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Abstract A novel mathematical procedure is proposed, which makes it possible
to optimize lozenge-shaped dielectric-elastomer-based linear actuators for known
materials and desired force/stroke requirements. Simulation results are provided
which both demonstrate the efficacy of the novel procedure with respect to tradi-
tional design approaches and show that simpler, cheaper, lighter and better-
behaved lozenge-shaped actuators can be conceived which do not require any in-
tegration of compliant frame elements.

1. Introduction

Dielectric Elastomers (DE) are deformable dielectrics which can experience
isochoric finite deformations in response to applied large electric fields [1].
Thanks to the strong electro-mechanical coupling, DE intrinsically offer great po-
tentialities for conceiving novel solid-state mechatronic devices, such as sensors
and actuators, which are more integrated, lightweight, economic, silent, resilient
and disposable than equivalent systems based on traditional technologies [2].

For actuation usage, DE are usually shaped in thin films coated with compli-
ant electrodes on both sides and piled one on the other to form an Electro-Active
Film (EAF) [1-4]. Activation of the EAF via the placement of differential electric
potentials (hereafter also called voltages) between the electrodes can induce film
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Fig. 1 Lozenge-shaped DE-based linear actuators

area expansions and, thus, point’s displacements which can be used to produce
useful mechanical work (whenever forces are applied to such points).

Usually, DE-based actuators are obtained by first uniformly pre-stretching the
EAF (which is necessary since the film has negligible flexural rigidity) and then
by coupling some segment of its boundary to some portion of a flexible supporting
frame [3-5]. The major roles of the flexible frame are: 1) to coerce the EAF ex-
pansion in preferred directions; 2) to maintain the EAF in a tensioned state so as to
prevent buckling effects; and 3) to provide a desired actuator stiffness characteris-
tic (typically a nearly naught stiffness through the whole actuator stroke). Practical
examples of DE-based linear actuators are depicted in Figs. 1.a and 1.b. The ac-
tuators are based on a lozenge-shaped pre-stretched EAF coupled to elastic frames
made by a four-bar mechanism with equal links and either two identical non-linear
tension springs (Fig. 1.a, [3]) or a compliant symmetric double slider-crank me-
chanism with elastic joints on the slider pivots (Fig. 1.b, [5]). As depicted in
Fig. 2, in such actuators, activation of the EAF makes it possible to control the
relative distance x (hereafter also called “EAF length” or “actuator length™) of the
centers O and P of two opposing revolute pairs of the four-bar mechanism, which
are the points of application of the external forces F.

The actual procedure for designing DE-based actuators consists in first select-
ing the appropriate EAF topology; second, empirically determining EAF pre-
stretches and dimensions; and, finally, mathematically or experimentally design-
ing a flexible polymeric frame which complies with points 1-3 described above.
Although valid, this procedure is not rigorous, neither provides optimal actuators.

In this paper a novel procedure is proposed for the optimal design of lozenge-
shaped DE-based linear actuators like the one depicted in Fig. 2. The procedure is
efficient, based on a mathematical model and makes it possible to improve the
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Fig. 2 Inactive (off) and active (on) lozenge-shaped DE-based linear actuator



A New Procedure for the Optimization of a Dielectric Elastomer Actuator 301

actuator force/stroke performance while, at the same time, eliminating the need of
supporting frame compliant elements (which simplify the DE-based actuator dras-
tically).

2. General aspects of DE-based actuator design

By definition [1], DE are incompressible, hyper-elastic linear dielectrics
whose electrical polarization is fairly independent of material deformation. For
such materials, it is well known that EAF activation generates an electric field,
E = V/t (V being the activation voltage applied between the EAF electrodes and ¢
is the actual thickness of the DE film amid the EAF electrodes), and an electri-
cally-induced Cauchy stress, c,,, = ¢E° (¢ being the DE electric permittivity), both
acting in the DE film thickness direction. Consequently, the mechanical stress
field in a stretched and activated single-layered EAF, which is free to deform in its
thickness direction, is given by the following relationships [6]

oY oY v
o, =4—-0,,0,=4—-0, and 0, =-0, =—¢— (1)
04 oA At
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where 4; and o; (i = 1, 2, 3) are, respectively, the principal stretches and the
Cauchy stresses (the third principal direction coinciding with the film thickness di-
rection), ¥ = W(A,, 4,) is the incompressible DE strain-energy function [6] and £,
is the unstretched DE film thickness. For the incompressibility condition
A3 =1/1,4, holds.

By construction, when coupled with a four-bar mechanism having links of
equal length, lozenge-shaped EAFs expand uniformly without changing their edge
length / and principal stretch/stress directions [4]. Thus, their deformation state is
characterized by the following principal stretches

ﬂ“l = ﬂ’l,p x/xp ’ j“2 = AZ.p\/(‘”Z _x2 )/(412 _xi) (2)

where, referring to Figs. 1 and 2, 4, , and A,, are the EAF principal pre-stretches
in the configuration where x = x, (x, can be chosen as desired). Of course, the first
and second principal stretch/stress directions are respectively aligned and or-
thogonal to the line joining the points O and P. The external forces (either force
off, //F, or force on, ”'F, depending on the EAF activation state) that must be sup-
plied at O and P, and directed along the line joining these points, to balance the
EAF stress field are [4, 8]

! - [ 2 2/ / : o :|
F = OV/0A |4l — A —oVY/oA AA (4 - , (3.1
(x) 5 / , x [4,, / , XX 1J)( x ) 3.1
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"F(x,V)="F(x)+"F(x,V), (3.2)

“F(xv)=-[era, 4, x(20 )] / |:t0xp1 [ar —x* } , (3.3)

which, by convention, are positive if directed according to the arrows depicted in
Figs. 1 and 2. Note that “"F(x,V), given by Eq. (3,3), is an “electric” force due to
EAF activation. )

The mathematical Force-Length (FL) curves, “/F(x) and “"F(x,V), obtained by
Egs. (1-3) for different values of activation voltages (respectively for =0V and
V =22kV, V= 6.5kV, V= 8.7kV) are plotted in Fig. 3 for a typical lozenge
shaped EAF, composed of a single acrylic DE (3M-VHB 4905) and two silver
conductive grease electrodes (CircuitWorks-CW7100). The film pre-stretches are
Aip =22 and A, = 5 (as recommended in [3, 4]); the film dimensions are
fo=1.5 mm, / = 70mm and x, = 15mm. The mathematical curves are obtained by
using a first-order Ogden type [6] = strain-energy function ‘P,
Y= (u/ o) (4% + 3%+ 1,792, — 3) with parameters 1= 60kPa and @ =1.8, and a
DE electric permittivity & = 4.5-8.85¢"*F/m [4]. The figure shows that the EAF
curves “’F(x) and “"F(x,V) are usually nonparallel and nonlinear. This complicates
the DE-based actuator design and control. Indeed, a well-behaved actuator should
feature linear (typically with zero slope) FL curves and available thrust 7(x),
T(x) = [YF(x) = “"F(x,V;s0)] (Ve being the maximum operating voltage), inde-
pendent of the actuator length, x.

To face this issue, traditional design procedures propose to couple EAF (of
experimentally predefined pre-stretch and geometry) with suitably sized elastic
frames made of polymeric materials [3-5]. That is, the actual design procedure for
lozenge-shaped DE actuators consists in the following sequential steps: i) empiri-
cal determination of film pre-stretches which guarantee the maximal area expan-
sion of the activated EAF [3, 4]; ii) experimental determination of EAF geometri-
cal dimensions which satisfy given actuator force/stroke requirements [3, 4]; iii)
mathematical or experimental design of the elastic frame [3-5]. Although valid,
this design approach is not rigorous, neither provides optimal actuators. Indeed,
elastic frames can only linearize either the ’F(x) or “"F(x,V) EAF curves. More-
over, by introducing more components, the resulting actuators become bulkier,
heavier, more expensive and complex, and are likely to show degraded efficiency,
reliability and repeatability.

EAF Lengthx [m]

Fig. 3 Force-Length (FL) curves of a typical lozenge-shaped EAF
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3. The novel design approach

In this section, a mathematical procedure is described that makes it possible to
design well-behaved lozenge-shaped DE-based actuators, which do not need to be
coupled with properly dimensioned compliant frames.

Consider the adimensional parameter y = x// which uniquely identifies the lo-
zenge configuration. Differently from the actual design procedure, the proposed
approach has the following sequential steps: i) given the desired initial and final
actuator lengths, x; and x; (thus the ratio 0 = x/x;), identify the range of lozenge
configurations, [y ¥/ (1= x//l being the final configuration), that minimizes the
maximum actuator thrust relative error ey, er = [max(7(x))/min(7(x)) — 1] within
x; £ x < xr; ii) find the lozenge geometry which satisfies the desired actuator
lengths, x;and x;, and the desired force thrust 7, T'= min[7(x)] within x; < x < x;,
for a given maximum bearable (limiting) electric field £j; iii) find the EAF pre-
stretches which, besides preventing film failures (rupture) and buckling, guarantee
the desired linear FL curve, ?/F, of the actuator in its inactive state.

3.1 Mathematical insights on the EAF force

Posing E; = Ey= V/t; (1, being the DE film thickness in the final actuator con-
figuration) and, momentarily, y, = x5 equations (3.1) and (3.3) can be rewritten as

uffF:Uﬂf(lﬂll_p’ﬂ?.p)lt/lfVl_lj/“-’ .1
"= ""f(;()(lt/gEf)/()(/,/4—;(;), 4.2)

where
W= (a‘y/a/ll)/ll/;(—(a\y/azz),12;(/(4—;/) and ' f = (7' -2) (43)

which show that the thrust relative error, (7(x)/T — 1), depends on y (and thus on
0= x;/x;) only, while the nonlinearity of F(x), and thus of “"F(x,V), depends on g,
Aip» A2, and on the DE mechanical properties hidden in the strain-energy function.
A plot of the adimensional “electric” force, “f, is given in Fig. 4 which highlights
that the EAF can sustain significant compressive external forces only if y, < 20°
and provide a quasi constant thrust 7(x) if dyyand y; are close to 0.8. Therefore, in
this paper g < 2% is considered only. Note that if X < 2%° the maximum electric
field E, which acts on the DE for a given electric potential V, is at y; (i.e. the ac-
tuator configuration for which EAF area and thickness are maximum and mini-
mum respectively), for this reason E; = E;has been posed in Eqs. (4).
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3.2 The optimization procedure

Following the considerations highlighted in section 3.1, actuator optimization
can be conducted according to the following sequential steps:

1) Given the desired initial and final actuator lengths, x; and x, (and thus
0=1x/xy), then find y; that minimizes er, i.e.

7, =y2/(5+6+1); ®)
2) Given gy and the desired final actuator length x; solve for the lozenge

length [ =x// x5
3) Given gy, [, the DE electrical properties, ¢ and E;, and the desired thrust T

find ¢ as
=[] s (e JeeE s (©)

~ 4) Given gy, L, t; the DE mechanical properties and a desired force profile
F(x), find 4, , and 4, , that minimize

3(4,.4,)= f["”’F(x, A2y, )= "E(x)] dx, (7.1)

subjected to the following anti-failure criteria

[0'I (x,ill_p,i”) > 0] & [0'2 (x’im,,’iz,,,) > 0], Vx e [xt_,xf] , (7.2)

d)(/?,1 (x),ﬂz(x))<0, Vxe[xi,xf], (7.3)

where the relations (7.2) are derived from Eq. (1) and guarantee that the EAF will
not buckle in the desired actuator range of motion, and @ is a suitable fracture cri-
terion of the DE [7];

5) Given t;, A1, and A, find the unstretched film thickness as #) = # 41,4, .
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Fig. 4 Adimensional electric force “"f'vs EAF configuration x//
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4. Case study

The procedure presented in Section 3.2 has been used for designing a linear
actuator. The actuator position requirements are x; = 15mm and x,= 35mm (thus
& = 0.43); the actuator force requirements are a tensile force F(x) = +0.5N, a
compressive force ”F(x,V,...) = —1N, and thus an available thrust 7 = 1.5N. The
DE and electrode materials are the same as those used for the example examined
in Fig. 3, that is an acrylic DE (3M-VHB 4905) and silver conductive grease elec-
trodes (CircuitWorks-CW7100) such that & = 4.5-8.85¢'?F/m, u = 60kPa and
a=1.8. The Kawabata’s criterion [7]

®(4 ()., (1) = max [4, ()., (1)) <9, ®

is used to check for DE mechanical rupture. To avoid DE electric breakdown, the
limiting electric field is set to £, = 150MV/m.

The resulting actuator geometrical dimensions are yy = 1.113, / = 31mm,
Aip=2.12and A, = 8.18 (referred to x, = 15mm), and £, = 4mm. For safety rea-
sons, limiting the required electric potential V' below 10kV, the resulting EAF is
subdivided in two layers each having #, = 2mm. Note that, for the given DE mate-
rial, these design parameters are obtained analytically. The mathematical Force-
Length (FL) curves, ’F(x) and "F(x,V), of the optimized actuator are plotted in
Fig. 5 for different values of activation voltages (respectively for V' = 0V and
V' =2.2kV, V=6.5kV, V= 8.7kV). As shown, the EAFs fully satisfy the desired
actuator force/stroke requirements. The FL curves are nearly constant independ-
ently of the activation voltages. The maximum (at V., = 8.7k V) thrust relative er-
ror is ey = 28% (of T = 1.5N). Comparison between Figs. 3 and 5 highlights that
the optimized EAF performs better than the typical EAF designed according to the
conventional design procedure. Indeed, for the latter, the FL curves are non-
parallel, with slope depending on the activation voltage, and the maximum (at
Vmae = 8.7kV) thrust relative error is ez = 108% (of 7' = 1.58N). This demonstrates
that the empirical condition, 7 < 4; 4>, < 11 that maximizes the free area expan-
sion of EAF, which was suggested in [3, 4] for choosing the film pre-stretches at x;
is not a necessary one for lozenge-shaped DE-based linear actuators.

Note that, while the optimized EAF can simply be coupled to a four-bar mecha-
nism, in order to satisfy the desired /F(x) = 0.5N, the typical EAF requires a com-
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Fig. 5 Force-Length (FL) curves of the optimized lozenge-shaped EAF
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pliant frame which, besides bringing design, manufacturing, reliability and effi-
ciency issues, is likely to worsen er. In addition, it can be shown [8] that the opti-
mized EAF has lower lateral encumbrance, requires less DE material for produc-
ing the same actuator thrust, and has smaller electric time constant than the typical
EAF (i.e. the optimized actuator will have better dynamic response, and will be
easier to drive and control than the actuator designed according to the traditional
procedure).

5. Conclusions

A novel mathematically based procedure for the optimization of lozenge-
shaped dielectric-elastomer-based linear actuators has been presented. The proce-
dure has been applied to a case study. Simulation results showed that traditional
design approaches are not rigorous and neither provides actuators with optimal
performances, while the novel procedure makes it possible to develop improved
actuators having elastic-less frames, maximum force density and reduced electri-
cal activation requirements.
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