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Shape and physical properties of dielectric elastomers are changeable by voltage. Theoretical works show
that these changes can be harnessed to tune the propagation of superposed elastic waves. We experi-
mentally demonstrate this concept by manipulating waves in a dielectric elastomer film, focusing on the
flexural mode at low frequencies. To this end, we design an experimental apparatus to pre-stretch, actu-
ate, excite waves at low frequencies in a VHB™ 4910 film, and measure the velocity of the fundamental
flexural mode. Our results show that the excited wave velocity is slowed down by the applied volt-
age, and provide experimental proof of concept for the application of deformable dielectrics as tunable

© 2017 Elsevier Ltd. All rights reserved.

In the presence of electric fields, dielectric elastomers can expe-
rience large strains accompanied with a change in their physical
properties [1,2]. The standard actuation mechanism is established
by coating the surfaces perpendicular to the thickness of an elas-
tomeric film with deformable electrodes, and connecting them
to a voltage source; ensuing Coulomb forces between accumu-
lated charge cause deformation and change the electromechanical
response [3]. Various applications were realized based on this elec-
trostatic actuation, such as tunable valves [4], noise filters [5,6], and
soft robotics [7], to name just a few. (For more applications, see the
book by [8].)

Recently, the potential of dielectric elastomers as tunable
waveguides has been extensively explored using theory [9-18].
Corresponding experimental work—the focus of this paper—has yet
to be realized, where experiments on the dynamics of soft elas-
tomers are limited to the study of inflation [19-22] and in-plane
deformation [23] of membranes, radial motions of tubes [24], and
to particular actuators [25-27]. Herein, we explore the tunability
of plate or Lamb waves [28] in a dielectric elastomer film [29]. We
focus on the fundamental anti-symmetric wave—the only flexu-
ral mode in the low frequency regime. We show that the mode
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is slowed down by the applied voltage, as theoretically suggested
[29].

1. Theory and analytical model

We begin by concisely revisiting the governing equations and
analytical model; for further details the reader is referred to Refs.
[30,9,29]. Consider an incompressible soft elastomeric film, whose
top and bottom surfaces are coated with compliant electrodes
(Fig. 1a). The film is mechanically pre-stretched such that its ini-
tial length L becomes AL. The film is constrained such that its width
B is kept fixed, and since its incompressible, its initial thickness
H becomes h=H/A (Fig. 1b). Subsequently, the film is actuated by
connecting the electrodes to a voltage source of electric poten-
tial V (Fig. 1c). The resultant electric field is % along x,, where
x1 and x, are coordinates in the axial and thickness directions,
respectively. Since the film is clamped, the actuation is not accom-
panied with a deformation. However, resultant Coulomb forces
between opposite charges modify the electromechanical behavior
of the film. This change depends on the constitutive behavior of
the elastomer, which we assume described by a neo-Hookean ideal
dielectric model [31]

1
2€
here u is the shear modulus, € is the dielectric constant, F is the
deformation gradient and D is the Lagrangian electric displacement

W(F,D) = % (F'F-3) + 5_D-F'FD; (1)
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Fig. 1. An elastomeric film coated with compliant electrodes (a) in the reference
configuration; (b) clamped after pre-stretched, (c) subjected to a voltage V and (d)
when Lamb waves are excited on top of its actuated state.

field [30]. Owing to harmonic excitation on top of the actuated state,
small-amplitude elastic waves propagate in the longitudinal direc-
tion (Fig. 1d). To determine these time-dependent displacements
u(x, t) and resultant change in the electric fields, the following
equations are solved

vV.d=0,

V~Z=,0ll,tt, v><6=0, (2)

where ¥, d and & are increments in the Lagrangian stress, electric
displacement and electric fields, respectively, expressed in terms
of the coordinates x;. These fields are related by the following lin-
earization of the constitutive model about the deformed state

i = Cijilli j + Polj,i — Podij + Bijid, & = Bjkihj + Ajid;, (3)

where pg is the increment of the Lagrange multiplier pg, and the
non-zero components of the instantaneous moduli in our settings
are

1 1 |74
- =2, Biy=By1 = =By = — 4
A1 = An ¢ Bizn =B =582 =4, (4)
2 o,V
C1111 = C1212 = C2121 = #A°, Cr212 =Co22 = YRR (5)

The bias electric field affects the dynamic response through the
components Cy312 and Cyz72 and the coupling tensor B. We seek
solutions for the unknowns u and d in the form

up=¢o Ww=-¢1, di=¢y d=-¢;. (6)

where ¢ = Aekd%2 ¢ik(x1=¢t) and ¢ = kBekdx2 eik(x1—ct) such that V-d =
0 and the incompressibility constraint V - u=0 are identically satis-
fied. Here, A and B are the amplitudes, k is the wavenumber, c is the
phase velocity, and the excitation frequency w equals ck. Egs. (3)
and (6) are substituted into the first and last of Eq. (2). After some
manipulation, a vanishing condition on the resultant determinant
of the coefficients of A and B provides solutions for q [29], where
each solution g; is associated with amplitudes A; and B;. Finally,

the dispersion relation between c and k is obtained by substituting
these solutions into the boundary conditions at the top and bottom
surfaces

Yp=Xn=¢ =03txz=ig, (7)

and equating the determinant of the coefficients of the amplitudes
to zero. Note that here we consider a prescribed fixed voltage to
the electrodes, hence the external fields vanish, and the boundary
conditions obtain the above form. As in Ref. [29], the velocity of
fundamental anti-symmetric mode (Ag), corresponding to a flexu-
ral wave, is found to be slowed down by the applied voltage. Our
objective is to provide an experimental observation of this phe-
nomenon.

2. Experimental setup

The experimental apparatus (Fig. 2) consists of a customized
mechanical setup in our lab, designed to carry out the following
tasks:

i. Pre-stretching and clamping the film in the axial direction, while
maintaining its width fixed. The objective is to approximate the
plane-strain nature of the underlaying deformation considered,
where the finite deformation is only in the axial and thickness
directions. To this end, we clamp the edges in the transverse
direction of the layer with ball bearings.

ii. Coatingcarbon grease electrodes on the surfaces of the stretched
film.

iii. Applying voltage through copper tape terminals to the carbon
grease electrodes.

iv. Exciting and measuring elastic waves, as we describe next in
detail.

The film is electrically excited by a high voltage supply (Spell-
man type SL10), capable of delivering an output voltage up to 10 kV.
The sinusoidal excitation signal is generated by a TTI TG2000 func-
tion generator. The signal is amplified with a Bruel Kjaer type 4809
amplifier and delivered by a Bruel Kjaer type 4809 shaker. Two
accelerometers (TE 805M1 series) are attached to the rods, in order
to measure of the input and output signals. The accelerometers are
connected to adigital oscilloscope (Agilent Technologies, type DSO-
X 3024A) which stores the signals. The signals are transferred to a
PC for further processing in Matlab®.

We excite plate modes utilizing a spherical contact between an
input rod and the film. This approach is suitable to comply with
the soft nature of the film, as its success in a series of experiments
on silicone wafers demonstrates [32,33]. The working principle is
as follows. A shaker generates longitudinal waves through an input
rod, perpendicular to the surface of the film, as illustrated in Fig. 2a.
In turn, these longitudinal waves excite Lamb waves in the film,
emanating from the contact between the rod and the film. Since
the contact is on one side of the film, only anti-symmetric modes
are excited [33]. Specifically, at low values of the product between
the frequency and the thickness of the film, the only propagating
Lamb mode is the fundamental lowest order—Ag. The mode prop-
agates in the film to an output rod which oscillates accordingly.
The wave velocity c is extracted by measuring the propagation dis-
tance Ax and dividing it by the Time Of Flight (TOF) At between
the input and output signals. The propagation distance is measured
with a caliper, and we measure the same distance throughout the
experiments. The calculation is demonstrated in Fig. 3, in which
the normalized acceleration is displayed as a function of time. The
continuous and dashed curves correspond to the input and output
signals, respectively.
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Fig. 2. Experiment outline: (a) A schematic overview of experiment setup. (b) Side view of the experiment setup. (c) Top view of the experiment setup.
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Fig. 3. Exemplary TOF calculation. The normalized acceleration is displayed as function of time. The continuous and dashed curves correspond to the input and output signals,
respectively. The segments At;, At; and Ats correspond to the TOF between peaks, vanishing acceleration and lows of the input and output signal, respectively.

The contact rods are manufactured with a polished spherical
tip to achieve a Point Source-Point Receiver (PS-PR) contact. This
type of contact is required in order to accurately measure the prop-
agation distance. The criterion for the PS-PR contact is that the
wavelength should be larger by at least an order of magnitude than
the resultant surface radius contact.

Note that waves reflected from the transverse boundaries of the
film interfere with the Lamb mode, since the film is not sufficiently
wide to avoid this interference. To eliminate the influence of the
reflections on the data, the TOF measurements are conducted at
early time instances, before the measured signal is affected by the
reflections. The velocity at each frequency contains a random error
of +0.5ms~1, based on repeatability measurements conducted on
a specimen pre-stretched to A =4. The error is independent of the
applied voltage.

Tests were conducted across the frequency range 0-200Hz,
in increments of 10 Hz. Magnitudes of voltages up to 5kV were
applied. Beyond that voltage, the film experienced electric break-
down, during which it loses its insulating property [34].

3. Results and discussion

Firstly, experimental results of the wave velocity c as function
of the wavenumber k are presented in Fig. 4, when a representa-
tive voltage of 2 kV is applied on top of two different stretch states.
Specifically, the triangle and square marks correspond to the exper-
imental measurements when the underlaying stretch is A =1 (the
film is clamped in its initial configuration) and when A =4, respec-
tively. The continuous and dashed lines correspond to the linear fit
of the experimental data at A =1 and A =4, respectively. The disper-
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Fig. 4. Experimental results of the wave velocity c as function of the wavenumber k, when a representative voltage of 2 kV is applied on top of two different stretch states.
The triangle and square marks correspond to the experimental measurements at the stretches A =1 and A =4, respectively. The continuous and dashed lines correspond to
the linear fit of the experimental data at A =1 and A =4, respectively. The frequencies at which the first and last marks were measured are specified next to these marks.
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Fig. 5. Experimental results of the wave velocity c as function of the wavenumber k, at A =4 and different magnitudes of voltage. Specifically, the square, triangle, circle,
cross and diamond markers correspond to experimental measurements at V=0, 2, 3, 4 and 5 kV, respectively. The black, red, green, magenta and cyan lines correspond to
their linear fits, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

sion curves are obtained across a narrow range of wavelengths (low
frequencies), and therefore demonstrate a linear trend. At these
low frequencies, the velocity is higher when the actuated film is
pre-stretched, in agreement with the theoretical predictions [29],
similarly to the purely elastic case [35,36].

Experimental results of the wave velocity c as function of the
wavenumber k at different magnitudes of voltage are presented
next. Specifically, the square, triangle, circle, cross and diamond
markers in Fig. 5 correspond to experimental measurements when
the magnitudes V=0, 2, 3, 4 and 5kV are applied at the stretch
A =4, respectively. The black, red, green, magenta and cyan lines
correspond to their linear fits, respectively. We observe that the
wave velocity decreases with increasing magnitude of voltage. This
trend is qualitatively in agreement with theoretical predictions.

4. Conclusions

We have established an experimental apparatus to pre-stretch,
actuate, and excite the fundamental flexural Lamb mode in a
dielectric elastomer film at low frequencies. From experimental
measurements, we have calculated the wave velocity when the
film is clamped in its initial configuration and when pre-stretched,
under different magnitudes of voltage. The velocity at the examined
frequencies in an actuated pre-stretched filmis higher thanin a film

that was actuated by the same voltage, without being stretched.
Thus, actuating the film does not change this effect stretching
has demonstrated in the purely elastic setting. Importantly, mea-
surements from films which were identically pre-stretched, while
subjected to different magnitudes of voltages, show that at low
frequencies the wave velocity is slowed down by voltage. Our
results provide experimental proof of concept for the application
of deformable dielectrics as tunable waveguides.
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