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Abstract

Insects utilize resonant actuation to amplify the flapping stroke and improve the energy efficiency. The
inherent elasticity in dielectric elastomer actuators (DEAs) offers the advantage over conventional
actuators of achieving resonant actuations with no additional elastic elements required. Despite that the
resonant actuation of the DEAs have attracted great research interests, no optimization has been done
on the output performance of resonating DEAs. In this work, a double cone DEA (DCDEA)
configuration is adopted and a numerical model is developed to characterize its dynamic response. An
effective power study framework is developed and the power output of the DCDEA is optimized against
its pre-stretch ratios and spacer length. To demonstrate the potential exploitation of resonant DEA
performance, a bioinspired flapping wing mechanism driven by the optimized DCDEA design is

developed with a peak flapping stroke of 31° at its resonance of 30 Hz.

Key words: dielectric elastomer actuator, power optimization, dynamic modelling, resonant actuation,

flapping wing robots

1. Introduction

Bioinspired flapping wing micro air vehicles (FWMAVs) have attracted significant research interest in
recent years due to the potential for highly agile flight in cluttered environments. Several FWMAV
designs with the capacity of controlled flight have been developed, for example, the Microrobotic Fly
[1] and DelFly [2]. One of the greatest challenges facing FWMAYV designs is the extremely high power



demands required for autonomous flight at micro scales. In nature, insects minimize the power
consumption by exploiting resonance. Most species utilize indirect flight muscles to deform their elastic
notum, the top plate of the thorax, which elevates and depresses their wings. Their elastic thorax and
muscle system form a damped oscillator and by driving this oscillator at its resonant frequency, a higher

power can be exerted with an improved efficiency [3] [4].

The inherent elasticity of the emerging soft actuation technology dielectric elastomer actuators (DEAs)
offer a distinguishable advantage in achieving resonant actuation over conventional actuators such as
rotary motors as no additional elastic elements are required. DEAs also possess other advantages

including high actuation strains, fast responses and low costs [5] [6].

The dynamic performance and the resonance of DEAs have been characterized both theoretically and
experimentally using configurations such as pressurized DE balloons [7] [8], a DE minimum energy
structure [9], spot DEAs [10] [11] [12], and pure shear DEAs [13] [14] [15]. The resonant actuation
principle of DEAs has also been demonstrated in recent studies including vibrational crawling robots
[16] [17], a rapid de-adhesion mechanism [18], a pneumatic pump [19] [20]. Insect-inspired FWMAVs
have highly demanding actuation requirements in terms of the mass-specific power density [4], which
makes resonant oscillation of the flapping mechanism essential. Researchers at Harvard University have
demonstrated that, by using high-performing resonating DEAs, a peak mass-specific power over 600
W/kg has been achieved and tethered flight of a FWMAYV driven by these artificial muscles has been
reported [21]. Despite the demonstrated advantages of DEA-driven resonance in these types of robotics
application with periodic excitation, to the author’s knowledge, no systematic analysis has been done

on characterizing and maximizing the power output performance of the DEAs at resonance.

In this work, we aim to optimize the power output of the DCDEA using the resonance principle and by
tuning its design parameters (pre-stretch ratio and out-of-plane spacer length) and demonstrate the same
resonant actuation principle on a flapping wing mechanism. The rest of this paper is structured as
follows. In Section 2, the design and actuation principle of a DCDEA are illustrated. A dynamic model
of the DCDEA is developed and verified against experiments in Section 3. Then in Section 4,
optimization of the DCDEA is performed using the developed model by adjusting the pre-stretch ratio
and spacer length. The optimal design is then applied to a bioinspired flapping wing mechanism design
which exploits resonance and its performance is characterized in Section 5. Finally, in Section 6, the

key findings are summarized and future works are discussed.



2. DCDEA design and modelling

2.1 Design overview
A schematic diagram of the DCDEA design is shown in Figure 1 (a). The DCDEA consists of two
membranes bonded to circular frames with an inner radius, b, and central disks with outer radius, a. The
centre of the membranes are protruded by a spacer with the length, L. A fabricated DCDEA is shown
in Figure 1 (b). The actuation principle of a DCDEA is described as follows. When the DCDEA is at
its passive equilibrium, the reaction forces caused by the tension on the two membranes are balanced
by each other via the rigid spacer. However, when a voltage is applied across the electrodes of one DEA
membrane, the generated Maxwell stress and resultant planar membrane expansion causes the spacer
to move towards the actuated membrane side until another force balance is achieved [22] [23] [24] [19]

(Figure 1 (¢)).
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Figure 1. DCDEA design illustration. (a) Schematic diagram of DCDEA. (b) Photo of the fabricated
DCDEA prototype. (¢) Actuation principle of DCDEA. (color figure in print)

2.2 Model development
In our previous works [25] [26] [27], a dynamic model has been developed to characterize the DCDEA’s
dynamic electromechanical behaviour with the following assumptions made (following
[28][29][30][31]): (i) this is a single degree-of-freedom system, i.e. only translation along the
longitudinal axis is considered; (ii) truncated conical deformation; (iii) homogenous strain distribution
on the membrane; (iv) the circumferential deformation of the membrane does not vary; (v) electrically,

the DEA membranes are considered as an ideal capacitor with a serial resistor (i.e. assuming no leakage



current). The dynamic model is briefly described here. For detailed modelling steps please refer to our

previous works [25] [26] [27].

Each piece of elastomer has the initial thickness of Hy and is pre-stretched biaxially by 4, x 4, and is
constrained to the support frames. The pre-stretched membranes are then deformed out-of-plane which
cause an increase in the radial stretches to A; , (n = 1, Il for top and bottom membrane respectively)
while the circumferential stretches A, , remain constant (assumption (iv)). The angle between the
membrane and the horizontal plane (force output angle) are o; and oy, respectively. The tension of the
membranes results in forces, Fpe4 rand Fpea i, on the spacer along the vertical axis and the equation of

motion for the spacer (neglecting gravity) can be written as

mAd = —Fpga; + Fogar » (1)
where m is the mass of the spacer (and any payload attached), Ad is the displacement of the spacer from
its passive equilibrium and Fpg4 ; and Fpey 17 are the force exerted by the top and bottom membranes

respectively and are expressed as
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where o; , (n =1, I]) is the radial stresses of the two membranes respectively.

The Gent model [32] is adopted in this work to characterize the strain-stress relationship and the
Maxwell rheological model proposed for DEAs by Foo et al [33] is utilized to describe the
viscoelasticity of the elastomer. The Maxwell rheological model consists of two parallel branches, the
first being a nonlinear spring described by the Gent model and the second being another nonlinear Gent
spring in series with a dashpot. Note that only the final equations are described here, for detailed

development of the Gent model based Maxwell rheological model please refer to [33].

The radial stresses are expressed as
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where x; and y; are the shear moduli of the two springs, A5 , = 4, ,/&; 5 is the stretch of the spring on
the second branch in the rheological model, ¢ , is the stretch of the dashpot, 15 ,, = 1 based on
assumption (iv), J; and J> are Gent model constants of the limiting stretches, E,, = ®pg,s ,/Hy is the
electric field and ®pg4 » is the voltage across the membranes and & and ¢, are the absolute permittivity

of a vacuum and the relative permittivity of the dielectric elastomer respectively.

By modelling the dashpot as a Newtonian fluid [33], the rate of deformation of the dashpot in radial

axis in Eq. (8) can be described as
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where 7 is the coefficient of viscosity of the dashpot.

When a voltage @i, » is applied, charge flows into the DEA membrane, and the rate of charge and

voltage across the DEA membrane can be expressed as

1
RsCn

. 1

Qn = Qn + R_S(Din_n > (10)
1

Pppan = aQn , (11)

where 0, is the charge accumulated on the electrodes, C, is the capacitance of each DEA membrane

and R, is the surface resistance and is assumed to be constant in this model (following [29]).
The capacitance of each membrane can be expressed as

n(b%?—a?)

Hpcosay

Cn = &o&r

(12)

To summarize this electromechanical model, with the input voltages, @;, », pre-defined, and the initial
conditions known (deformations, Ad, charges in the membranes, Q,, radial stretches of the dashpots,
&1 n), the state of the DEA at the next time step can be estimated by solving a set of ordinary differential
equations (ODEs) (Egs. 1, 9, 10) using an ODE solver in MATLAB (MathWorks).

3. Model validation

3.1 DCDEA fabrication
The DCDEA prototypes were fabricated with 100 pum thick off-the-shelf silicone elastomer
(ELASTOSIL, Wacker Chemie AG) and the geometrical parameters were a = 7.5 mm, b= 15 mm, L =
7 mm. Three sets of specimens with the pre-stretch ratios of 1x1, 1.2x1.2 and 1.4%1.4 were prepared.

The detailed fabrication process can be found in the supplementary material.



3.2 Quasi-static characterization
Figure 2 (a-c) shows the experimental setup, measured and modelled results of the quasi-static force-
displacement of a single DEA membrane respectively. The experimental setup follows the previous
studies [19] [25] where the DEA membrane was deformed out-of-plane at a low velocity of 0.05 mm/s
to minimize the effect of viscoelasticity. Electric fields with the values of 0 and 50 V/um were tested.
Note that the model prediction agrees well with the experimental results. The Gent model parameters
were determined by a least-mean-squares algorithm in MATLAB with the values of u; = 415.5x10° Pa,

Jir=16. A dielectric constant of &, = 2.8 was adopted as reported by the manufacturer.

3.3 Dynamic characterization
Frequency sweep tests from 1 to 100 Hz with a square voltage waveform were used to investigate the
dynamic response of the DCDEAs and the experimental setup is shown in Figure 2 (d) with detailed
description available in supplementary material. Experimental and modelled results of the dynamic
response of the DCDEAs with different pre-stretch ratios are shown in Figure 2 (e-f) respectively. The
identified viscoelasticity parameters are: u> = 90x10° Pa, J>= 20, # = 117 Pa.s and the surface resistance
R, is estimated at 2 MQ. Excellent accuracy was found between the modelled and measured dynamic
response with all three sets of pre-stretch ratios, demonstrating the validity of this numerical model.
The dynamic motion of the DCDEA at its resonance was recorded by a high-speed camera at 5000
frames-per-second (SA1.1, Photron), and its motion in one cycle is shown in Figure 2 (g). Note that
the amplitude at resonance can be over 20 times higher than non-resonance, and the total stroke can
pass 100 % relative to its spacer length (second and fourth plot in Figure 2 (g)). For the DCDEA with
Ap = 1x1, a resonant stroke of 257 % was measured, which, to the authors’ knowledge, is the highest

linear stroke reported in DCDEAs to date.
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Figure 2. DCDEA model validation. (a) Experimental setup of quasi-static force-displacement
measurement of a single cone DEA membrane. (b-¢) Comparison of measured and modelled force-
displacement relationship of the single cone DEA with different pre-stretch ratios when (b) £ =0 and
(¢) £=50 V/um. (d) Experimental setup of free oscillation of the DCDEA. (e-f) Measured and modelled
dynamic response of DCDEAs with different pre-stretch ratios. (g) Series of photos of a DCDEA

oscillating at its resonance. (multimedia file available in supplementary material) (color figure in print)

4. Power output optimization

4.1 Study setup
In this section, a modelling framework for characterizing and optimizing the power output of DEAs

when driving dissipative loads is proposed by using the verified DCDEA model. The power study setup



is illustrated in Figure 3 (a). A payload with a mass, M, and a dashpot, ¢, are rigidly attached to the
DCDEA. The payload is constrained to allow horizontal translations. The equation of motion of the

moving payload can be written as

MAd + cv = Fpgu , (13)
where Ad and v are the acceleration and velocity of the mass respectively, Fpzy is the net force of the

two membranes computed from Eq. (2).

The geometrical parameters of the DCDEA, a and b, are fixed at 7.5 mm and 15 mm respectively with
the spacer length, L, varying from 5 to 30 mm and pre-stretch ratio varying from 1.0 to 1.4. The spacer
is assumed to have a mass of 1 g and the payload has a mass of 2 g and a damping coefficient of 1
N.s/m. Two antiphase alternating current voltages are applied to the two membranes, and the frequency
of the actuation voltages are stepped from 20 to 200 Hz with an increment of 0.2 Hz and 10 cycles are

repeated at each frequency to ensure a steady-state response. The average power output of the DCDEA

per cycle is Py, = % fOT cv? dt, where T'is the period.

Increasing the voltage amplitude can improve the output of a DEA, however, breakdown can happen
when the corresponding electric field passes the threshold E5. Hence, the amplitude of the voltage in
this study is determined based on the breakdown electric field and the nominal thickness of the
membrane. The breakdown electric field of the ELASTOSIL silicone elastomer was shown in [34] [35]
[36] as a function of two principle stretches and increases with the increasing stretch ratios. An empirical
scale law was proposed in [34] based on the experimental measurements and is written as Ej, = E| bo/l%,'m.
However, it is noteworthy that all existing measurements were based on equal biaxial stretches. To cope
with the different principle stretches in cone DEAs, the breakdown electric field is proposed as a product
of both A; and 1, and is written as E,, = E},q(1,1,)%61%, where Ex = 80 V/um is the breakdown electric
field with no pre-stretch and as reported by the manufacturer (Wacker Chemie AG). Note that the Eyg
adopted in this study is relatively conservative as a higher value of £y = 90 V/um was reported in [36].
The voltage amplitude is @peqr = 0.8EpH, where a safety margin of 20% is considered when

determining the voltage amplitude to further minimize the failure rate.

Figure 3 (b) shows the power optimization strategy and is summarized as follows. Two parameters: 4,
and L are varied while the others are kept constant. By using the geometrical relationship (Eq. (3-7)),
the two principle stretches, membrane thickness and force output angle are obtained. Based on the
breakdown strength scale law, E; and @,eq are determined. The average power output of the DCDEA
at different frequencies can be estimated by the dynamic model of DCDEA (Eq. (1,2,8-12)). Finally,

the optimal 4, and L values can be determined.
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Figure 3. DCDEAs power optimization concept. (a) Setup for the power output optimization study. (b)

[lustration of the power optimization strategy. (color figure in print)

4.2 Study results
Effects of pre-stretch ratios. The power output of the DCDEA with different /, and L values are shown
in Figure 4 with each subplot showing P, as a function of excitation frequency, f, and L with 4, fixed.
For any sets of (4, L), Pou increases with the increasing f, reaches a peak value, Ppeu, then decreases as
fincreases further. The peak power output demonstrates the advantages of resonant actuation of the
inherent elastic DEAs. By comparing the subplots with different pre-stretch ratios, the maximum power
output, P4, the DCDEA can generate reduces with the increasing 4,. For example, Py is 73.6 mW
when 4, = 1x1 and drops to 58.3 mW when 4, becomes 1.4x1.4. This suggests that the DCDEA could
have an optimal performance with no additional pre-stretch and the stretch caused by the spacer
protrusion can be sufficient. This finding echoes our previous quasi-static work output optimization
study on cone DEAs [37]. For the DCDEA prototype which weights ~ 1.6 g, the peak mass-specific

power density is estimated at ~ 46 W/kg, which is comparable with insect muscles [38] [39].

Effects of spacer lengths. The peak power output, Py, the corresponding frequency where the peak
pOWer occurs, freat, and the peak stroke, Adyeqt, for DCDEAs with A, = 1x1 and varying L are plotted in
Figure 5 (a). Pyeat shows an increase with the increasing L and peaks at 21 mm, then drops while Adjeax
fluctuates and shows a peak at L = 19 mm. f,..x demonstrates a continuous increase with the L value.
The different L values where power and stroke peaks at suggests DCDEA design should be tailored
based on the desired output (i.e. stroke or power). The correlation between the spacer length and the
output of the DCDEA can be explained by that the output angle « increases as L increases, hence the
force Fpea (Eq. (2)), which increases the DCDEA performance. However, if the spacer becomes too
long, the radial stretch on the membranes can be extremely high, which causes the strain stiffing (Eq.
(8)) and reduces the performance. For all five cases with different pre-stretch ratios, a medium L value

between 13 to 21 mm (41° < a < 57°) is found to give the highest performance.



Effects of payloads. In the above studies, the mass, M, and damping coefficient, ¢, in the payload were
fixed. Here we investigate the effects of these two parameters on the performance of the DCDEA. L is
fixed at 21 mm and 4, is 1x1. Figure 5 (b) shows the peak power output, the corresponding frequency
and the peak stroke against M. As M increases, Ppeak and Adpear also rise while the frequency decreases
and when M is heavier than 10 g, Ppeu also reduces. Increasing damping in the payload significantly
decreases Ppeak, Adpear and frear, as plotted in Figure 5 (¢). The sharp reduction in power output is
believed to be due to the force generated by the DCDEA which cannot overcome the velocity-
proportional damping force when the damping coefficient is large, which results in greatly reduced
actuation amplitude thus low power output. In applications where high damping exists, multiple layers

of membranes can be stacked to achieve the desired power output.

By using the dynamic model developed in this work, the optimal working frequency range of the
DCDEA under different payload conditions can be found. Figure 6 (a) shows examples of the power
output of the DCDEA against frequency for three different mass values. The optimal working frequency
range for each case is also highlighted in Figure 6 (a), which is defined as the frequency range where

the power output is greater than 80% of its peak value.

Effects of charging/discharging rate. The surface resistance of a DCDEA directly affects its charging
and discharging rate (characterized using a RC constant, where R is the resistance and C is the
capacitance), which is determined by the compliant electrode material used in fabrication. An order of
magnitude study is conducted here to investigate the effects of RC constant (via varying the surface
resistance from 0.1 to 10 MQ by orders of magnitude, while fixing the capacitance value at 0.4 nF, as
measured in the experiments) on the power output of the DCDEA and the results are shown in Figure
6 (b). A dramatic increase in the power output can be found when the RC constant is reduced by one
order of magnitude, which demonstrates the significance of developing compliant electrode materials

with improved conductivity [40].

In this section, the effects of the physical parameters of the actuator, the mechanical and electrical (RC
constant) payloads on the power output were investigated. In practical applications, once these
parameters and payload conditions are known, the optimal operational frequency range can be
determined using this model. Vice versa, if the mechanical payload and the target working frequency
range are given, this model can be used as a guideline for determining the DCDEA design parameters
(4p, L, layer numbers). Note that the power optimization study setup adopted in this work can also be
used for the optimization of other DEA configurations and various dissipative payload cases. For
example, nonlinear viscous damping (aerodynamic load) or Coulomb damping (friction) in real systems
can be replaced by the linear viscous damping by ensuring the same energy dissipation per cycle to

enable the use of this setup.
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= 1x1, L =21 mm, ¢ = 1 N.s/m). (¢) Effects of damping coefficient on Ppear, Adpear and freax (4o = 1x1,
L=21mm, M=1 g). (color figure in print)
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S. DCDEA driven flapping wing mechanism design

5.1 Design overview
To demonstrate the resonant actuation principle of DCDEAs, in this section we present a DCDEA
driven flapping wing mechanism (FWM), as illustrated in Figure 7 (a). FWMSs for untethered robotic
flight have demanding mass-specific power density requirements, which make them well suited for
demonstrating the benefits of resonant power optimization. A DCDEA stack with the optimal
parameters determined in Section 4 (¢ = 7.5 mm, b = 15 mm, L =21 mm, 4, = 1x 1) drives the wings
via a rack and pinion mechanism. A fabricated prototype of the FWM is shown in Figure 7 (b). The
main structure was fabricated via 3D printing (Eden 350V printer, Objet Geometries). Rack and pinions

have a pitch of 0.5 MOD and the pinions are precision spur gears with the pitch circle diameter of 6



mm (Accu, UK). The wings are 50 mm in length and 20 mm in width and are made of 0.05 mm thickness

Mylar (DuPont).

5.2 Performance characterization
Figure 7 (¢) shows the measured flapping stroke against actuation frequency for DCDEAs with 1, 2,
and 4 membrane layers. Distinguishable stroke peaks can be observed for all three cases, showing clear
resonance of the system. As the number of layers increases, both the peak flapping stroke and its
corresponding frequency increases. For the 4-layer one, the FWM has a highest flapping stroke of 31°
at 30.2 Hz. As the number of layers increases further, saturation is caused by the high voltage amplifier
used in this work which is not capable of driving the increasing electrical payload. As a result, a
maximum of 4 layers were used in the experiment. The detailed actuation voltages and the displacement
of DCDEA with 4-layer stack are shown in Figure 7 (d), where the blue and red colours represent the
up and downstroke of the wings. It can be noted that due to the electrical payload, the programmed
square waves turned trapezoidal, which demonstrates the demand for a high-power amplifier in order

to maximize the power output of the DEAs.

The flapping motion of the FWMAYV at 30 Hz was recorded using a high-speed camera and Figure 7
(e) shows a series of footages in one cycle. It can be noted that the wings pitch passively during the up
and downstrokes due to the aerodynamic load and, during the stroke reversal, the wings’ pitch reverses
passively to change the direction of angle-of-attack due to the inertia of the wings and the added mass

of the air [41]. Such passive wing pitch reversal has been observed in insect flight [42].

5.3 Discussion
The FWM design proposed in this work serves as a demonstrator of the resonant actuation of DCDEAs.
The resonant peaks observed in the FWM proves the feasibility of utilizing the inherent elasticity in
DEAs to achieve a resonant flapping motion, as found in natural counterparts, which maximizes the
power output and energy efficiency of the actuators. Improvements can be made to increase the mass-
specific power density by using electrodes with better conductivity [45] and reducing the mass of the
support frame [1]. Developing miniature yet high-power high voltage amplifiers is also an essential
aspect for enabling untethered DEA driven FWMAVs. Nonetheless, the improved power output from
a resonating DCDEA demonstrated by this FWM shows the promise for resonating DEAs to be
exploited for other forms of dynamic robotic locomotion and applications such as active vibrational

damping.
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Figure 7. DCDEA driven flapping wing prototype. (a) Schematic diagram of DCDEA driven FWM
design. (b) Photo of fabricated FWM prototype. (¢) Flapping stroke against excitation frequency of
DCDEA with different layers. (d) Example of actuation voltages and DEA displacement at 30.2 Hz. (e)

Series of flapping motion in one cycle. (multimedia file available in supplementary material) (color

figure in print)

6. Conclusion

The inherent elasticity of DEAs offers a clear advantage in achieving resonant actuations over
conventional actuators as no additional elastic elements are required. In this work, a DCDEA
configuration was adopted and a maximum resonant stroke of 257 % relative to its height was measured.
A numerical model was developed to characterize its dynamic response. With this model, the power
output of DCDEA was optimized against its pre-stretch ratio and spacer length. Optimization results

showed that the design with no pre-stretch and a spacer length to membrane radius of 1.4 results in the



highest power output with the power density comparable to insect muscles. A bioinspired flapping wing
mechanism was developed to demonstrate the resonant actuation of the DCDEA and a peak flapping
stroke of 317 at 30 Hz was recorded. The power optimization framework developed in this work is
believed to be useful in power characterization and optimization of various configurations of DEAs
under different dissipative payloads. The high resonant amplitude and power output of the DCDEAs

can also benefit other dynamic applications in vibrational control, soft motors and energy harvesting.
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Supplementary material

DCDEA fabrication

To fabricate the DCDEA, an off-the-shelf silicone elastomer (ELASTOSIL, thickness 100 um, Wacker
Chemie AG) was used as the membrane. The membrane was first pre-stretched biaxially by a ratio of
Ap, and then bonded to an acrylic ring (15 mm inner radius) by silicone transfer tape (ARclear 93495,
Adhesives Research). A disk magnet (7.5 mm outer radius) was bonded to the centre of the membrane
using the same method. Copper tapes were used as the connection between the custom-made carbon
electrodes and high voltage cables. The rod was fabricated by having two disk magnets bonded to a
Nylon spacer. The two magnets were ensured an attraction coupling with the disk magnets attached to
the membranes. The DCDEA was assembled by having the rod attracted to the two DEA membranes
and then fixed by fasteners.

Carbon electrode fabrication

The fabrication process of the custom carbon grease is described as follows. First, 10/15/20 wt.% carbon
black powders (1333-86-4, Cabot Corporation, USA) and 80 wt.% vegetable (rapeseed) oil (ASDA,
UK) were added to a mixing cup. The mixture was first stirred by a mixer (Model 50006-13, Cole-
Parmer, UK) at the speed of 100 rpm for 1 min and then 600 rpm for 5 mins to achieve a homogenous
dispersion. The custom carbon grease is found to be compatible with the ELASTOSIL silicone material,

as reported in our previous work.

Quasi-static force-displacement test setup

To measure its quasi-static force-displacement relationship, a single cone DEA frame was fixed to the
testing rig and a linear rail (X-LSQ150B-E01, ZABER) deformed the centre of the DEO membrane
out-of-plane at a low velocity of 0.05 mm/s to ensure negligible viscoelasticity. A constant voltage was
generated by a high voltage amplifier (SHV23-BP1, Ultravolt) and was applied to the dEA during
deformation to analyse the effect of electric field on the force-displacement relationship. The voltage
amplitude was determined by ® = E /'l%7 /Hy, where E =50 V/um. A load cell (NO.1004, TEDEA) was
used to measure the reaction force of the DEO and a laser displacement sensor (LK-G152 and
LKGDS500, Keyence) was used to measure the deformation of the DEO membrane. All signals were
collected by a DAQ device (National Instruments, BNC-2111) at a sampling frequency of 10,000 Hz
and controlled by MATLAB (MathWorks).



Dynamic response test setup

A frequency step test was performed to investigate the dynamic response of the DEA. The same laser
displacement sensor and DAQ device from quasi-static test setup were used here. The DCDEA frame
was fixed to the testing rig, while leaving the central rod to move freely. two varying-frequency
sinusoidal voltage signals were generated by MATLAB and applied to the DCDEA via a high voltage
amplifier. A laser displacement sensor measured the out-of-plane deformation of the rod of the DCDEA
at a sampling frequency of 40,000 Hz. The excitation frequency was stepped forward from 1 to 100 Hz
at the step of 0.05 Hz. The voltage amplitude was determined by by ® = E A%, /H,, where E =50 V/um.



