expressions in
isotonic and isometric condition (Eqs. (11) and (15)) and
assumingEq. (20)to be valid for both isotonic and isometric
conditions (so the stress equality is also numerical, for the
same electric field), we have:

wm ∼= (isometric stressxx)(isotonic strainxx) (22)

This means thatwm can be estimated as the product be-
tween the measured isometric transverse stress and isotonic
transverse strain.

3.5. Calculation of the stored charge and equivalent
capacitance

Since the actuator showed imperfect electrodes and di-
electric losses (as it will be presented inSections 4.1 and
4.3, respectively), it was assumed for the device an electrical
schematisation consisting of the series between a resistance
R1 and the parallel of a resistanceR2 with a capacitanceC,
defined as the actuator equivalent capacitance.

Values ofC for the four electrode materials, for the four
transverse prestresses and for different excitation voltages
were calculated by:

C = Q

VC
= 1

VC

∫ t2

t1

IC(t) dt (23)

where t1 and t2 are the initial and final stimulation time
respectively.IC(t), representing the charging current ofC,
can be calculated as follows:

IC(t) = I(t) − VR2(t)

R2
(24)
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where

VR2(t) = V − R1I(t) (25)

By observing thatR1 andR1 + R2 are the equivalent resis-
tances respectively att = t+1 (whenC is still discharged) and
t = t2 (when the dc electrical steady state is fully reached,
as it will be shown inSection 4.3), we have thatR1 andR2
can be easily obtained as:

R1 = V

I(t+1 )
(26)

R2 = VC

I(t2)
(27)

Finally, the steady-state voltage onC can be derived as:

VC = VR2(t2) (28)

4. Results

4.1. Electrode resistance

Unloaded actuators showed an electrode resistance per
unit length of 15 k�/cm for thickened electrolyte solu-
tion electrodes, 50 k�/cm for carbon grease, 80 k�/cm for
graphite powder (inside regions with high particle densities)
and 20 k�/cm for graphite spray.

4.2. Transverse strain and transverse stress

For thickened electrolyte solution, carbon grease and
graphite powder electrodes the isotonic transverse strain and
isometric transverse stress (peak values) depended on the
square of the applied electric field, for each prestress value:

transverse strain= βSE2
z (29)

transverse stress= βTE2
z (30)

As an example,Fig. 5a and bshows this trend for one elec-
trode material and for all the tested prestresses.

For graphite spray electrodes a saturation effect was ob-
served for each prestress value (Fig. 6a and b), as expected
for dielectric polymers[11], possibly due to the dielectric
nonlinearity of the polymer. This trend was most evident for
graphite spray electrodes, because they allowed the applica-
tion of the highest electric fields (Tables 2 and 3), enabling
the manifestation of the saturation.

A comparison of the strain–field curves related to the
different electrode materials, for each definite prestress, is
presented byFig. 7a–d.

Tables 2 and 3list, for the different electrode materials
and prestresses,βS andβT (calculated by data fitting3), the

3 In order to allow a strain and stress numerical comparison among
all the different electrode materials, the data fitting based onEqs. (29)
and (30)was performed also for graphite spray electrodes at low electric
fields (see the indications reported inTables 2 and 3).

Fig. 5. Peak isotonic transverse strain (a) and isometric transverse
stress (b) vs. electric field for thickened electrolyte solution electrodes
and different prestresses (the legend symbols indicate different pres-
tresses).

maximum recorded values of isotonic transverse strain and
isometric transverse stress, and a range including the electric
field causing the dielectric breakdown (Ebreak) in isotonic
and isometric condition.

The two images ofFig. 8 show an example of transverse
displacement during actuation.

4.3. Driving current

Regardless of the electrode material and prestress, in iso-
tonic condition each measured driving current signal showed
an initial peak (I(t+1 ) = Ip), followed by a fast exponen-
tial decrease towards a nonzero asymptotic value (see the
example ofFig. 9). These signals demonstrate that the dc
electrical steady state was reached at the end of the 2 s sti-
mulation.

Moreover, the lack of a zero setting of the steady-state
current suggests the presence of dielectric losses inside the
polymer.

At “low” electric fields Ez the peak current per unit elec-
trode area (Ip/A0) was found, for each prestress, to be basi-
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Fig. 6. Peak isotonic transverse strain (a) and isometric transverse stress
(b) vs. electric field for graphite spray electrodes and different prestresses.

Table 2
Isotonic transverse strain

Electrode material Transverse
prestress (kPa)

βS (%/(V/�m)2) Maximum transverse
strain (%)a

Isotonic Ebreak

(V/�m)a

Thickened electrolyte solution 19.6 7.9× 10−3 4.9 @ 24 V/�m 24–27
29.4 11.1× 10−3 5.3 @ 21 V/�m 21–24
39.2 11.4× 10−3 1.8 @ 13 V/�m 13–16
49.0 8.8× 10−3 1.0 @ 11 V/�m 11–14

Carbon grease 19.6 3.2× 10−3 4.3 @ 34 V/�m 34–37
29.4 3.7× 10−3 5.2 @ 38 V/�m 38–41
39.2 4.5× 10−3 2.3 @ 22 V/�m 22–25
49.0 3.5× 10−3 2.3 @ 24 V/�m 24–27

Graphite powder 19.6 3.9× 10−3 5.6 @ 37 V/�m 37–40
29.4 3.4× 10−3 3.6 @ 31 V/�m 31–34
39.2 2.3× 10−3 1.7 @ 26 V/�m 26–29
49.0 1.0× 10−3 1.0 @ 31 V/�m 31–34

Graphite spray 19.6 3.6× 10−3 b 5.5 @ 45 V/�m 45–48
29.4 3.5× 10−3 b 5.7 @ 46 V/�m 46–49
39.2 4.1× 10−3 c 6.0 @ 49 V/�m 49–52
49.0 4.8× 10−3 d 3.0 @ 44 V/�m 44–47

a For a 2 s voltage impulse.
b Quadratic fitting up to 31 V/�m.
c Quadratic fitting up to 29 V/�m.
d Quadratic fitting up to 16 V/�m.

cally in direct proportion toEz (seeFig. 10aas an example):

Ip

A0
= αIEz (31)

A tendency to saturation was observed at high electric fields.
This phenomenon was most evident for graphite spray elec-
trodes (and particularly for a prestress of 49.0 kPa, as shown
by Fig. 10b), since it was made visible by the highest di-
electric strength enabled by these electrodes.

Table 4lists values ofαI (calculated as initial slope of the
data fitting curves) and of the maximum recordedIp/A0 for
the tested electrode materials and prestresses.

4.4. Stored charge and equivalent capacitance

For each electrode material and prestress, the calculated
stored charge per unit electrode area (Q/A0) resulted sub-
stantially linearly dependent on the applied electric field (see
Fig. 11aas an example):

Q

A0
= αQEz (32)

while the equivalent capacitance per unit electrode area
(C/A0) showed basically constant values (Fig. 12a).

One exception was revealed by graphite spray electrodes
with a prestress of 49.0 kPa: the relatedQ/A0 andC/A0 plots
versusEz presented a fitting curve with decreasing slope at
high electric fields (Figs. 11b and 12b), as predictable con-
sequence of the saturation shown by the measured current
(Fig. 10b).
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Table 3
Isometric transverse stress

Electrode material Transverse
prestress (kPa)

βT (kPa/(V/�m)2) Maximum transverse
stress (kPa)a

IsometricEbreak

(V/�m)

Thickened electrolyte solution 19.6 26.6× 10−3 16.9 @ 23 V/�m 23–26
29.4 35.1× 10−3 21.3 @ 23 V/�m 23–26
39.2 45.4× 10−3 29.0 @ 25 V/�m 25–28
49.0 78.1× 10−3 29.5 @ 19 V/�m 19–22

Carbon grease 19.6 16.6× 10−3 17.2 @ 33 V/�m 33–36
29.4 23.3× 10−3 29.2 @ 33 V/�m 33–36
39.2 30.5× 10−3 23.2 @ 27 V/�m 27–30
49.0 49.7× 10−3 29.0 @ 24 V/�m 24–27

Graphite powder 19.6 16.0× 10−3 18.4 @ 37 V/�m 37–40
29.4 17.8× 10−3 31.0 @ 42 V/�m 42–45
39.2 32.9× 10−3 42.9 @ 35 V/�m 35–38
49.0 24.0× 10−3 31.2 @ 39 V/�m 39–42

Graphite spray 19.6 21.8× 10−3 b 19.3 @ 37 V/�m 37–40
29.4 25.4× 10−3 c 28.7 @ 40 V/�m 40–43
39.2 40.2× 10−3 c 49.0 @ 42 V/�m 42–45
49.0 56.5× 10−3 d 32.0 @ 36 V/�m 36–39

a For a 2 s voltage impulse.
b Quadratic fitting up to 23 V/�m.
c Quadratic fitting up to 22 V/�m.
d Quadratic fitting up to 16 V/�m.

Fig. 7. Peak isotonic transverse strain vs. electric field for the different electrode materials and a prestress of 19.6 kPa (a), 29.4 kPa (b), 39.2 kPa (c) and
49.0 kPa (d).
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Fig. 8. Electrically induced isotonic transverse displacement of the upper
end of an actuator with carbon grease electrodes (black area).

Fig. 9. A measured driving current signal. This trend was common to all
the detected signals.

Fig. 10. Peak current per unit electrode area (Ip/A0) vs. electric field for
thickened electrolyte solution (a) and graphite spray (b) electrodes and
different prestresses.

Table 4
Driving current in isotonic actuation

Electrode material Transverse
prestress
(kPa)

αI ((�A/cm2)/
(V/�m))

Maximum Ip/A0

(�A/cm2)

Thickened electrolyte
solution

19.6 0.87× 10−1 2.0 @ 24 V/�m
29.4 0.87× 10−1 1.9 @ 21 V/�m
39.2 1.45× 10−1 2.0 @ 13 V/�m
49.0 1.69× 10−1 2.0 @ 11 V/�m

Carbon grease 19.6 0.41× 10−1 1.5 @ 34 V/�m
29.4 0.67× 10−1 2.1 @ 38 V/�m
39.2 0.80× 10−1 1.6 @ 22 V/�m
49.0 1.37× 10−1 2.9 @ 24 V/�m

Graphite powder 19.6 0.69× 10−1 2.9 @ 37V/�m
29.4 0.48× 10−1 1.5 @ 31 V/�m
39.2 0.59× 10−1 1.4 @ 26 V/�m
49.0 0.37× 10−1 1.3 @ 31 V/�m

Graphite spray 19.6 0.72× 10−1 2.9 @ 43 V/�m
29.4 0.80× 10−1 3.2 @ 46 V/�m
39.2 0.96× 10−1 3.5 @ 49 V/�m
49.0 1.41× 10−1 3.8 @ 36 V/�m

Fig. 11. Stored charge per unit electrode area (Q/A0) vs. electric field for
thickened electrolyte solution (a) and graphite spray (b) electrodes and
different prestresses.
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Fig. 12. Equivalent capacitance per unit electrode area (C/A0) vs. electric
field for thickened electrolyte solution (a) and graphite spray (b) electrodes
and different prestresses.

Values of αQ (calculated by data fitting), of the maxi-
mum recordedQ/A0 and of the averageC/A0 for the dif-
ferent electrode materials and prestresses are presented in
Table 5.

Table 5
Stored charge and equivalent capacitance in isotonic actuation

Electrode material Transverse
prestress (kPa)

αQ ((nC/cm2)/(V/�m)) Maximum Q/A0 (nC/cm2) AverageC/A0

(pF/cm2)

Thickened electrolyte solution 19.6 4.5 97 @ 24 V/�m 107
29.4 4.7 96 @ 21 V/�m 121
39.2 6.3 80 @ 13 V/�m 182
49.0 7.1 74 @ 11 V/�m 220

Carbon grease 19.6 3.5 114 @ 34 V/�m 81
29.4 3.6 129 @ 38 V/�m 85
39.2 5.4 112 @ 22 V/�m 115
49.0 5.9 140 @ 24 V/�m 138

Graphite powder 19.6 4.3 161 @ 37 V/�m 96
29.4 3.2 109 @ 31 V/�m 83
39.2 3.1 85 @ 26 V/�m 85
49.0 3.3 108 @ 31 V/�m 92

Graphite spray 19.6 4.3 196 @ 43 V/�m 96
29.4 4.3 202 @ 46 V/�m 109
39.2 5.5 284 @ 49 V/�m 150
49.0 – 275 @ 36 V/�m –

Table 6
Efficiency

Electrode material Transverse
prestress (kPa)

Maximum
efficiency (%)a

Thickened electrolyte solution 19.6 9 @ 24 V/�m
29.4 10 @ 21 V/�m
39.2 3 @ 13 V/�m
49.0 2 @ 11 V/�m

Carbon grease 19.6 4 @ 34 V/�m
29.4 6 @ 34 V/�m
39.2 3 @ 22 V/�m
49.0 3 @ 24 V/�m

Graphite powder 19.6 4 @ 35 V/�m
29.4 5 @ 31 V/�m
39.2 3 @ 26 V/�m
49.0 2 @ 31 V/�m

Graphite spray 19.6 4 @ 31 V/�m
29.4 4 @ 35 V/�m
39.2 5 @ 38 V/�m
49.0 –

a For a 2 s voltage impulse.

4.5. Electromechanical coupling efficiency

Eqs. (16), (17) and (22)show that the theoretical elec-
tromechanical coupling efficiency depends on the square of
the applied electric field (wm depends onE4

z , while we on
E2

z ). This trend was confirmed by the efficiency calculated
from experimental data for thickened electrolyte solution,
carbon grease and graphite powder electrodes. For graphite
spray electrodes the efficiency showed a field dependence
similar to that of the strain and stress up to the beginning
of their saturation, which caused a subsequent predictable
decrease of the efficiency.

Maximum values of the electromechanical coupling effi-
ciency are reported inTable 6.
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5. Discussion

5.1. Effect of the different electrode materials on active
strain

Fig. 7a–dandTable 2show that, for each prestress and
electric field, the different electrode materials allow the gen-
eration of different strains.

These unequal performances could be interpreted in terms
of an unequal amount of charge stored (in isotonic actuation)
by the unit area of the different electrodes, enabling different
values of “useful” electric field, as proposed below.

By applying a certain voltageV across the definite thick-
nessz0 of a prestreched actuator, the resulting electrostatic
pressure generates a strain depending on the square of the
applied electric field. For an ideal device with electrodes
made of a perfect conductor (electrical resistance equal to
zero) this field would beV/z0. Contrarily, the tested elec-
trodes and elastomer showed a lack of both electric and di-
electric ideality (seeSections 4.1 and 4.3, respectively), so
that we could take into account an effective electric field,
different from the nominal one used so far (V/z0). In partic-
ular, we could consider as “useful” electric field (Ez, u) the
one calculated by applying the Gauss’ law to an imaginary
closed surface (S, with orthogonal versor�n) surrounding one
of the two electrodes:�
S

�Ez,u · �n dS = Q

ε0εr
⇒ Ez,u = Q

A0ε0εr
(33)

This equation shows thatEz, u increases by increasing the
charge stored by the unit area of the electrodesQ/A0.

The presented experimental data agree with the predic-
tion enabled by the previous simple remark for each pre-
stress and substantially each nominal electric field. In fact,
for each prestress the ordering, among the different elec-
trode materials, of the measured strains (see values ofβS
in Table 2) reflects substantially the same ordering of the
calculatedQ/A0 (see values ofαQ in Table 5).

5.2. Effect of the different prestress values on active strain

Results showed that, for each electrode material and for
the same nominal electric field, the prestress increase up to
39.2 kPa improved the actuator strain (see values ofβS in
Table 2).

Following the interpretation proposed inSection 5.1, this
could be ascribed to a raising amount of charge stored by
the unit electrode area for the increasing prestresses.

This is consistent with the experimental data, as can be
found from the comparison of values ofβS (Table 2) and
αQ (Table 5).

An unpredictable behaviour was observed for a prestress
of 49.0 kPa for all the tested electrode materials, even
though for graphite spray electrodes the bending of the
strain–field curve after 20 V/�m (Fig. 6a) agrees with that
of theQ/A0–field curve (Fig. 11b).

Fig. 13. Example of isotonic transverse strain signal.

5.3. Effects of different voltage impulse lengths

The electromechanical performances reported in this arti-
cle have to be considered as strictly dependent on the dura-
tion (2 s) of the applied voltage impulse. In fact, this value,
chosen (arbitrarily) for the comparisons presented here, did
not allow the actuator to reach its mechanical equilibrium
(Fig. 13).

Consequently, performances were not optimised, since
they could be higher for longer impulses. However, perfor-
mance optimisation goes beyond the aims of this study.

6. Conclusions

The electromechanical performances of dielectric elas-
tomer planar actuators largely depended on the electrode
material and prestress value.

The presented data allow one to select, for different ranges
of electric field, suitable electrode material and prestress
(among those tested), to realise actuators able to show the
best strain, stress or efficiency. Briefly, thickened electrolyte
solution electrodes were best for most purposes for elec-
tric fields up to 20–25 V/�m (and opportune prestress val-
ues), above which graphite spray electrodes were generally
optimal.

An interpretation of the strain capabilities in isotonic con-
dition was proposed in terms of the amount of charge stored
by the unit electrode area, which is a key feature to max-
imise for the design of future high performance electrodes.
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