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Summary An elastomeric membrane can be readily stretchedaioy times its initial area by mechanical fordéswever, voltage-
induced deformation may be limited by electromeatelninstability, and thus it is difficult to achie a large voltage-induced
deformation. In this paper | will illustrate howdéelectric elastomer membrane survives or elimma&lectromechanical instability,
and achieves a giant linear deformation, whichmigdrtant in applications of artificial muscles ioftsrobots. The membrane is first
prestretched along the transverse direction, aed tdhamped by a rigid bar. Since the transversgcsiris fixed, the membrane can
only be actuated along the vertical direction. Tieory shows that the actuator may exhibit electé@manical transition and form
wrinkles, which is essential in achieving a giaefaimation. The experiments confirm the theorétm®dictions. For VHB
material, the maximum linear strain can be 260%eBint behavior and failure modes are also andlyz¢he paper.

INTRODUCTION

An elastomeric membrane can be readily stretchedatoy times its initial area by mechanical fordas, inducing such
a large deformation by voltage is difficult. An ionant discovery was made about a decade ago tftage-induced
deformation can be greatly enhanced by prestrdfztwhich also increases the apparent electricko@an field more
than 10 times [2]. The discovery has led to hudsiref designs of muscle-like actuators, sensorsganérators, with
promising applications such as soft robots, aréfitmbs, adaptive optics, Braille displays, amegy harvesting [3].
The discovery has also led to intense studies efniechanics and physics of dielectric elastomefs [When a
membrane of a dielectric elastomer is subject ttage, the thickness reduces and the electric firddeases. This
positive feedback can drastically amplify the eaiectield and thin down the elastomer, leading lecegomechanical
instability, and ultimately to electric breakdown. this paper | will illustrate how a dielectricastomer membrane
survives or eliminates electromechanical instahilind achieves a giant linear deformation of aina

A CLAMPED DIELECTRIC ELASTOMER MEMBRANE

Dielectric elastomer

Fig. 1 illustrates the setup. A membrane of a | LA, ‘ LA,

dielectric elastomer (Fig. 1(a)) is pulled I‘{”‘_’; [ : = ,‘ —
horizontally, fixed to rigid clamps, and pulled

vertically by a constant mechanical force P (Fig.Z. e ol L
1(b)). The rigid clamps and the mechanical ‘\\ \ B
force prepare the membrane in a state of L. Electrode % Rigid bar v
prestretches, ¥, Az} Subsequently, voltage e

@ is applied to actuate the membrane to stretches E

{7\'1’ )\'2} (Flg l(C)) The VOItage-mduced linear (a). Undeformed state (b). Prestretched state (¢). Current state

stretch is defined byi/Ai,  Large voltage-
induced deformations were previously observed in
membranes mounted on rigid rings [1]. These setpsnot allow direct force coupling to the surroungys,
precluding their use as actuators. The clampedbreme allows direct force coupling and linear attwa(which is
important in applications of artificial muscleshdais still simple enough for analytical treatment.

Samples were made with VHB4905 (500um thicknesghadase dielectric elastomer. A free-standingpdarhas a
length of 10 mm (kA1) in the direction of actuation and a width of I@fh (LA,p) in the transverse direction, as shown
in Fig. 2(a). The high aspect ratio ensures thatddgformation takes place under clamped conditioasthe prestretch
X2p Will not change during subsequent deformations ffee edges were reinforced with narrow stripthiof elastomer
(VHB9460, 50um thickness) to avoid edge cracks ggafing into the active region. This narrows thiévaaegion to
about 95 mm. Stretchable electrodes were made desbon grease.

Fig. 1 A clamped dielectric elastomer membrane

EXPERIMENTAL OBSERVATION

Membranes of VHB4905 with prestretchés{ 1,5} are actuated by using a voltage amplifier atmpaate of 5 V/s.
The slow ramp rate minimizes the effect of viscettity. The membrane is usually smooth in the fpe¢shed state
(Fig. 2(a)). Since the membrane is prestretchesl ettge is curved. Then the membrane is actuated) &he vertical
direction, and remains smooth when the voltageslewp a critical value (Fig. 2(b)). Since the menmarasubject to a
voltage, wants to expand in both vertical and warse directions, the tensile stress along theswerse direction
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decreases as the voltage increases. As a realtutivature of the edge decreasesi
When the voltage exceeds the critical value, thenbmane suffers loss of tension andln
forms wrinkles (Fig. 2(c)). As we can see, the ebgeomes straight. ' N B
Figs. 3(a)-3(d) show measured voltage-stretch sufeethe membranes prepared int).fi’mf ‘
several specific states of prestretchag,{),}. For the membrane of prestretches
{2,5} (Fig. 3(d)), the vertical stretch attains\,=7.2 before failure, corresponding to
voltage-induced stretch af/A4,, =3.6. All curves show an initial portion with retye
curvatures. Some membranes fail on the initialiporfe.g, {2,2}, Fig. 3(a)). In many [.&
other cases, however, the stretches increase \gseilin small changes in voltage. ©
For example, for the membrane of prestretches {2H§. 3(d)), the curve kinks at ¥
2800 V, after which the curve is almost flat frotretch 4.6 to 5.5. In some cases,
the jump is cut short by failure (e.g., {2,3}, FB(b)).

THEORETICAL ANALYSIS Fig.2 Actuation of a clamped

. . . . . dielectric elastom
We next interpret the observed behavior by thecaetialculations. The elastomer is

taken to be incompressible. To capture the striffiersing behaviour of the elastomer, we use thatGeaterial model.
Before loss of tension (Fig. 2(b)); is prescribed by the prestretk}). After loss of tension (Fig. 2(c)), the stress in
transverse direction vanishes. In Figs. 3(e)-{i9,dritical states at loss of tension are marked hlack dots, while the
modes of failure are marked by red dots.

In the first mode of failure, Fig. 3(e), a membrdais prior to the global loss of tension. Whtlee clamps hold
horizontal stretch fixed at the top and bottomhe&f membrane, the clamps do not suppress inhomogegedormation
in the interior of the membrane. Local instabildgcurs at a point in the membrane where the Hedssgomes
singular. Following the method of [5], we calcelahe determinant of the Hessian, and predict tht f local
instability by setting the determinant to zero. Exment shows that the membranes of small prekestéail without
forming wrinkles (Fig. 3(a)).

In the second mode of failure, Fig. 3(f), a membranrvives the local instability, suffers the lasgension, followed
by the snap-through instability. The voltage-

stretch curve is nearly flat at the failure. Expesit z Experiment z 2 2
shows that the membrane forms wrinkles when thé4 ) ] i d
voltage exceeds a critical value, and fails dudng <, / s N JUREER, M »
. . . i) /

sudden dramatic deformation (Fig. 3(b)). Z2 ,/ 2 | 4 3
In the third mode of failure, Fig. 3(g), a membraneg 1 | LI RE| A

. . e o (@) Ayp=2 o | (b) Az=3 0 (¢) Ayp=4 ( (d) Agp=5
survives the local instability, the global loss of % 234567 ¢4 25 45678% 2345678% 23545678

tension and the snap-through instability; the Stietchiy

1

6 1 6
membrane only fails after it snaps and reaches thgs """ /s ls /s
stable state. This theoretical prediction is5 4 /.9’. AL e 4 " g o
supported by experimental observations of wrinklesg® | i R A e e
and sudden dramatic deformation (Fig. 3(c)). £ f ’ il 1/ T
In the fourth mode of failure, Fig. 3(h), the vgea = | CI O3 [ @k [ s
stretch starts with a negative curvature when the ' 22 °° 781234567 81834506780 23456758

horizontal stretch is constrained by the clamps, an Fig.3 Comparison between theory and experiment
switches to a positive curvature upon loss of

tension. The entire voltage-stretch curve, howevw@rmonotonic. This theoretical prediction is paged by
experimental observations of wrinkles and monoteoitage-stretch curves (Fig. 3(d)).

CONCLUSIONS

We have shown that a relatively simple setup—a padrmembrane of dielectric elastomer—displays rkatdy rich
interplay of nonlinear processes, including logatability, wrinkling, and snap-through instabilityGiant voltage-
induced stretch of 3.6 is achieved. Snap-througttability itself does not always lead to failuteder certain
conditions a membrane can survive the snap anchraastable state. It is hoped that this understgndf the
nonlinear processes and failure modes will infoargé-deformation applications such as soft roboi$ energy
harvesting.

References

[1] Pelrine R., et. al: High-speed Electrically ActubEgastomers with Strain Greater than 10@tence 287: 836-839, 2000.

[2] Kofod G., et. al: Actuation Response of Polyace/Ritelectric Elastomersntell. Mater. Syst. Sruct. 14: 787-793, 2003.

[3] Carpi F., et. al: Stretching Dielectric ElastomerfrmanceScience 330: 1759-1761, 2010.

[4] Suo Z.G.: Theory of Dielectric Elastomefgta Mechanica Solida Sinica 23: 549-578, 2010.

[5] Zhao X. H., Suo Z. G.: Method to Analyze Electroheatical Stability of Dielectric Elastomerppl. Phys. Lett. 91: 061921, 2007.



