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Abstract—Soft dielectric elastomer actuators (DEAs) exhibit interesting
muscle-like behavior for the development of soft robots. However, it is chal-
lenging to model these soft actuators due to their material nonlinearity,
nonlinear electromechanical coupling, and time-dependent viscoelastic be-
havior. Most recent studies on DEAs focus on issues of mechanics, physics,
and material science, while much less importance is given to quantitative
characterization of DEAs. In this paper, we present a detailed experimental
investigation probing the voltage-induced electromechanical response of a
soft DEA that is subjected to cyclic loading and propose a general con-
stitutive modeling approach to characterize the time-dependent response,
based on the principles of nonequilibrium thermodynamics. In this paper,
some of the key observations are found as follows: 1) Creep exhibits the
drift phenomenon, and is dominant during the first three cycles. The creep
decreases over time and becomes less dominant after the first few cycles;
2) a significant amount of hysteresis is observed during all cycles and it
becomes repeatable after the first few cycles; 3) the peak of the displace-
ment is shifted from the peak of the voltage signal and occurs after it. To
account for these viscoelastic phenomena, a constitutive model is developed
by employing several dissipative nonequilibrium mechanisms. The quanti-
tative comparisons of the experimental and simulation results demonstrate
the effectiveness of the developed model. This modeling approach can be
useful for control of a viscoelastic DEA and paves the way to emerging
applications of soft robots.

Index Terms—Creep, dielectric elastomer actuator (DEA), hysteresis,
soft robotics, viscoelastic electromechanical modeling.

1. INTRODUCTION

As the frontier of robotics is moving into new applications, such
as unstructured constrained spaces or human-centered environments
where safety and adaptability to the uncertainties are fundamental re-
quirements, soft actuators with their inherent flexibility and tendency
to conform to the external environment become important to the devel-
opment of soft robots [1], [2].

In recent years, several soft actuators based on pneumatic or fluidic
technology [3]-[5] and shape memory alloys [6], [7] have been de-
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veloped for soft robots that have attracted significant attention in the
robotics society. However, it is usually difficult to achieve a precise and
fast control of the compressed air or temperature. Alternatively, dielec-
tric elastomer actuators (DEAs) are one kind of electrically driven soft
actuators [8], [9], which can deform in response to voltage, and exhibit
interesting attributes including large deformation, fast response, and
inherent flexibility. DEAs can be fabricated in various shapes or sizes
to perform different functions [10]-[12]. Recently, DEAs have been
employed to develop a jellyfish robot [13], a hexapod robot [14], an
annelid robot [15], and an artificial muscle to mimic the movement of
human jaw [16]. The reader may refer to [10] and [17]-[19] for detailed
information on applications of DEAs.

A DEA has a multilayered structure, consisting of a thin membrane
of elastomer sandwiched between two compliant electrodes. When
subjected to voltage, the elastomer experiences the Maxwell stress and
responds by contracting in thickness while expanding in area simulta-
neously [10], [19]. Although the working principle of the DEA looks
simple, the behavior of the DEA can be complex due to material non-
linearity and nonlinear electromechanical coupling behavior such as
the electrical breakdown and electromechanical instability [20], [21].
Besides, the DEA exhibits viscoelasticity and its behavior is strongly
time dependent.

Many previous works have been performed for modeling the DEAs
[22]-[34]. Some models were employed for qualitative (rather than
quantitative) interpretation of mechanics and physical phenomena, for
example, electromechanical phase transition in a laterally clamped
membrane [26]. Some models were simplified, using a linear viscoelas-
ticity model [24], [25], ignoring inhomogeneous deformation [27] or
linearizing the system [28], which could affect their accuracy especially
when the deformation is large. Some models were developed without
detailed experimental verifications [29].

It is expected for a DEA made of viscoelastic elastomer such as the
VHB 4905/4910 to show time-dependent nonlinearities upon cyclic
loading, such as the coupled creep and hysteresis [35]-[37]. With ex-
tensive applications of DEAs to soft robots [13], [14], [16], [19], it
is necessary and important to understand such viscoelastic response
of the DEAs with a quantitative model. To address this challenge, a
general modeling framework is proposed in this paper to quantitatively
characterize the nonlinear time-dependent electromechanical response
of DEAs subjected to cyclic loading voltage. For this purpose, real-
time experiments are conducted on a custom-built DEA under different
protocols of cyclic loading voltage. Then, the comprehensive experi-
mental phenomena of voltage-induced deformation including the vis-
coelastic creep and hysteresis are investigated. Finally, a constitutive
model based on the principles of nonequilibrium thermodynamics is
developed to interpret these phenomena. Results predicted by the de-
veloped model are then compared to the experimental data, which
quantifies its effectiveness with appreciable accuracy.

This paper is novel in that a dissipative thermodynamic model is
employed, which not only qualitatively but also quantitatively interpret
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Fig. 1. Schematic of the DEA. (a) Reference state. (b) Prestretched state. (c)
Current state. In the prestretched and the current state, Ao = constant = A,

viscoelastic electromechanical behavior including creep, hysteresis,
and voltage-induced deformation. The results show that the soft actu-
ators electromechanical behavior can be accurately predicted, which
may pave the way for precise control of soft actuators/robots.

The rest of this paper is organized as follows. The experimental
setup is introduced in Section II. Section III presents the experimental
results followed by a discussion on the viscoelastic phenomena ob-
served in experiments. In Section IV, the constitutive model is detailed
and Section V shows the theoretical and experimental comparisons for
different voltage signals. Finally, the conclusion of this study is drawn
in Section VI.

II. SYSTEM DESCRIPTION

A. Dielectric Elastomer Actuator

In this paper, a clamped soft DEA is fabricated as shown in Fig. 1.
This laterally clamped actuator is easy to fabricate, and is able to
provide linear actuation with 1 DOF. The laterally clamped actuator
has recently been employed to mimic facial muscles to achieve jaw
movement [16]. It is known that the material viscoelasticity can sig-
nificantly affect the electromechanical behavior of the DEA such as
phase transitions to wrinkling, and these effects can be qualitatively
interpreted by a viscoelastic model [26]. However, how to accurately
predict the deformation of the actuator remains an interesting open
question. Therefore, this clamped soft DEA is adopted in this paper for
experimental analysis and constitutive modeling.

The working principle of the developed DEA can be described as
follows.

1) In the reference state, the size of the elastomeris L; x Lo x H,

where length L; = 20 mm, width L, = 70 mm, and thickness
H =1 mm. The dielectric elastomer membrane made of 3M
VHB4910 is prestretched by A, = 2 and fixed to rigid clamps
at two ends. A constant mechanical force P is applied by a dead
load that vertically prestretches the membrane by A;, = 1.5.

2) Inthe prestretched state, the length of the membraneis A,, L, =
30 mm and the width is A, L, = 140 mm. The elastomer is
coated with carbon grease on both sides of the prestretched mem-
brane as compliant electrodes.

3) In the current state, the membrane is subjected to voltage ¢ and
the length of the elastomer changes to A; L, with width A, L,.

It is well known that the DEA may suffer failure, instability, or loss
of tension [21], [26], [38] with high voltages. In this paper, we mainly
focus on investigating the behavior of DEAs when subjected to cyclic
loading voltages. The maximum voltage is therefore kept low to prevent
any loss of tension, instability or dielectric breakdown.

B. Experimental Setup

The experimental setup with the fabricated DEA is shown in Fig. 2.
For the phenomena observation, tens of samples of DEAs were made
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Fig. 2. (a) Experimental setup, (b) DEA, and (c) block diagram of the setup.

in the experiments. A dSPACE-DS1103 control board equipped with
16-bit analog-to-digital converters and 16-bit digital-to-analog convert-
ers (DACs) is employed to generate different patterns of cyclic loading
voltage. The DACs output the analog control voltage, which is then am-
plified with a fixed gain of 1000 by the high-voltage amplifier (10/40 A,
Trek, Inc.). The real-time displacement of the DEA is measured by a
laser displacement sensor (LK-G5000, Keyence) with a stroke of 6
mm and resolution of 10 nm. The sampling time of the dSPACE board
is set to be 1 ms. Furthermore, the MATLAB/Simulink software is
used to implement the algorithms, which are directly downloaded to
the dSPACE-DS1103 control board via the ControlDesk interface for
conducting experiments in real time. The tests are conducted at room
temperature, hence the temperature-dependent behaviors of the DEA
can be ignored.

III. EXPERIMENTAL RESULTS

A. Voltage Loading Patterns

To investigate the response of the designed DEA, four kinds of peri-
odic voltage patterns with different loading histories are employed. As
an illustration, Fig. 3(a) shows one period of voltage pattern 1 (VP1)
with only one maximum peak, (b) shows one period of voltage pattern
2 (VP2) with three increasing local maximum peaks, (c) shows one
period of voltage pattern 3 (VP3) with three decreasing local minimum
peaks, and (d) shows one period of voltage pattern 4 (VP4) with both
increasing and decreasing local maximum peaks. The different voltage
patterns are significant to understand the amplitude dependent charac-
teristics of the viscoelastic behavior in the DEA during extension and
contraction, respectively, which will be discussed in detail later.

B. Experimental Observations

In this section, we will first investigate the complex viscoelastic
behavior in the DEA when the simple VP1 is applied to drive the DEA.
The experimental results are analyzed to study the different viscoelastic
behavior such as creep and hysteresis. A constitutive model with several
dissipative nonequilibrium mechanisms is proposed in Section IV to
quantitatively capture the experimental data. In the following section,
the experimental responses to VP2, VP3, and VP4 are quantitatively
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Fig. 3. Four different triangular voltage patterns applied to the DEA. (a)

Voltage Pattern 1, VP1 with only one maximum peak. (b) VP2 with three
increasing local maximum peaks. (c) VP3 with three decreasing local minimum
peaks. (d) VP4 with both increasing and decreasing local maximum peaks.

compared with the model prediction to demonstrate the effectiveness
of the model.

Fig. 4 shows the experimental results with VP1, where (a) shows the
input voltage with 12 cycles and (b) shows the experimental response
of the DEA. It can be seen that the response exhibits strong nonlin-
ear phenomena coupled with viscoelasticity. The major experimental
observations are outlined below.

1) The first phenomenon observed is the drift of the displacement
with time as shown in Fig. 4(b), which is generally called the
viscoelastic creep. Significant amount of creep is observed in
the first three cycles [see Fig. 4(b) and (d)] and it decreases over
time and becomes less dominant after the first few cycles [see
Fig. 4(b) and (e)].

2) The second phenomenon is significant amount of hysteresis.
When subjected to cyclic voltage, the electromechanical re-
sponse of the DEA is different during unloading as compared
to loading. After the first three cycles, the loading and unload-
ing paths of each hysteresis loop become similar in shape. It is
worthy of mentioning that the maximum displacement, which is
reached at the maximal applied voltage, also increases with the
number of cycles as shown in Fig. 4(c), which can be interpreted
as the effects of the viscoelastic creep. Fig. 4(e) shows the re-
sponse after the first three cycles when the creep is removed. It
can be seen that the hysteresis loop becomes repeatable.

3) Another interesting phenomenon is related to the shift of the peak
of the displacement from the peak of the voltage signal. As can
be seen from Fig. 4(d), the peak of the displacement is observed
during the unloading part and appears after the maximum applied
voltage.

The above observations demonstrate that the electromechanical re-
sponse of the DEA when subjected to cyclic voltage is a nonlinear
and nonequilibrium process and the energy is dissipated during the
loading-unloading cycle. To quantitatively account for these nonlinear
phenomena in DEAs with an effective and accurate model is one of the
important objectives of this study.
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Fig. 4. Experimental response of the DEA subject to twelve cycles of VPI.
(a) Voltage as a function of time. (b) Experimentally recorded displacement as
a function of time. (c) Displacement as a function of voltage. (d) Displacement
as a function of voltage for the first three cycles. Significant creep is observed
in the first three cycles. (e) Displacement as a function of voltage for the last
nine cycles, when the displacement due to creep is ignored (i.e., the actuator
is assumed to return to the same displacement when voltage vanishes in each
cycle). The actuator exhibits repeatable hysteresis.
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Fig. 5. Rheological representation of the two-part constitutive model. The
model consists of an elastic spring in parallel with several viscoelastic units,
each of which consists of an elastic spring in series with a viscous dashpot.

IV. CONSTITUTIVE MODELING

The experimental data in the previous section clearly show that upon
cyclic loading voltage, the DEA exhibits complicated time-dependent
nonlinear response. In this paper, a two-part constitutive model on the
basis of nonequilibrium thermodynamics is developed to incorporate
these time-dependent response.

Fig. 5 shows a rheological representation of the proposed two-part
constitutive model. The first part A with a nonlinear spring describes the
equilibrium state and the second part B with a set of nonlinear springs
and linear dashpots captures the nonlinear time-dependent deviation
from the equilibrium state. The number of the nonlinear springs and
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Algorithm: Model Evolution

Input: Input voltage signal, material and geometrical parameters
Output: Prediction of time-dependent electromechanical response of the
actuator

1 begin

2 | Input mechanic parameters of the spring J;, ; (where i=1,2,3...n) and
the relaxation time of the dashpots T; (where j=1,2,3...n-1)
Input dielectric permittivity € of the material

Input geometrical parameters Ay, A,, L, L, H

2p, Ly, L,
Input voltage signal ¢(t)

Initialize the variables Ay, Az, Es, Ek= Where k=2,3,4...n

Call the ode45 function visco for the specified time interval t

Get the voltage value @, at time instant t;

Calculate di,/dt, d&i./dt, d&,./dt for given ¢, using system of
equations in 15

10 Integrate to find A(t), Ek(t) and Er=(t)

11 | end

12 | end

° ® N NG Ww

Fig. 6.  Algorithm for solving (15).

linear dashpots is generally determined based on the experimental data
and predicted accuracy of the developed model. The constitutive model
can be developed as follows.

In the current state, the DEA is subject to voltage ¢ through the
thickness, charge @) of opposite sign accumulates on two electrodes,
and the membrane experiences force P, and P, in plane parallel to
the length and width, respectively. As a result, the size of the DEA
membrane changes to length [, , width [5, and thickness h. The stretches
of the membrane can, therefore, be definedas iy = Iy /Ly, Ay = I3/ Lo,
and A3 = h/H. The membrane is assumed to be incompressible, i.e.,
AiAsAs = 1. The true stresses in the membrane can be defined as
o1 = P /(lyh), 00 = Py /(I h), the true electric field is E = ¢/ h, and
the true electric displacementis D = @Q/(l;(>). Based on the theory of
nonequilibrium thermodynamics [39], the increase in the free energy
0@ should be less than or equal to the work done by the mechanical
forces and the electrical voltage

0G < Pioly + Padly + ¢0Q ey

where () can be expressed as () = €%L1L2 (A X2)? by considering
the membrane of the DEA as a stretchable capacitor.

The free energy density can be obtained by dividing free energy of the
elastomer with the volume of the membrane, i.e, W = G /(L L. H),
therefore

2
SW < %5/\1 + %5,\2 + 2 (%) (MAZ0A; + A2habhn). (2)

For the ideal dielectric elastomer, the Helmholtz free energy density
W can be assumed to be a function of the set of independent variables
given by

D2
. — @3
J+50 @
where €31, 829, ... represent the set of internal variables characteriz-
ing the time-dependent behavior of the dielectric elastomer; ¢ is the
permittivity of the dielectric elastomer, satisfying e = D/E; W is

W (i, 22, D, €1, €00, ) = Wo(hi, Ao, €01, €a, - -

associated with the stretching of the elastomer; % is associated with
the polarization of the elastomer.

As shown in Fig. 5, the stretches of the spring in part A are given by
A1 and A,, which are same as the stretches of the DEA. The stretches of
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the springs in part B are given by A, and A{,, and the stretches of the
dashpot are given by &;; and &;» , where i(= 2,3,4, ..., n) represents
the number of the spring-dashpot units. Since all the parallel units have
the same net stretches, the stretches can be related by the following
equations Ay = 1§, &1, Ay = Al Eia [26].

To describe the free energy density associated with the stretching of
the DEA, the Gent model [19] is employed in this paper. Therefore, the
free energy density corresponding to stretching is given by the sum of
stretching energy density of all the springs as

W@ (}‘117)\2762175227{317532764176427 “-7517,175712)

__mdy log (1 M2+ -3
2 Ji

B Z pidi o (- MG+ A6+ A PA 6 Eh - 3
2 J;

i=2
)

where p; and p; represent the shear strain modulus of the springs,
and J; and J; are constants relating to the maximum stretch limit
of the respective spring. It should be mentioned that other material
models such as Neo—Hookean and Mooney—Rivlin models [19] can
also be used to describe the free energy density relating the stress and
strain because the strain in this paper is restricted to be small to avoid
dielectric breakdown. Without loss of generality, we prefer to use a
Gent model because it can demonstrate the strain-stiffening effect of
an elastomer.
By combining (2)—(4), we can obtain

A2 — AT2)2
o +eE? =p ! —
! M 3+ —8)/4
S TR L
o L0867 A3y F AT, —3) /i
(%)
A= ARG
o +€E2 — 2 1 2
2 M 02 T+ 4702 = 3)/

N Z“ MES — M e E
L= 0067 + 23650+ AP €, —3) /Ui
©6)

Assuming the dashpot to be a Newtonian fluid with viscosity 7;,
the strain rate of the dashpot is given by &;,'d¢;, /dt and &5 d€;» /dt,
which can be expressed as

1dg 1
& dt  3m

( P (A& — €1 EhM A7)
L= (5677 + 2365 + €1EhM7° 07 —3)/J;
B (565 = E1 €M A7) /2 ) o
L= (A& + 23657 + €A €hA "2, —3)/J;
id&a _ 1 ( Hi ()L%@E? -& 1‘22)LI2)“52)
o dt 3 \1 = 0367 + M385" + €1 EHAT A" = 3)/;
_ i (26" = €1 EHA "0y ") /2 ) ®
L= (A& + 165" + i1 6ha" 4" —3)/J;
It can be proved that the developed model satisfies the thermody-
namic inequality (2) when 7; > 0. The viscoelastic relaxation time can

be related to the viscosity of the dashpot and the shear modulus of the
spring as

ﬂflzni/luﬂ 7;:273,47...,7’1. (9)
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Influence of material parameters on the simulation response of Model I (with single spring-dashpot element) to several cycles of VP1. (a) Displacement

versus voltage for different stretch limits (J1 = J2 = Jjim). Shear modulus and relaxation time are kept constant (1 = 15 kPa, 19 = 50 kPa, 77 = 0.18 s).

(b) Displacement versus voltage for different shear modulus. Stretch limit and relaxation time are kept constant (J; = Jo = 155, ug =

50 kPa, T} = 0.18 s).

(c)—(h) Displacement versus voltage and displacement versus time, respectively, for different relaxation time. Stretch limit and shear modulus are kept constant
(J1 = Jo = 155, p1 = 15 kPa, 12 = 50 kPa), where relaxation time 77 = 0.18 s in (¢) and (d), relaxation time 77 = 6 s in (e) and (f), and relaxation time
T1 = 145 sin (g) and (h). First five cycles of model response are shown in inset of (g).

At time t = 0, we assume that ¢ = 0 and the dashpots have been
given enough time to be fully relaxed. Thus, the initial conditions are
given by Ay = Ay, Ay = Ay, &1 = Ayy, and o = Ay, Substituting
the initial conditions into (5), we get the stress o in vertical direction
as

A=Ay

(A, + 23, + A Ay, —

o1 = |4 (10)

1- 3)/

By substituting o1 = Py /(lsh) (I; = Ay Lo and h = A3 H), the

load P; in the vertical direction can be expressed as
dp = Ay hay

L= (A2, + 23, + A Ay —

P =mLH (11)

3)/ I

Furthermore, if we substitute oy = P; /(lsh) and E = ¢/h directly
into (5), P, can be represented as

Considering the fact that P; given by (11) is constant, therefore
dP, /dt = 0. Differentiating (12) with respect to time, we get

AP _ 0Py do | 0P| dk | 0P diy
i 9o dt | o dt Thy dt
Y 9P, dEy . 9Py dég -0 (13)
+22(0511 i T 6y ar) =0
=

According to the clamped membrane fabrication of the DEA, the
stretch Ay = Ao, is fixed, which results in dX, /dt = 0. Therefore, (13)
can be re-expressed as

Ory

= ( +Z (_
o (14)

Combining (14) with (7) and (8), a set of differential equations can
be obtained in (15), shown at the bottom of this page. The voltage
is then applied to the system. For the prescribed cyclic voltage ¢(t),
(15) can be used for evolution of A; (t), Ao (t), &1(t), and &+ (¢). The

iy
dt

oP, do

96 dt

or; 0P d&»
0&, dt

0y dt

)

Py = f(¢,r,22,81,89, 01, 6n2)- (12)  algorithm for solving the equations in (15) is briefly listed in Fig. 6.
_ . _
0[’1 [ 0Py d§iy _ 9Py d&io P,
( o dt Z:Q ( dE;1  dt BE;9 dt )) /axl
[dr, /dt T [N na (R 657 €5, €3,27%05%) _ o (156,75 €3 €3,2%0,%) /2
B2 \ 1=(f €57 +25 655 +65, €554, 2)‘ 2=3)/ 7> L= €57 435650 85,6550 4" =3)/ 2
d&sy /dt
d&ss /dt £29 “F“‘%fn —£3,63,22457) n2 03657 63,63, °0,%)/2
= 32 ’(A%5;f+xﬁ522+521§§2)‘172)‘Z 3)/ T2 —( 521+Az§22+§21§§2A;2A—2 3)/J2 (15)
dg, 1 /dt
1 i G €0 60,47 0°) B i 036,50, 8002 "0 /2
L d&n2/dt | 3\ 1- (Alg;%+»\2gn§+gl]552A;2r2 3)/Jn 10k §n]+12§;22+§n]§£1)\l 252=3)/Jn
Ena “"()‘ f;zz 5n1£i2)"1 )‘7 ) _ ”'l<)‘ffd’§n15ﬁ2)‘1 )‘7 )/2
B \ 1-(3¢ 2+2¢, 2 +€2 57272)\1’2)\’2 3)/Jn 1=(A2¢, 24226 2+€2 62,0 20,%=3)/




1268

IEEE TRANSACTIONS ON ROBOTICS, VOL. 33, NO. 5, OCTOBER 2017

15
€ € € €
e | Lo e £ E
£ 2 Lt £ 5
g g £ g
[ [ 5 [
S 05 g 8 kS
3 z g 3
a o0 . a a a
3 0 20 40 60 8 100 120
Voltage (kV) Voltage (kV) Time (sec)
(@) (b) ()
15 15
€ € E -
£ £ £ £
e € 1= €
£ g £ £
[ Q [ 8
2 3 3 kS
El é‘ % % vV V V
a [a) a [a}
coeant 0
0 1 2 3 4 0 50 100
Voltage (kV) Voltage (kV) Voltage (kV) Time gec)
© (f) (@ (b
Fig. 8. Simulation results of the DEA subjected to 12 cycles of VP1, for two models, Model I [see (a)—(d)] and Model II [see (e)—(h)]. The blue curves represent

the model prediction, while the red circles represent the experiments. (a)—(d) Model I, which combines an elastic spring and a viscoelastic element. (e)—(h) Model
II, which combines an elastic spring and two viscoelastic elements. (a) and (e) Displacement as a function of voltage for the first cycle. (b) and (f) Displacement
as a function of voltage for the first three cycles. (c) and (g) Displacement as a function of voltage for the last nine cycles, with the creep effect ignored. (d) and

(h) Displacement as a function of time.

€
AN €
€
v
—VWHH— g
v
&
Q
AN 2
= 0 20 40 60 80 100 120
Time (sec)

15
E 2 E

E #E 1
€ <
7] [T
£ £
[ [

3 5 05
2 s
=) a

0

0 1 2 3 4 5
Voltage (kV) Voltage (kV)
(©) (d)

Fig.9. (a) Comparison between the experimental and simulation results of the
DEA subjected to 12 cycles of VP1 for the developed model, which consists of an
elastic spring in parallel with four viscoelastic units. In (b)—(d), the blue curves
represent the model prediction, while the red circles represent the experiments.
(b) Displacement as a function of time. (c) Displacement as a function of voltage
for the first three cycles. (d) Displacement as a function of voltage for the last
nine cycles, with the creep effect ignored.

V. RESULTS AND DISCUSSIONS

In this section, the comparative experimental results are presented
to verify the effectiveness of the developed model.

A. Influence of the Model Parameters

First, we try to investigate the influence of shear modulus, relaxation
time, and stretch limit on the time-dependent response of the soft
DEA. A single spring-dashpot unit as shown in part B of the two-part

constitutive model (see Fig. 5), referring to as Model I, is adopted to
simulate the effect of different material parameters.

Fig. 7(a) shows the model prediction with different stretch limits
when several cycles of VP1 [as shown in Fig. 3(a)] are applied. It can
be seen that changing the stretch limit does not have much influence on
the model response. This may be because the material undergoes de-
formation smaller than the limiting stretch. Fig. 7(b) shows the model
prediction with different shear modulus. It is evident that the response
of the model shows larger deformation when the shear modulus is small.
This is attributed to the fact that low shear modulus represents soft mate-
rial and under the same stress a softer material has a larger deformation.
Fig. 7(c)—(h) shows the influence of relaxation time. Fig. 7(c) and (d)
shows the results with a small relaxation time (77 = 0.18 s). When
the viscoelastic relaxation time is very small, the dashpot achieves
equilibrium very quickly as can be seen in Fig. 7(d). The response
of the model is dominated by a large hysteresis loop with negligible
creep and the response becomes repeatable after the first cycle, as
shown in Fig. 7(c). Fig. 7(e) and (f) shows the results with a moder-
ate relaxation time of 77 = 6 s. It can be seen that as the relaxation
time increases, the time taken to achieve equilibrium also increases.
Furthermore, it can be seen from Fig. 7(e) that the hysteresis loop
becomes smaller with the increase of the relaxation time. Moreover,
the response of the material predicted by the model shows significant
creep in the first few cycles and the response of the material becomes
repeatable after several cycles, as shown in Fig. 7(e). It can be seen
from Fig. 7(f) that the creep becomes negligible after several cycles.
Fig. 7(g) and (h) shows the model response with higher relaxation time
of 11 = 145 s. It can be seen that the response of the material shows
creep over longer period of time and the hysteresis becomes nearly
negligible.

Based on the above results, we will take the following steps to
fit the material parameters for verifying the effectiveness of the
developed models. At the first step, we tune the shear modulus to
fit the hysteresis loop in the first cycle. The graph in Fig. 7(b) shows
how the shear modulus affects the hysteresis loop, especially for the
first cycle. At the second step, we tune the relaxation times of the
dashpots to fit the creep deformations and the hysteresis loops af-
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cycles, with the creep effect ignored. Top to bottom: VP2, VP3, VP4.

ter the second cycle. Fig. 7(c), (e), and (g) shows the effects of re-
laxation times on the creep deformations and the hysteresis loops.
We then repeat the first and second steps until the differences be-
tween the simulations and the experiments are within acceptable
range.

B. Model Comparison

We next try to understand the effect of spring-dashpot units on the
viscoelastic response by employing two different models (Model I
and Model II). Model I is with single spring-dashpot unit [see inset
Fig. 8(a)], and Model II is with two spring-dashpot units [see inset
Fig. 8(e)].

Fig. 8(a)—(d) shows the predicted results with Model 1. The material
parameters used in the simulation are: J; = Jy, = 155, y; = 78 kPa,
1o = 65 kPa, and 77 = 0.85 s. Fig. 8(a) compares the experimen-
tal response for the first cycle of the triangular voltage in red circle
with the theoretical results in blue curve. It can be seen that the hys-
teresis within the first cycle of the experimental response can be fit
very well with Model 1. Fig. 8(b) shows the output for first three cy-
cles. As discussed in Section III-B, significant creep is observed in
the first three cycles [see Fig. 4(d)], but this effect cannot be pre-
dicted with Model I. Furthermore, Fig. 8(d) shows that the creep can-
not be predicted well with Model I. According to the experimental
observation [see Fig. 4(e)], the hysteresis becomes repeatable after
the first few cycles. Fig. 8(c) shows that the repeatable nature of the
hysteresis loop can be predicted with Model I. However, the loop is

shifted downward, which may be due to the simplistic nature of the
model.

Fig. 8(e)—(h) shows the predicted results with Model II. The ma-
terial parameters used in the simulation are J; = J, = J3 = 155,
p1 = 62 kPa, po =40 kPa, pug =30 kPa, 7} = 0.5 s, and 15 =5
s. Fig. 8(e) shows a good agreement between the model prediction and
the experimental response for the hysteresis within the first cycle. Com-
paring the result in Fig. 8(b) to that of (f), we can see that by adding an
extra spring-dashpot unit in the model, the creep effect can be predicted
better, which can also be verified by (h). Similarly, Fig. 8(g) shows that
the repeatable nature of the hysteresis loops can be predicted, which
are in good agreement with the experiment. Comparing the results of
Model II [see Fig. 8(e)—(h)] with those of Model I [see Fig. 8(a)—(d)],
it can be concluded that adding more parallel units of spring-dashpot
helps in predicting the viscoelastic effects more accurately.

C. Model Validation

Considering the experimental observations and comparison with
the simulation results, four spring-dashpot units are adopted in the
developed model to account for the coupled creep and hystere-
sis due to the viscoelasticity. The values of the different material
parameters are given as J; = J, = J; = J; = J; = 155, shear mod-
ulus are given by py = 15 kPa, po = 150 kPa, ug = 20 kPa, py = 25
kPa, pi5 = 12 kPa, and relaxation time by 77 = 0.18 s, T, = 6's, and
Ty =145 s, T, = 550 s. Fig. 9 shows good agreement between the
model prediction and the experimental response with the predicted
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root-mean-squared error less than 3%. It should be noted that further
increase of the numbers (more than 4) of spring-dashpot units leads
to little improvement in accuracy, but makes the computation more
costly. Without loss of generality, we use four spring-dashpot units for
the following verification.

To further verify the developed model, three other voltage patterns
VP2-4 with different amplitude histories [see Fig. 3(b)-(d)] are
employed to drive the DEA. We should mention that all the material
parameters in the model are kept same as tuned for VP 1. Fig. 10 shows
the quantitative comparison of the model prediction and the experimen-
tal response of the DEA for different voltage patterns. It can be seen that
the experimental observations are precisely predicted by the developed
model, which well verifies the effectiveness of the model. It can be
observed that depending upon the loading histories with different am-
plitudes, the hysteresis of the DEA shows the memory effects with both
the major loop and the minor loop. Without considering the physics
nature of the hysteresis behavior, it is interesting to see similar phenom-
ena in the hysteresis loops with both the wiping-out and congruency
properties as usually discussed in other smart material actuators such
as the piezoelectric and shape memory alloys actuators [40]-[42]. The
wiping-out property refers to the nonlocal memoryless behavior, which
means that the hysteresis output depends upon not only the current
input but also the previous dominant input extrema. In other words,
only the alternating series of the dominant input extrema are stored by
the hysteresis loops, and all other input extrema are wiping out, as can
be seen in Fig. 10(d) and (h). The congruency property means that the
two minor hysteresis loops corresponding to the same input range are
congruent. From Fig. 10(1), it can be observed that if the lower minor
hysteresis loop in the loading path is shifted up along the vertical
direction without any rotation, it can approximately overlap the higher
loop in the unloading path. We should mention that these two proper-
ties are essential for the well-known mathematical hysteresis models
such as the Preisach model and Prandtl-Ishlinskii model [40]-[42].
These analogue phenomena may provide an alternative modeling
method for the future analysis of the hysteresis behavior in the DEA.

VI. CONCLUSION

In this paper, we investigate the electromechanical response of a
clamped planar DEA when subjected to cyclic voltage. Voltage of four
different patterns was applied and the DEA was found to exhibit strong
nonlinear phenomena coupled with viscoelasticity, such as creep, hys-
teresis, and other viscoelastic effects. A nonlinear viscoelastic model is
developed that can accurately predict the electromechanical response
of the DEA subjected to cyclic voltage of different patterns. This pa-
per leads to a better understanding of the nonlinear electromechanical
phenomena coupled with viscoelasticity in DEAs. It is expected that
precise prediction of the electromechanical response of DEAs will lead
to their successful control, which may be useful in extensive emerging
applications of soft robots.
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