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The performance of a given type of actuators cambgkedly enhanced
by judicious choosing parameters of design. Howewroosing
parameters of design to optimize the actuator'sfqggerance has been
challenging due to nonlinear equations of state,ltiple modes of
failure, parameters of design, and measures of operénce. The
actuator has three dimensionless parameters ofjdesie pre-stretches
in length and width of the plane of the elastomemrane and the
dimensionless ratio between the stiffness of thimg@nd that of the
elastomer. These parameters of design are prestipee the actuator
is constructed. This paper aims to optimize thesameters to get the
maximum actuation of Spring-Roll Dielectric Elastymactuator.
Analysis and software programs are developed t@lycally represent
the equations of state for any design parametenesl Also, to design
the dimensions of the actuator, the applied voltagel the stiffness of
the spring when the axial length at relax and axuad are prescribed.
Different loads and actuator axial lengths and thesunterpart designs
are also addressed. Actuation range and maximumagion for each
design are determinedCompared with the most recent work [1-6], the
achieved results show that the presented work digtes.

In addition to, getting out of the region of fadumodes is described.
This paper also presents robust and reliable degighniques for a
Spring-Roll Dielectric Elastomer Actuator, whosduation exceeds 300
% and could be used as a promising device in variooedical
applications.

KEYWORDS: Springroll dielectric elastomer actuator, modes of
failure, region of allowable states, actuation rangoptimal design
parameters.

1. INTRODUCTION

Dielectric elastomer actuators have been intenstlgied in the recent decade. To
explore some of the basic issues in the design, pamgcular type of actuators is
studied, the spring-roll actuators [7-9]. The camgtion of a spring-roll actuator is
sketched in Fig. 1. Two membranes of a dielectiastemer are alternated with two
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electrodes. The laminate is prestretched in twections in the plane, and then rolled
around a spring [10].
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Fig. 1. The construction of a spring-roll actuator

Two membranes of a dielectric elastomer are altedhaith two electrodes.
The laminate is first prestretched and then rodeolind a relaxed spring. When the
spring roll is subject to a voltage and an axiat€o the length of the spring couples the
electrical and mechanical actions.

Providing dielectric elastomer actuators with aelexf pre-stretch can improve
properties such as breakdown strength, actuattamsind efficiency [11].

When the actuator is subjected to an applied veltagl an applied axial force,
the axial elongation couples the electrical andhmaatcal actions. The parameters of
design include prestretches of the elastomer amdtifiness of the spring.

2. EQUATIONS OF STATE
Referenced to Fig. 1, the electrodes are compéiadtbear no mechanical load. The

p
elastomer is of thickness L3 and sides L2 and lbk felaxed spring is of Ieng@hl‘i.



PARAMETER OPTIMIZATION IN SPRING-ROLL DIELECTRIC ...... 361

p p
The elastomer is prestretched’lt?(jﬂand/ll Ll, and then the elastomer is rolled around
the relaxed spring. When the actuator is subjettteoh applied voltag® and an axial

force P, the thickness of the laminate changégLIh and the length of the spring

P
changes téll‘i. However, side 2 of the Iamina{]si,l‘2 is constrained by the diameter
of the spring and remains unchanged. The elast@rtaken to be incompressible, so

AAA, =1

During the operation, the actuator varies its statievo ways, as specified by

that

two generalized coordinates: the stre’ltjh the axial direction, and the charge Q on
one of the electrodes. Helmholtz free energy A had tictuator is prescribed as a
function of the two generalized coordinates:

A, Q)= 2k + (e + () -3

2
1 Q 1 2
+—| ——— | LLL+=KWL - A}
25( AMSLJ L+ oKL - A7) N

The free energy of the elastomer is the sum okthastic energy, witln being
the shear modulus of the elastomer and the dialeetmergy, withe being the
permittivity of the elastomer [12, 13]. The spriisgaken to obey Hooke’s law, with k
being the stiffness of the spring.

When the actuator is in a st&@e'Q), in equilibrium with the applied axial
force P and the applied voltage for any small change in the stretch and charge,

d’11anddQ, the change in the Helmholtz free energy equadswhbrk done by the

applied force and the voltage, namely [14].
Consequently, the force and the voltage are thapdifferential coefficients

of the free-energy functio’ﬁ‘("l'Q). The axial force is work-conjugate to the
elongation:

b = 9A(A.Q)
LOA 3)
The voltage is work-conjugate to the charge:
o=A1.Q)
oQ (4)

Inserting (1) into (3), we obtain that

P (- ae(e)?)- 1)2( 0 JZW(%-/‘I’)

ML A (/15 HeL L,

()
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a=—Kh

where Mol is a dimensionless ratio between the stiffnesg@fspring and that
of the elastomer. Equation (5) shows that the daiak is balanced by contributions of
three origins: the elasticity of the elastomer, pleemittivity of the elastomer, and the
elasticity of the spring. Equation (5) can alsodiained by invoking the Maxwell
stress [15, 16].

Inserting (1) into (4), we obtain that

(ONNF 1

LVe () (x/ﬁ'—ﬂ- j ©)

The actuator has three dimensionless parameteatssign: the prestretches in

the two directions in the plane of the elaston{grand/]g, as well as the normalized
stiffness of the spring. These parameters of design are prescribed orcacthator is
constructed.

Equations (5) and (6) are the equations of stafiating the dimensionless

loading parameters,P/( 2"3) and q)/(LW'u/g), to the dimensionless generalized
coordinates,)ll and Q/ (LlLZ\/a) .

These nonlinear equations of state can be displgyaphically on a plane
spanned by the two dimensionless generalized auatesi as shown in Fig. 2. Plotted
on this plane are the lines of constant force &erdites of constant voltage. Fig. 2 can
be used to locate the state of the actuator un@scpbed axial force and voltage. In
plotting the equations of state in Fig. 2, we haeé the parameters of design to a
particular set of values.

4
?/L3/ /e =0.07

35+

®/Lay /e V’

® /L //e=0.2 4

E=a E=4 a=4
e=3.21 £, = 8.85 X 107 12F/m p=10°Pa
0 5 10 15

Q/LiLy\[en

Fig. 2: A graphical representation of the equations okstat
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: abile A A2) .
When the design variabl 1» 72 Jare prescribed, the state of the actuator

p
is characterized by two generalized coordinates:sﬂnetcml in the axial direction,
and the charge Q on one of the electrode.

3. MODES OF FAILURE

The range of operation of an actuator is limitedvayious modes of failure. Each
mode of failure restricts the state of the actuato@ region on the plane of the
generalized coordinates. The common region thatsaé modes of failure constitutes
the set of allowable states. To illustrate the pdoce to construct the region of
allowable states, several representative modesilafé are considered [17, 18].

First electromechanical instability (EMI) of theastomer is considered. As the
applied voltage is increased, the elastomer reditsabickness, so that the voltage
induces a high electric field. The positive feedbbetween a thinner elastomer and a
higher electric field may cause the elastomer todokeiced drastically, resulting in an
electrical breakdown. This electromechanical instglbcan be analyzed by using a
standard method in thermodynamics. [19].

Consider a three-dimensional space, with the gépedacoordinateg1 and Q
being the horizontal axes, and the Helmholtz freergy A being the vertical axis. In

this space, the free-energy functideﬂ(/]l’ Q)is a surface. A point on the surface
represents a state of the actuator, and a curvthersurface represents a path of

actuation. Imagining a plane tangent to the surkica state("l'

this tangent plane are PL1 adddaccording to (3) and (4).

Q). The slopes of

For a state("l’ Q) to be stable against arbitrary small perturbationghe

generalized coordinates, the surfgt(él’Q)must be convex at the po(ﬁ‘ﬂ’Q).
This condition of stability is equivalent to thdléaing set of inequalities:

0*AlL.Q)

ox (72)
0Q?

0°AlA, Q) A4, Q) _(0°AA. Q)Y 70
o o 02,0Q

Based on the three inequalities, (7a) ensures mexiastability, (7b)
electrical stability, and (7c) electromechanicalbdgity. Using (1), it is noticeable that

(7a) and (7b) are satisfied for all values(ﬂf, Q), but (7c) is violated for some values

of (/11, Q). A combination of (1) and (7c) shows that the #t@oechanical instability
sets when:

Q — af 4p
peLL, =+ a)ie) +3 ©)
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This equation corresponds to the curve marked by iBMFig. 3. The curve
divides the (/11, Q)plane into two regions. Above the curve, the actua stable
against small perturbation of the generalized doatds. Below the curve, the actuator
undergoes electromechanical instability.

The second mode of failure is thkectrical breakdowdEB) of the elastomer.
Even before the electromechanical instability stts, electric field in the elastomer
may become too high, leading to localized condugtiath through the thickness of the
elastomer. For the complexity of the microscopiocess of electrical breakdown, it
will not be addressed in this paper. To illustréite procedure of design, we assume
that electrical breakdown occurs when the truetedsiteld exceeds a critical vallec.
For the ideal dielectric elastomel) = ¢E, where the true electric displacement

isD =Q/AA5L, L,, the condition for electric breakdown is

Q _ &
X QAP el
Ll zEcﬁ )

Equation (9) corresponds to the straight line mérkey EB on the
(/11, Q)plane as shown in Fig. 3. The actuator in a statéhe region above this

straight line will not suffer from the electricaldakdown.

Loss of tensiowf the elastomer when the voltageis large is considered, or
axial forceP is compressive and of a large magnitude, the strefise plane of the
elastomer may cease to be tensile. This loss afidenwill cause the elastomer to
buckle out of the plane, so that elastomer willar@er generate force of actuation. To
avert this mode of failure, the stress is requiethe tensile in every direction in the
plane of the elastomer. That is, both the stressgaihe axial direction and the stress in
the circumferential direction are required to bestie, S >0and S,>0. Following

[20], the nominal stress in the axial direction dbtained in terms of the two
generalized coordinates:

2
S 2 -a(e)?)- -2 | ()
— =W, - - —— 10
o=t oLl () (10)
Setting the critical condition in (10), we obtairat

—W_SHL =[xy -1 (10a)

Similarly, nominal stress, $n terms of the two generalized coordinates can be
obtained:

i: p_ p_3—2_ Q i p)3y-2
=l 2| e an

Setting the critical condition,s0 in (11), the following equation can be obtained:
4
Q. :w/Af(Ag) -1 (11a)
JHELL,

The critical conditions for loss of tension=8 and s=0, are plotted in Fig. 3.
A comparison of (8) and (10a) shows that, for gproll actuators, loss of tension in
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the axial direction will always precede electroreathbal instability. In contrary, other
types of dielectric elastomer actuators may faildbgctromechanical instability [21,
22].

5 Tensile rupture; A,.=3

Allowable states

5 10 15
Q/LyLyv/ne
=3 =3 a=3
E. = 108V/m, e=3.21¢,, u = 100 kPa

Fig. 3 A graphical representation of modes of failu

Next tensile ruptureof the elastomer is considered. When an elastomer i
stretched too severely, the elastomer may rupftline. critical condition for tensile
rupture is not well quantified. Here the simplaemion that the elastomer will rupture
when either stretch or A, exceeds a critical valug is used. A representative value
=5isincluded in Fig.3.

The compressive limiof the spring is finally considered. The springtie
spring-roll actuator is designed to be under cosgom. When the spring is
compressed excessively, however, it may deforntipily. The length of the spring

at its relaxed state id"L, , and the length of the actuated spring,is. We assume
that the spring deforms plastically whealﬁ//]l exceeds a critical valug which we set

to bec = 4. In the §;, Q) plane, Fig. 3, the region above the lidg= /]lp/cwill

guarantee that the spring remains elastic.

The modes of failure discussed in this sectionaraverted in the shaded
region in Fig. 3. As evident from the above disaussthis region of allowable states
will depend on the critical conditions for variom®des of failure.
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4. DESIGN OF A SPRING-ROLL DIELECTRIC ELASTOMER
ACTUATOR
4.1 Actuation Range (Maximum and Minimum Required Actuation)

For maximum required actuation, as illustrated fifigm4, moving from a lower state
to an upper state along the applied voltage cuh& compressive axial force has to
decrease in magnitude. That is, behind the poimitefsection of the applied voltage
curve and the prescribed axial force curve, thaatot becomes unable to burden the
already prescribed compressive load which it desigior. Therefore, we should not
move upwards on the applied voltage curve to ssrggas point of maximum required

actuatiom/

Imax*

For minimum required actuation, to avoid actuaiinhe region of modes of
failure, the actuator should work in the allowastates region; therefore the first point
on the applied voltage curve in this region istfisimum required actuation. In other
words, the lowest actuation of the applied voltegese in the allowable state region is

the minimum required actuatiol .
Actuation range = Maximum required actuatioh, (.,) — Minimum required

actuation ¢, .;, ), (which is a dimensionless value).

Allowable states

L P/uLyLg=-1

s 5 & 7
Q/L1Ly\/ue

E=4 E=3 a=5
E. = 10%V/m, e=3.21¢,, u = 100 kPa

Fig. 4: Actuation range

4.2 Criteria for Designing Dielectric Elastomer Roll Actuator

1. The allowable states are upper bounded by tensgiwimred. =5, and lower
bounded by loss of tensi@ = 0 and electrical breakdown EB.
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wnN

Line of constant force should be located in theorgf allowable states.

The actuator should be able to achieve both maxidnminimum actuation.

Physical dimensions of the actuator; actuator leAdt, and actuator

diameter D, have to fit the purpose it designed for

The applied voltage should be regulated (stabi)izadd controlled to a

specific value.

Charges flow to the electrodes of the actuator Ishioe controlled by a charge
controller.

5. THE PARAMETERS OF THE DESIGN

Mickael Moscardo et al. [23], stated that “In thesence of the applied for¥ /4,L,,

the combination off =1, A} =5anda=0 gives the optimal range of actuation”. This

is not true because the curve of constant forcerdirg to these values is almost touch
the curve of EMI, that is, it is not far from mode&failure and each of maximum
actuation and maximum actuation range are not aetliat these values as it is clear in

Fig. 5.

18}
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Q/L1Lyv/ue

A =1, A =5, a=0
E. = 10%V/m, e=3.21¢,, u = 100 kPa

Fig. 5: Maximum actuation range are not achievetf &1, 15 =5 ando=0

Maximum actuation is not also achievedlat= 285, =5 ando=2.5. In

this cased ., will be 1.9 as shown in Fig. 6.
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Actuation range

4 5 3
Q/L1L2v ne

A =285 A =5 a=25
E. = 10®V/m, e=3.215,, u = 100 kPa

Fig. 6: Maximum actuation is not achievedipt= 285, A5 =5 anda=2.5

Now we study the effect of parameters of designttan actuation. To gain

insight into the behavior, we will now fix two ofhe three parameters of
desigr{/]lp, AL, anda), and vary the third. P is not a design paramaieithis a given

parameter. Figure 7 shows the effect df on the actuation a =2, =2

It is noticed that a4 increases,A,increases and the highest

andP//4,L, =-1.

actuation (optimal value) is achievedigt=>5.

35
3
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1"1,12

15
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[

Fig. 7: The effect ofA] on the actuation a =2, 0=2 andP/zL,L, = -1
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We will now fix the values of{ , anda and varyl} . Fig. 8 shows the effect of
AYon the actuation & =2, o=2, andP/glL,L,=-1. It is noticed that
asAj increases, A, decreases and the highest actuation (optimal vaduaghieved at
A=2.

P_
18} A5=2 i

0.8 R
06+ k

04+ R

0.2 ¥ =2a=2,P/pLyL3z=-1

0 1 2 3 4 5 6 7 8 9 10

Q/L1L21f HE
Fig. 8: The effect ofA} on the actuation & =2, a=2 andP/L,L, = -1
We will now fix the values of , and/A} and varya. Fig. 9 shows the effect of

a on the actuation af =2, A =2andP/L,L,=-1. It is noticed that as
increases/ increases and the highest actuation (optimal vasueghieved ai=10.

2

18

1.6

14

02f B =2 35 =2, P/uLyLa=-1
% 1 2 3 4 5 6 7 8
Q/L1L2\,r' ne

Fig. 9: The effect of on the actuation @ =2, AY =2and P/l ,L, =-1
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From the above curves, we can deduce that the alptiadues of design
parameters ared’ =5, A9 =2; anda=10. These results can be verified by plotting

the generalized coordinated, and Q/,L{L1L21/,L1£ using different sets of design
parameters.

‘ ~
2

Actuation range

c 1 2 3 4 5 3 7 B 3 10
Q/LiLy+/ne
E =2 E=5 a=4
E.= 10%V/m, e=3.215,, u = 100 kPa

Fig. 10: Actuation ad® =2, A2 =5, a=4, P/sL,L, = —land ®/ L,/ = 01

Nta
[S5] [¥5]

ha

Actuation range

Q/LyLo+/ue

A =3, AL = 4, a=6
E, = 10%V/m, e=3.21¢,, u = 100 kPa

Fig. 11: Actuation ad =3,45 =4, a=6, P//L,L, = —1and CD/ L,Ju/e =01
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Fig. 12: Actuation ad® = 4, A2 =3, 0=8, P/uL,L, = -1 and ®/L [/ = 01
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E. = 10%V/m, e=3.21&,, u = 100 kPa

Fig. 13: Actuation ad? =5,45 =2, 0=5, P//L,L, =-1 and CD/ L,Ju/e =01

Figures (7-13) prove that the maximum actuatiomdhieved using; =5,

AP =2and 0=10 (the optimal design parameters). =5, A5 =2and a=10,
maximum actuation range is also achieved, allowatates region widens, and region
of modes of failure contracts.
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The most common realistic values of stiffness knofsic wire stainless steel
spring are in the range from 20 to 2500. WhetO, the values of k are very huge and
not realistic. To get realistic values for k thesiga parametes=10 is changed in our

design to bea=2. Then the realistic optimal design parameter béA} =5,
AS =2ando=2.

6. DESIGN A SPRING-ROLL DIELECTRIC ELASTOMER
ACTUATOR

After deriving the optimal values of design paraened], A5and a, the relaxed

elastomer dimension¥'L, , AL, and AfL,should fit the purpose of the actuator

designed for.
The value of L;affects the value of the dimensionless applied agsit

¢/L31/ﬂ/£. L,and L, affect the value of the dimensionless axial fa?¢el,L,,
while L, L,, andL,;affect the value ofr , [a = (kLl)/(,uLst)]. The dimensionless

applied voItage¢/L3,/u/£ can take values from 0.04 to 0.4 however for aotuat
designing, it is better to take values between @08 0.1. The dimensionless axial
force P/l ,L, can take values from O to -30, but for actuatoiigfesg it is better to

take values between 0 and -10. It should not bétip®sotherwise changes from
compressive to tensile force.
In appendix A, equations of state based Matlawso# is developed to design

Spring-Roll Dielectric Elastomer using the optirdakign parameterd” =5, A) =2,
a=2, the dielectrice=3.21 for VHB 4910 material at frequency of 1k Hhe
permittivity £, = 885x10“Farad/ meter, the shear modulus of this material

1 =10°Pascal. Samples of these designed items are medtioTable [1].
Table[1]: Actuator design and required specifications

Actuator designed specifications Actugtqr known
specifications
o |& P

@ LS E\/% L2 ,U|_2|_3 L:L k P I‘1re|ax
4000 0.001 0.071 0.1 0 0.02 9500 O 0.1
4000 0.001 0.071 0.1 -1.0526 0.08 633 -10 0.15
4000 0.001 0.071 0.1 -2.1053 0.04 474 -20 0.2
4000 0.001 0.071 0.1 -3.1579 0.0% 38(¢ -30 0.25
4000 0.001 0.071 0.1 -4.210% 0.06 317 -40 0.3
4000 0.001 0.071 0.1 -5.2632 0.07 271 -50 0.35
4000 0.001 0.071 0.1 -6.3158 0.08 237.5 -60 0.4
4000 0.001 0.071 0.1 -7.3684 0.09 211 -70 0.45
4000 0.001 0.071 0.1 -8.4211 0.1 190 -80 0.5
4000 0.001 0.071 0.1 -9.4737 0.11 173 -90 0.55
4000 0.001 0.071 0.1 -9.5694 0.12 174 -100 0.6
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Actuation and actuation range of the above desigaetiators can be
determined from the curves of the generalized doatds which can be plotted using
Matlab program which developed for this purposppémdix B). Table 2 summarizes
the achieved results.

Table[2]: Maximum actuation and Actuation range

Actuation
Maximum range £ @ &
actuation P ML, @
From | To 2 L Vu
3.358 1.25 3358 O 0 4000 0.071
3.01 1.25 3.01| -10 -1.0526 | 4000 0.071
2.651 1.25 2.651 -20 -2.1053 4000 0.071
2.305 1.25 2.305 -30 -3.1579 4000 0.071
1.945 1.25 1.945 -40 -4.2105 4000 0.071
1.625 1.25 1.625 -50 -5.2632 | 4000 0.071
1.255 1.25 1.255 -60 -6.3158 4000 0.071

7. CONCLUSION

This paper described new techniques to design aptparameters of dielectric

elastomer spring—roll actuator. We introduced a rfinition of actuation range

concept. We considered maximum actuation and astuatinge as measures of
performance; on this basis, we deduced the valfieptonal design parameters. The
graphical representation of the equations of giedges the correct choice of values of
optimal design parameters. Construction of actuatd modes of failure demonstrate
the region of allowable states and define the dardi of robust design. We developed
an optimal design parameters based Mat-Lab progpasesign details of the actuator;
length, width and thickness of the dielectric elsto laminate, applied voltage,

stiffness of the spring, actuation and actuatiamyeaof the actuator. The achieved
results confirmed the reliability and robustnesthefproposed techniques.
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9. APPENDICES

APPENDIX A

function [phi, I3, PHI, 12, axialforce, k,
I1]=design (p, I1relax)
% 11: length of dielectric elastomer
membrane before prestraining
% 12: width of dielectric elastomer
membrane before prestraining
% 13: thickness of dielectric elastomer
membrane before prestraining
% phi: applied voltage
% PHI: dimensionless applied voltage
% p: axial force
% axialforce: dimensionless axial force
% k: spring stiffness
% l1lrelax: axial length of the actuator
after prestretching
% This program is used to design a
Spring-Roll Dielectric
Elastomeractuator
epselon=3.21*8.85*10.12;
mu=10."5;
for phi=3000: 50: 4000
for 13=7.5*10.~-4: 10.~-4: 10.”-3
PHI=(phi/13)*sqrt(epselon/mu);
while PHI >=0.05 && PHI <=0.1
disp(phi);
disp (13);
disp (PHI);
break;
end
for12=0.1: 0.01: 1
axialforce=p/(mu*12*13);

if axialforce >= -10 &&
axialforce <=0
disp (12);
disp (axialforce);
break;
end
end
end
end

k=10*mu*12*13/11relax;
11=l11relax/5;
disp (11);

disp (k);

APPENDIX B

function [q, d1]=draw (d1p, d2p, a, p,
phi)

% q: dimensionless charge (the first
generalized co-ordinate)

% di1p: lampdalp, prestrain of the
length of the dielectric elastomer
membrane

% d2p: lampda2p, prestrain of the
width of the dielectric elastomer
membrane

% a: alpha

% p: dimensionless axial force

% phi: dimensionless applied voltage
% d1: strain (the second generalized
co-ordinate)

% This program is used to plot modes of
failure, dimensionless axial force, and
dimensionless

% applied voltage

d1=[0: 0.1: 5];
q=sqrt(((1+a)*(d2p."2)*(d1."4)) +3);
plot(q, d1, 'b");

hold on

d1=[0: 0.1: 5;

g= 1.6855*d2p*dl;

plot(q, d1, 'k');

hold on

d1=[0: 0.1: 5];
g=sqrt(((d2p."2)*(d1.74))b);

plot(q, d1, 'm";

hold on

d1=[0: 0.1: 5];

g=sqrt((d2p.~4)*(d1.~2)1);

plot(q, d1,'g");

Hold on

d1=[0: 0.1: 5];

g=phi*(d2p.”2)*(d1.72);

plot(q, d1, 't'");

hold on

d1=[0: 0.1: 5];
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g=sqrt((d2p.”2 * d1.M) -1 + (a* d2p.”2  hold on
*dlM) - (a * dlp * d2p.~2 * d1”3) - d1=0*q+dlp/4;
(p * d2p.~2 * d1.73)); plot (q, d1, 'k')
plot(q, d1, 'c");
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