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Phase transitions of dielectric elastomers in a circular frame
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Abstract: In order to imitate biological adhesion performance
and skin properties, phase transitions on dielectric elastomers
(DE) with high voltages are studied. The states of flat,
wrinkled and bulging on the circular active area which is
coated with electrodes verify the theoretical prediction of phase
transitions and failure phenomena. When the DE membrane is
subjected to a radial force and increasing voltage,
experimental phenomena are discovered before electric
breakdown: The active region expands, and the thin
membrane is still flat till breakdown; bulging forms instead of
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a flat area on the membrane; wrinkles and bulging coexist;
and the active area is completely wrinkled. In the fourth state,
there are two types of phase transitions between the flat and
wrinkled regions in a membrane: Wrinkles form in small
regions, and then propagate at the expense of the flat area until
the entire active part becomes wrinkled; both the wrinkled and
flat regions move interchangeably on a membrane with
ramping voltage till breakdown. It is found that when there is
no prestretch of a DE membrane, bulging will occur with the
increasing voltage. Wrinkles commonly appear at large
prestretch and, therefore, the prestretched ratio significantly
affects electromechanical phase transitions.
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obust electromechanical transductions, especially
R muscle-like actuators, have been developed rapidly
in the past decade. However, suitably designed transduc-
ers can be operated on the edge of the electromechanical
instability (EMI). Voltage induces large deformation pri-
or to electric breakdown (EB)"™, and large axial dis-
placement is obtained from the electric field strength. At
a certain voltage, local regions on a membrane undergo
EMI and become thin, but the deformation of thin regions
is constrained by surrounding thick regions,
wrinkles propagate in thin regions'”. Such transition may
enable applications in energy harvesting, adhesion ( such
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as geckos’ feet, skin surface) 1 and stretchable electron-
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etc.

A dielectric elastomer ( DE) membrane sandwiched be-
tween two compliant electrodes is a deformable capacitor.
When the part with electrodes on the membrane surface is
applied with voltage, its thickness decreases, and the elec-

&s
dmkd
feedback spreads over the DE material, the film will be-
come unstable drastically. This kind of EMI often leads
11" which may be suppressed or
eliminated by prestretch to enhance the actuation strain of
dielectric elastomers.

Wrinkles form on the prestretched membrane surface
and flat

10

tric field increases according to C = If this positive

to electric breakdown

locally, and wrinkled regions coexist"’.

! observed the propagation of wrinkles
in a dielectric elastomer, which meant that the flat area

Keplinger et al. |

decreased at the expense of the wrinkled area. Zhu et
al. ™! studied a clamped DE membrane which was subject
to a vertical dead load, and identified continuous and dis-
continuous phase transitions. Mao et al.'"! studied the
nucleation and propagation of wrinkles in an inflated DE
membrane mounted onto an air chamber and found that
the location and patterns of wrinkles depended on the ini-
tial gas pressure and the step voltage applied.

In existing literature, coexistent flat and wrinkled states
are difficult to study experimentally because observed pat-
terns are complicated, and EMI (such as wrinkle, bul-
ging) states often suffer EBs. In this paper, experiments
are conducted on circular membranes whose boundary are
fixed to a rigid frame. An analytical model is utilized to
interpret the experimental phenomena, and the effect of
prestretch on electromechanical phase transition is ana-
lyzed.

1 Theoretical Model

1.1 The structure of a circular DE actuator

The dielectric elastomer circular structure is axisymmet-
ric as shown in Fig. 1. It consists of acrylic VHB (3M),
active electrodes and a circular rigid frame, etc. At the
reference state, the radius of the active region with elec-
trodes is A, and the radius of the passive region without
electrodes is B. The radius of an arbitrary point is R.
When the active region is subject to a prestretch A
which is varied to test the behavior of the actuator, the
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membrane will deform to a state of equilibrium. Then,
pre> and the
radius of the active region will change to AA,,,. The radi-
us of the arbitrary point in the membrane will change to

RA,, from R (see Fig. 1(a)).

the radius of the passive part will change to BA

Rigid frame f a

pre

AA

pre

RA ®

pre

()

Fig.1 The schematics of a circular dielectric elastomer actua-
tor. (a) Prestreched state; (b) Actuated state

Ao, A, A, are the stretches in radial, hoop, and thick-
ness directions. There is A A, A, =1 due to the incom-

pressible material, so A, = ﬁ As shown in Fig. 1(b),
r’te

when the membrane is subject to a voltage, the active
part expands to radius a, the passive part changes to b,
and the radius R reaches r. The passive part decreases in
area. The boundary of the membrane is fixed to a rigid
frame. When the active part suffers a radial expanding
force with voltage, the passive part shrinks. The radial
and hoop stretch of the active part are the same, and they
are both equal to A,. a=A\X, and b=BA,,.

1.2 Theoretical analysis

Because the passive region undergoes inhomogeneous
and unequal-biaxial deformation, the hoop stretch A, is

r(R)
R

given as , where r is the function of R. Due to the

symmetry in geometry and tensile force, the function r is
independent. For a cylinder coordinate system, with ref-

d
erence to Fig. 1 (b), an equilibrium equation is % +

1 do, o,-0,
— +

r dh

triaxial true stresses in the radial, hoop and thickness di-

+b. =0, where ., o, and o, are the
T r 0 h

. 0-1"
can be written as S, = )T

T

. . 12
rections. Nominal stresses'"”

0-9 Uh . . .
—, S, =—, and b, is 0 in this structure, so the me-

S =
T, A,

o-f

o, -0,

13
= 0",

chanical equilibrium becomes
,

. Tax, Traa
dR ~ oW Wy
R |+ + 70
AN, A

We define the nominal density of the Helmholtz free
energy by W that is prescribed as a function of four inde-
pendent variables W= W(A,, A, A, D). The true electric

Then, we obtain

displacement is D = Q2 = Eg, where E represents the
wa

electric field intensity, and & is the permittivity. There is

ow

o, + eE = A, o Based on the no-slip displacement

r

boundary condition, when the voltage is zero, A, = Apes
and the inner boundary is at the interface (r=a, o, =0,).

At a certain value of voltage, the nominal radial stress
S, vanishes, and then dynamic patterns nucleate on the
membrane. This phenomenon is known as loss of tension
(LT). According to the Gent model, the active part in
the DE thin membrane is governed by £E° = A, X

zl’l’Jlim(AA B /\/;S)
Jim = QA5 + 2,1 =3)

Fig. 2 shows that voltage is a function of stretch (A ).
For a membrane, B/A =2 and A, =3, the material pa-
rameters of a DE membrane used in the calculations are as
follows: Shear modulus w is 40 kPa; the thickness H is 1
mm; the stretch limit J, is 125; ¢ =4.12x 10" F/m,
which are obtained by fitting experimental records. The
region A experiences LT before it undergoes EB which is

_ b

denoted by a solid dot at a critical voltage, E., = i A

At a critical voltage which is represented by an asterisk in
Fig.2, S, vanishes and wrinkles appear. After that, the
membrane suffers electrical breakdown. The curve in
Fig. 2 first goes up, corresponding to the flat state, and
then goes down, corresponding to the flat and wrinkled
coexisting state. Finally, the curve goes up again ( wrin-
kled state) due to the strain-stiffening effect till EB

occurs.

VIkV

Fig.2 The calculation results for the DE membrane
2 Experimental Results and Discussion

Voltages will induce expanding stress in the active re-
gion that is covered with a mixture of silicone oil and car-
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bon black. Surface electrodes are homogenous and highly
conductive. A VHB membrane is attached to a rigid
frame (circular radius 6 cm) and connected to electrodes
via two pieces of copper tape. A small ramp rate (20
V/s) of voltage is used to minimize the viscoelastic
effect. When the voltage is small, the active part expands
due to the voltage-induced Maxwell stresses, while the
passive part decreases in area. Dynamic patterns including
flat, bulging and wrinkles are also observed.

During the experimental process of actuation, four ex-
perimental phenomena are discovered before electric
breakdown. The first state (State [ ) is that the active re-
gion A expands against the passive region B, and the
membrane is still flat when electrical breakdown occurs
(see Fig.3(a)), the inner diameter of the rigid frame is 6
cm, B/A=2, H=1 mm and Ay =2. The second state
(State II, Fig.3(b)) is that bulging forms in some re-
gions, and the membrane (A, =1) undergoes phase tran-
sition from the flat to bulging. When the voltage further
increases, the membrane suffers electrical breakdown be-
cause the local electric field reaches the dielectric
strength. Bulging is induced by compressive stresses
coming from the passive part in the VHB membrane or
the rigid frame.

« 0kV ~7.5kV « 10kV
o (o (&
(a)
. 85kV _- 10kV
’ ’ \‘Bulgmg

(b)

Fig.3 Experimental phenomena. (a) State [; (b) State I

The third state (State II[) is that wrinkled and bulging
parts coexist (see Fig.4). The membrane has a larger ra-
=4.5, B/A =2. Phase transitions are
from the flat state to the wrinkled and bulging coexisting
state, showing the electromechanical behavior. The mem-
brane first expands; when the voltage increases to a criti-
cal value (6.2 kV),
riphery of active region, and then other parts of the mem-
brane form bulging. Wrinkled parts and bulging parts co-
exist at 6.6 kV.

dial prestretch, A,

wrinkles nucleate close to the pe-

/\\OkV s 62kV w 0.6kV
»®®:
Wrinkle

State II1

Fig.4 State [l phase transition from the flat state to bulging
and wrinkled coexisting state

The fourth state ( State IV) is that wrinkles form with-
out bulging. Wrinkle patterns look much more complex
due to the concentric stress imposed on the active part.
Additionally, two different types of phase transitions exist
in the fourth state (see Fig.5). One type (State IV-1,
Fig.5(a)) is that wrinkles form in small regions, and the
flat membrane with B/A =2, H=1 mm and A, =4 is
used. At the actuated state, the growth of the wrinkled
regions is at the expense of the flat regions until the entire
active region becomes wrinkled, and the process is a con-
tinuous phase transition in a short time span. The other
type (State [V-1I) is shown in Fig.5(b),
kled and flat regions move interchangeably on the mem-

brane surface (A, =3).

and both wrin-

Wrinkles of different wave-
lengths also move interchangeably till breakdown. The
process can be explained as follows: As charges on the
electrodes vary, the flat regions have smaller stretch,
while the wrinkled regions have larger stretch. As a re-
sult, the phase transition process is discontinuous.

0kVv 6.5kV 8.5kV
vv. r'. r'.
(a)
7.4 kV 7.6 kV

A

Fig.5 Wrinkles form without bulging. (a) State IV- 1 dynamic
patterns; (b) State IV- I dynamic patterns

3 Conclusions

1) Four states of phase transition caused by loss of ten-
sion in a circular DE membrane are reported. The pres-
tretch is found to greatly affect the electromechanical be-
havior of DE membranes: A membrane with a small pres-
tretch can exhibit bulging patterns, and lager prestretch
induces wrinkled patterns. Additionally, both flat and
wrinkled regions can move interchangeably on the mem-
brane surface during the phase transition process.

2) An analytical model is developed to interpret loss of
tension and electrical breakdown. Theoretical calculations
are used for conducting experiments, and the parameters
in the theory are obtained by fitting experimental records.

3) This research on phase transitions may pave the way
for future applications, such as on-demand patterns for
micro fluidics, adhesion and flexible electronics.
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