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Electric Field-Driven Dielectrophoretic Elastomer Actuators

Ciqun Xu, Charl F. J. Faul, Majid Taghavi,* and Jonathan Rossiter*

Dielectrophoresis is the electro-mechanical phenomenon where a force is
generated on a dielectric material when exposed to a non-uniform electric
field. It has potential to be exploited in smart materials for robotic manipula-
tion and locomotion, but to date it has been sparsely studied in this area.
Herein, a new type of dielectrophoretic actuator exploiting a novel electroac-
tive polymer is described, termed as dielectrophoretic elastomer (DPE), which
undergoes electric field-driven actuation through dielectrophoresis. Unique
deflection and morphing behavior of the elastomer induced by controlling the
dielectrophoretic phenomenon, such as out-of-plane deformation and inde-
pendence of electric field polarity, are illustrated. The dielectric and mechan-
ical properties of the DPE are studied to gain insight into the influence of
materials composition on deformation. Actuation performance using different
electrode parameters is experimentally investigated with supplementary
analysis through finite element simulation, revealing the relationship between
electric field inhomogeneity and deflection. The applications of DPE actuators
in a range of robotic devices is demonstrated, including a pump, an adjust-
able optical lens, and a walking robot. This diverse range of applications
illustrates the wide potential of these new soft-and-smart electric field-driven
materials for use in soft robotics and soft compliant devices.

1. Introduction

Soft robots have received growing attention due to their ability
to interact compliantly with humans and environments,
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creating possibilities for a wide range of
applications across manufacturing, mani-
pulation, healthcare, rescue, and human
interaction.' Advances in soft robotics
are significantly accelerated by advances in
stimuli-responsive soft materials, which
should provide high-performance sensing
and actuation while endowing the robots
with desired compliance and adaptability.
Electroactive polymers have been widely
used as muscle-like smart materials in soft
robotics, transforming electric stimuli into
desired actuation patterns.”” Among the
physical phenomena used in electroactive
polymers, electrostatic pressure has been
shown to produce high power-density
and high energy-density artificial mus-
cles.®l Dielectric elastomer actuators, for
example, are capable of generating fast,
strong, and accurate actuation in response
to high voltage electric signals.’"! The
soft elastomer layer, sandwiched between
two stretchable electrodes, shows biaxial
displacement contracting in the thick-
ness direction and expanding in the film
plane direction when a voltage is applied to compliant elec-
trodes. Electro-ribbon actuators, on the other hand, exploit elec-
trostatic forces to zip two insulated electrodes together with a
high force amplification achieved by the application of a bead of
dielectric liquid at the zipping point." Hydraulically amplified
self-healing electrostatic (HASEL) actuators use electrostatic
force to pressurize dielectric liquid in a pouch, and the conse-
quent hydraulic force is utilized for actuation.!’>'®l In addition,
electrostatic actuators have also been applied in constructing
lenses,!”! generators,'® pumps,'? flying robots,?”) and haptic
sleeves 2! because of their simple structure and electrical
controllability.

In the above examples, electrostatic forces act upon the die-
lectric through direct electrode contact; thus, the movement of
the elastomer or dielectric liquid is defined by, and confined
by, the electrode. Actuation is achieved by the deformation or
displacement of electrodes, and therefore flexible or compliant
electrodes are needed, resulting in a complicated fabrication
process. In contrast, magnetic force, another fast-response
actuation strategy, can provide more freedom and actuation
capabilities to magnetically responsive materials without direct
magnet contact.?Z By concentrating a magnetic field in a cer-
tain space, actuation materials can move freely in any direction
without the constrain of direct magnetic contact. Nevertheless,
to generate a strong enough and controllable magnetic field
even in a tiny actuation space, a bulky and power consuming
external magnetic control system is needed.?>24
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Dielectrophoresis is a field-derived phenomenon and
has been studied in detail since the first work of Pohl in the
1950s.25-281 As illustrated in Figure S1 (Supporting Informa-
tion), a dielectrophoretic force acts upon a dielectric material
inside an inhomogeneous electric field. The electrodes and
dielectric can be separated, providing fewer constraints to the
movement and deformation of the dielectric. On the other
hand, the generation of the electric field does not require bulky
and compliant electrodes (in contrast to the high current wind-
ings needed for magnetic field manipulation and the compliant
electrodes required in dielectric elastomer actuators), which
results in simple fabrication and a more flexible design space.
The use of dielectrophoresis therefore enables potentially more
controllable, direct, and facile electromechanical transduction
and morphing capabilities in soft materials.

Dielectrophoresis has been explored to manipulate the
motion of electrically polarized particles and liquid drop-
lets.?31 Owing to the field-driven features, it has been
proved to be powerful in particle manipulation and widely
employed in applications of microfluidics,?? cell separa-
tion,133 drug delivery,?¥ dielectric liquid lenses,3>3% microwire
assembly,1¥”38] and has recently been used in soft electronics to
aligning liquid metal microdroplets in an elastomer matrix.**!
Dielectrophoresis is also exploited to pull dielectric liquid beads
into the zipping point of electro-ribbon actuators, resulting in
a significant reduction in the mass of the actuators. How-
ever, dielectrophoretic forces have not been used to drive
artificial muscles directly; rather dielectrophoresis has been
serendipitously used to support the main direct-contact elec-
trostatic attraction force.' Mainstream uses of dielectropho-
resis focus on manipulating nano/micro-particles but ignore
the behavior of bulk materials, mainly because the interaction
with small size objects is more effective. The premise has been
that scaling down the dimensions of matter endows a large
surface-to-volume ratio, thus a relatively large surface area for
interaction can be obtained. Nevertheless, dielectrophoresis is
highly dependent on the electric field gradient and properties
of materials, which provide opportunities for interaction with,
and development of, new elastomeric polymers targeted at the
dielectrophoretic phenomenon.

Here, we introduce a new class of electroactive material,
termed a dielectrophoretic elastomer (DPE), which is the first-
ever demonstrated active morphing and moving matter that is
driven by inhomogeneities in the electric field. The DPE, when
placed between a circular electrode (A) and an annular elec-
trode (B), as shown in Figure 1a i, deforms in a perpendicular
direction due to the spatially inhomogeneous electric field. This
DPE actuator exhibits out-of-plane deflection, which is a chal-
lenge for counterpart technologies. For example, dielectric elas-
tomer actuators without utilizing a transmission mechanism,
such as incorporating a constraining layer **!l or inhomoge-
neous electrodes.*”) Although the deformation of dielectric
elastomer actuators under inhomogeneous electric fields has
been studied,®! the actuation principle still relies on com-
pressing the sandwiched elastomer layer via Maxwell stress.
By comparison, Maxwell stress also works as the fundamental
mechanism behind dielectrophoresis,#] but the deforma-
tion or locomotion of elastomers in dielectrophoretic actuators
is achieved by stretching or pulling. The principal comparison
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between these two actuators is discussed under Figure S2 (Sup-
porting Information). The easy fabrication of our DPE actuator
and its versatile functionality allows it to be integrated into var-
ious practical devices. In this paper, we explore its potential for
applications in pumps, optical lenses, and walking robots. Our
DPE approach demonstrates a high potential to push the fron-
tiers of artificial muscle technologies and provide new solutions
for the design of soft and compliant devices.

2. Results and Discussion

2.1. Principle of Dielectrophoretic Elastomer Actuators

As a proof of concept, we illustrated the different behavior
of the DPE when subjected to a uniform and a non-uniform
electric field respectively created by parallel plate electrodes
(Figure S3, Supporting Information). In Video S1 and Figure S4
(Supporting Information), the DPE remains stationary in
the uniform electric field but morphs when the field is non-
uniform. The polarity of electric field does not affect the
deformation direction of the DPE. The results indicate that
the inhomogeneity of electric field is required for DPE defor-
mation, revealing the dominating role of dielectrophoresis.
Further, dielectrophoresis can not only deform the DPE but
also control its locomotion. As demonstrated in Video S2 and
Figure S5 (Supporting Information), a DPE strip suspended
between — but not touching — two electrodes, can move in the
air toward one of the electrodes where a voltage is applied. This
control strategy avoids direct electrode contact, thus enabling
significant freedom of movement without any mechanical con-
straints from the electrodes. This is analogous to magnetic field
actuation but using an electric field, opening the door to a wide
range of new electric actuation possibilities.

To further investigate the interaction of electric field and
our solid dielectrophoretic elastomers, we designed prototype
DPE actuators using the parameterized electrode structure
(Figure 1a i; Figure S6, Supporting Information). Because the
structure of a typical DPE actuator is axisymmetric, the half sec-
tional view could be simplified as a circular aperture geometry
(Figure 1a ii). It is important to note that there is an air gap
between Electrode A and the DPE, which is different from the
sandwich structure of dielectric elastomer actuators. The estab-
lished electric field is determined by the geometry of electrodes,
and we emphasize three parameters related to electrodes in this
paper: the diameter of Electrode A (D,), the inner diameter of
Electrode B (Dg), and distance between two electrodes (D),
which will be investigated in Section 2.3. In order to harness
dielectrophoresis for actuation, understanding the relationship
between dielectrophoresis and the electric field is necessary.
Figure 1b is a Finite Element simulation of voltage distribution
(left) and the corresponding electric field strength distribution
(right) conducted in COMSOL Multiphysics (see Experimental
Section for detailed simulation parameters). There are two
options when applying a voltage to the electrodes: connecting
either Electrode A (I) or Electrode B (II) to the higher electrical
potential. The resultant electric fields I and II have inverse field
directions (left side of Figure 1b), but their field strength distri-
bution is identical (right side of Figure 1b). Unless otherwise
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Figure 1. Design, principle, and performance of DPE actuators. a) i: Schematic diagram of a simple DPE actuator with a cylindrical electrode (top),
a DPE in the middle, and an annular electrode (bottom). A laser displacement meter underneath is used to measure the deflection of the DPE.
ii: Diagram of the cross-sectional view of the DPE actuator. Three essential electrode parameters Dy, Dg, and D¢ represent the diameter of Electrode
A, the inner diameter of Electrode B, and the distance between two electrodes, respectively. iii: Actuation principle. When applying a voltage to the
electrode, a non-uniformed electric field is formed, leading to the polarization of DPE and the generation of dielectrophoretic force (Fp). iv: An example
of actuation with electrode parameters of Dy =10 mm, Dg =15 mm, and D¢ = 2.5 mm. Scale bar is 2 mm. b) Finite element simulation of the voltage
(left) and electric field strength (right) distribution at a voltage of 3 kV. For easy recognition, the boundaries of electrodes and DPE are depicted with
white dash lines and black solid lines, respectively. ¢) A zoomed-in illustration of the result in the top-right of (b). Black arrows are simulation results
of electric field magnitude gradient. d) Deflection comparison of actuation under two reversed electric fields. The electric fields | (top electrode posi-
tive) and Il (top electrode negative) correspond to | and Il in (b), respectively. e) Actuation force generated by the DPE at different driving voltages.
f) Deflection at different driving voltages. g) Influence of the interval between electrical stimulations on the deflection. Each actuation cycle takes 2 s at
3 kV, and intervals vary from 1to 15 s. Insert shows the change of AD and AD’ depending on intervals. Electrode parameters in b) — g) are Dy =10 mm,
Dg =6 mm, and D¢ = 2.5 mm, except D5 =15 mm, Dg =15 mm, and Dc = 2.5 mm in e).
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specified, we employ field I for actuation in this paper. Owing
to the annular structure of Electrode B, field strength distribu-
tion is inhomogeneous between the sides and center area of the
DPE actuator, which is the key to creating dielectrophoresis.
The dielectrophoretic force (Fp) can be expressed as, 22!

Fp o< [CM](E-V)E (1)

where E is the electrical field, V represents the gradient oper-
ator of vector calculus, and [CM] denotes a Clausius-Mossotti
function. The magnitude of Fp is proportional to electric field
intensity and gradient, while the polarity is determined by the
[CM]. The value of [CM] is related to the polarizability of mate-
rials and given by,

CM:[ & ~én J )
£, +2¢,

where &, and &, represent the relative permittivity of the actua-
tion material and the surrounding medium, respectively.
In our case, the DPE (g, = 2.8) is actuated in air (g, = 1) and
the polarizability of the DPE is greater than air (g, > &), so
that [CM] has a positive value, leading to the positive dielectro-
phoresis.[?>32 In other words, the DPE membrane is always
attracted to regions of stronger electric field.

A zoomed-in view of the electric field strength simulation is
shown in Figure 1c. A stronger electric field exists in the air
region, especially around the corners of Electrode A, whereas
the center area possesses a weaker electric field. Black arrows
illustrate the field gradient direction (from weak to strong),
which also reveals the direction of Fp, because the polarity of Fp,
complies with the field gradient according to Equation 1. Max-
well stress can also indicate the distribution of Fp, as Maxwell
stress is usually integrated into dielectrophoretic force calcula-
tion.[**®! Finite element simulation of Maxwell stress is shown
in Figure S7 (Supporting Information). More stress distributes
around the side area of the suspended DPE, which means the
side area is more active at the beginning of actuation. As the
electric field is axisymmetric, the resultant Fp, can be simplified
as a force that is perpendicular to the DPE membrane toward
Electrode A (Figure laiii). An example of actuation is illus-
trated in Figure laiv and an image of the actuator is shown in
Figure S6 (Supporting Information). Upon applying a voltage,
the DPE membrane morphs from a concave into a convex pro-
file as it is attracted towards the high electric field around Elec-
trode A. More details are shown in Figure S8a and Video S3a
(Supporting Information).

The dielectrophoretic force is independent of electric field
direction.”®) We demonstrate this property by actuating the
DPE under two identical, but opposite electric fields, as shown
in Figure 1d. The applied electric fields I and II are the same in
magnitude (at a voltage of 3 kV) but reversed in direction, and
are consistent with the simulated fields in Figure 1b I and II,
respectively. Each actuation cycle takes 90 s under fields I and II
alternately, and a 300 s interval is employed between each cycle
to avoid influence between cycles. Although fields I and II are
switched several times, the deflection behavior is unaffected,
reaching =150 um within 90 s. This result is because I and II
have the same electric field strength distribution (Figure 1b),
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and the electric field gradient is essential to dielectrophoresis,
rather than the electric field direction. This further supports the
hypothesis that dielectrophoresis is the dominant driving force
in this new class of actuator.

As explained by Equation 1, electric field intensity (E) has
a direct influence on dielectrophoretic driving force (Fp), so a
straightforward way to enhance dielectrophoretic driving force
is to increase the voltage. As illustrated in Figure le, the actua-
tion force grows linearly from 1.26 mN at 1 kV to 3.59 mN at
5 kV (measurement detail is shown in Figure S9, Supporting
Information). The specific energy density of the system also
observes an increasing tendency, reaching 393 ] m= at 5 kV
(Figure S10, Supporting Information). Additionally, we meas-
ured the areal strain of the DPE based on its out-of-plane
deformation (Figure S11, Supporting Information); a result
of 1.0% with a strain rate of 0.016% s™! is obtained. By com-
parison, although dielectric elastomer actuators can produce
larger output force (0.25 — 686 mN),[*! higher energy density
(100 — 500 k] m™3),*! and large strain (15%), they require
high amplitude of stimulus (100 — 150 kV mm™).5% The actua-
tion of the DPE actuator can be achieved by an electric field
of only 1.2 kV mm™ (approximately two orders of magnitude
lower than dielectric elastomers) since at least one of the
electrodes is separated from the active membrane. Besides,
soft electromagnetic actuator counterparts can generate large
forces, for example, a soft helical coil bending actuator can gen-
erate 32 mN.PY However, the input power reaches 1 W, which
is approximately two orders of magnitude higher than the DPE
actuator (< 0.018 W). Resistance forces, including mechanical
stiffness of DPE and gravitational force, also affect the actuation
response. Actuation of the DPE occurs when the driving force
is greater than the resistive forces. The relationship between
actuation deflection and voltage is depicted in Figure 1f, where
deflection is boosted or suppressed simultaneously with the
increase or decrease of voltage. The dielectrophoretic force is
increased when the voltage rises, while the resistive force is
unchanged at this instance; therefore, the deflection grows
sharply in the beginning. The DPE is gradually deformed and
stretched, which increases the mechanical stiffness of the DPE,
reducing the difference between driving resistance and driving
force until equilibrium is reached. The reverse occurs when
decreasing voltage. This is the reason why the deflection curve
tends to become stable when the voltage is kept constant.

DPEs exhibit a “memory” effect, as depicted in Figure 1g.
Two actuation cycles (2 s for each, at 3 kV) are applied, with
an interval in the range 1to 15 s. D; and Dy’ are defined as the
deflection during the 0 — 0.1 s and 0.1 — 2 s periods of the first
cycle, while D, and D, represent the deflection of the second
cycle during the 0 — 0.1 s and 0.1 — 2 s periods, as labeled in the
subgraph of Figure 1g. AD (= D, — D)) and AD’ (= D,’ - Dy))
are used to reveal the deflection difference between the two
actuation cycles. The values of D;, Dy, D,, D,’, AD, and AD’
are listed in Table S1 (Supporting Information). As shown in
the inset of Figure 1g, AD decreased from 31 to 2 um when
the interval was increased from 1 to 15 s, while in comparison,
AD’ is stable at =0. This means that the interval between suc-
cessive actuation cycles influences the deflection in 0 — 0.1 s
of the second cycle, especially when the interval is <10 s; the
shorter the interval, the more evident the effect. We attribute
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this effect to the remnant polarization of the DPE, which can
be further proved by the results of an additional experiment
(Figure S12, Supporting Information). Interfacial polarization is
an important type of polarization especially in a multicompo-
nent system, and the relaxation of polarization may take a few
seconds.l>>3 The interval can be regarded as the time for depo-
larization process. If the interval is short and the second cycle
starts while residual polarization from the first cycle remains,
less time is needed for polarization in the second cycle. Thus,
the DPE with remnant polarization can be actuated easier,
showing larger deflection. It should be noted that polarization
is a fast process, and the discussion of the polarization effect is
confined to the beginning of actuation (within 0.1 s). This effect
is present in AC actuation but is insignificant for DC actuation.
On the other hand, actuation relaxation is independent of the
polarization and depolarization process, as it happens when the
driving voltage is switched off and the electric field disappears.
The DPE shows extremely fast actuation relaxation (relaxation
rate is 95% in 1 s, Table S1, Supporting Information), which
can be further utilized to achieve vibration actuation under
square-wave voltage input, as demonstrated in Figure S8b,c and
Video S3b (Supporting Information).

2.2. Characterization of Dielectrophoretic Elastomers

Dielectrophoretic actuation raises three basic requirements
for materials: i) Electrical polarizability. Polarization of mate-
rials is a precondition for dielectrophoresis. ii) High elec-
trical breakdown strength. High electric fields are needed for

dielectrophoresis operation and therefore, the elastomer should
possess a high breakdown strength to ensure that a high elec-
tric field can be sustained. iii) Low Young’s modulus. A low
stiffness results in larger deformation. Toward these ends, we
developed a series of DPE gels using an elastomer gel (Ecoflex
Gel, Smooth-on) and silicone oil. The Ecoflex Gel is a commer-
cially available silicone rubber and compatible with silicone oil.
We used a simple one-step method to fabricate the DPE gel by
mixing two components without further treatment (see detail
in the Experimental Section). Properties of the DPE gels can be
tuned by modulating the mixing ratio of the components. Here,
we fabricated four DPE gel samples with a silicone oil content
of 10, 30, 50, and 70 wt.%, and labeled them as G10, G30, G50,
and G70 respectively. A sample of Ecoflex Gel was also prepared
with no added silicone oil for comparison.

The dielectric constant at 10 kHz of different samples is
shown in Figure 2a, and frequency dependency curves are
depicted in Figure S13 (Supporting Information). The differ-
ence in oil content does not affect the dielectric constant sig-
nificantly, with results ranging from 2.6 to 2.8 (as the dielectric
constants of two components, Ecoflex Gel (2.6) and silicone
oil (2.7) are similar ). Nonetheless, the dielectric constant
of DPE samples is more than twice that of air, which pro-
vides opportunities for positive dielectrophoresis (discussed
in Section 2.1). Figure 2b is the Weibull distribution of electric
breakdown strength. The characteristic breakdown strength
experiences a decrease with the increase of oil content; for
example, 9.2 MV m™! for G70 compared with 176 MV m™! for
Ecoflex Gel. This is probably because more interfaces between
oil and elastomer are created in high oil content samples, as

0.9
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Figure 2. Characterization of DPE with different silicone oil content. a) Dielectric constant measured at 10 kHz. b) Weibull distribution of electrical
breakdown strength. P is the cumulative probability of electric failure. Solid lines are fitted results according to experimental data. Displayed numbers
are characteristic breakdown strengths of each sample, corresponding to a 63.2% probability of failure. c) Stress—strain curves. d) Young’s modulus.
e) Interfacial adhesive strength to various substrates. f) Comparison of actuation performance at 3 kV, using electrode parameters of Dy =10 mm,

Dg=6 mm, and Dc = 2.5 mm.

Adv. Funct. Mater. 2023, 33, 2208943 2208943 (5 of 13)

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

B5UB017 SUOWILIOD BAFeR1D 3 |qeot ddte au Aq pausenob a1 3ol YO ‘85N JO 3|1 10y Areiq 1 8UIIUO A1 UO (SUOHIPUOD-PUR-SLUBYWO A3 | 1M Afe.q 1 [ou|UO//SARY) SUO RIPUOD pue SWB L 83 88S *[£202/70/G2] U0 Areiq auluo Ao|Im ‘9 L AQ £76802202 LU4PR/200T OT/I0P/W0D A8 |1 AReiq Ul |uo//sdny Wwoy papeojumod ‘€T ‘€202 ‘820€9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

elastomer networks are surrounded by silicone oil. In a strong
enough electric field, those interfaces are more likely to cause
charge accumulation, resulting in an electric breakdown. It is
noteworthy that the breakdown strength of G70 is still three
times greater than air, indicating its ability to work as a DPE
actuator, which needs to withstand high voltages for dielectro-
phoresis operation.

Stress—strain curves of Ecoflex Gel and DPE with different
oil ratios are shown in Figure 2c. The method, data acquisi-
tion and analysis process of the tensile test is described and
discussed in Experimental Section, Figures S14 and S15 (Sup-
porting Information). The Young’s moduli in Figure 2d are
calculated from the stress—strain curves. A decrease in Young's
modulus from Ecoflex Gel (276 kPa) is observed when the
sample possesses a higher oil fraction, although breaking elon-
gation of all samples is =300% to 400%, indicating good stretch-
ability. In particular, G70 exhibits an ultimate tensile strength of
13 kPa, a breaking elongation of 306%, and a Young’s modulus
of only 11 kPa. Each DPE sample is composed of an oil phase
and an elastomeric network, and the mechanical properties
mainly come from the latter. The oil content effectively dilutes
the elastomeric network in the DPE, thus leading to a decrease
in Young's modulus. Figure S16 (Supporting Information) fur-
ther demonstrates the softness and stretchability of DPE. A flat
membrane of G70 with 2 cm diameter and 1.5 mm thickness is
readily inflated to a large balloon, and recovers to its flat form
when the inflation pressure is removed.

90° peeling tests were performed to investigate the adhe-
sive properties of DPE, as shown in Figure 2e (see Figure S17,
Supporting Information for photographs of testing setup and
substrates). The DPE gels display adhesive strengths from 5 to
21 N m™! on various substrates, including copper (Cu), glass,
polyethylene terephthalate glycol (PETG), wood, and paper. The
relatively high adhesion of G50 and G70 to paper and wood
may result from the low Young’'s moduli of these samples and
the rough surface of the testing substrates, which causes a rela-
tively large contact area between samples and substrates. These
adhesive properties enable DPE to adhere to Electrode B firmly
without any further fixing procedures, ensuring convenient
actuator fabrication and application, which will be mentioned
in Section 2.4.

Figure 2f presents the actuation performance of different
DPE samples at a voltage of 3 kV with electrode parameters of
Dy =10 mm, Dg = 6 mm, and D¢ = 2.5 mm. The performance
of G70 is best, increasing sharply at the beginning and gradu-
ally reaching =185 pum in 60 s. In comparison, the deflection of
G50 (60 um) is far less than G70, while Ecoflex Gel and G10 are
almost unaffected by the applied electric field. The actuation
speed of G70 is 10 times greater than Ecoflex Gel (Figure S18,
Supporting Information). We primarily attribute the differ-
ence in actuation to the difference in Young's modulus. As
G70 has a lower Young’s modulus than other samples, weaker
mechanical stresses are generated against the dielectropho-
retic force during the actuation process. Therefore, G70 always
shows the greatest actuation performance, even if at different
actuation voltages (Figure S19, Supporting Information). In
this paper, G70 is chosen as the representative DPE for actua-
tion characterization and application exploration, except where
otherwise noted. Moreover, the viscosity of silicone oil, one of
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the DPE components, can influence the actuation performance
(Figure S20, Supporting Information), the exploration of which
will be our future work.

2.3. Electrode Parameters

Factors related to the electrode, including size, geometry, and
structure, are important for dielectrophoretic actuation because
they determine the distribution of the electric field. To optimize
actuation performance with respect to electrode geometry, we
investigated three important electrode parameters: the diameter
of Electrode A (D,), the inner diameter of Electrode B (Dg), and
distance between Electrode A and Electrode B (D), via a series
of experiments and finite element analyses. Because the DPE
(G70 in these evaluations) is very flexible, it tends to form a
concave surface under gravity when laying on ring-shaped Elec-
trode B, and the larger the Dy, the more evident the concave
shape, as explained by Figure S21 (Supporting Information).
We define the plane of Electrode B as the origin of the dis-
placement axis; therefore, the initial points of the displacement
curves are negative owing to the concave shape induced by
gravity. Although the thickness of the DPE sample is 1.5 mm,
and therefore the maximum displacement is 1 mm when D¢ is
2.5 mm, deformation of the gel may lead to a higher measured
displacement (as shown in Figure 3b,e).

First, Electrode B with different inner diameters is inves-
tigated under a voltage of 3 kV when D, (10 mm) and D¢
(2.5 mm) are constant, as schematically illustrated in Figure 3a
(see Figure S22a, Supporting Information for images of dif-
ferent Electrode B). Due to the inherent stickiness of the DPE
sample, only the area suspended over the aperture of Elec-
trode B can move, while other areas adhere to the annular
section of Electrode B. As such, enlarging Dy allows more of
the DPE to move, which results in larger measured deforma-
tion. For instance, in Figure 3b, the curve of smallest aperture
(Dp = 6 mm) shows lowest displacement. On the other hand, as
illustrated by the electric field strength distribution simulation
results in Figure 3c, the electric field gradient is reduced as Dy
increases. The consequence is that dielectrophoresis becomes
weaker, leading to poorer actuation performance, as revealed by
the lowest displacement curve of Dy = 21 mm (Figure 3b). In
contrast, curves of Dy = 12, 15, and 18 mm exhibit faster actua-
tion speed (Figure S23a, Supporting Information), and the DPE
membrane is able to reach its maximum movement (1 mm)
within 90 s. Particularly, a relatively fast and large displacement
is observed in the curve of Dg = 15 mm, moving from approxi-
mately -850 to 1000 um in 70 s, one example of which is demon-
strated in Figure S8a and Video S3a (Supporting Information).

Further, the influence of D, was explored by using
Dg =15 mm, and D¢ = 2.5 mm, as shown in Figure 3d (images
of Electrode A are shown in Figure S22b, Supporting Infor-
mation). Figure 3e illustrates the experimental results; dis-
placement is minimal when D, = 5 mm, but becomes larger,
and more rapid, with the enlargement of D,. The curve of
Dy =20 mm reaches 1 mm displacement in 15 s with the actua-
tion speed of 171 um s (Figure S23b, Supporting Information),
which is the fastest movement. This result can be explained
by examining the electric field (Figure 3f); the increase in Dy
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Figure 3. Experimental investigation and finite element simulation to show the influence of electrode parameters on actuation performance:
a—c), d-f), and g-i) show variation of Dg (inner diameter of Electrode B), D, (diameter of Electrode A), and D¢ (distance between Electrode A and
Electrode B), respectively. a,d,g) Diagram of cross-sectional view of electrode structures and used parameters. The thickness of the DPE sample was
fixed at 1.5 mm. b,e,h) Experimental displacement characterization. ¢,f,i) Finite element simulation of electric field strength distribution. Actuation

and simulation voltage was 3 kV in all cases.

increases the overlap between the two electrodes and creates a
high intensity electric field around the edge of Electrode A. In
doing so, strong dielectrophoretic forces emerge, leading to fast
actuation. Similarly, decreasing D¢ while keeping Dy (15 mm),
and D, (15 mm) constant increases actuation speed, as depicted
in Figure 3gh, and Figure S23c (Supporting Information).
Compared with the low displacement when D¢ = 3.5 mm, the
curve of D¢ = 2 mm achieves its maximum displacement of
600 um in 20 s (Figure 3h). As can be observed in Figure 3i,
reducing the distance between the electrodes results in an
increase of electric field gradient, thereby generating a large
dielectrophoretic actuation force.

The investigation of electrode parameters indicates that cre-
ating a high electric field gradient is important to achieving fast
actuation. Because of the annular structure of Electrode B, the
circular aperture area has the lowest electric field magnitude;
therefore, magnifying the field around the edge of Electrode
A is the most effective route to enhancing the field gradient,
which could be achieved by decreasing D¢ or by ensuring that
D, is always greater than Dy. However, there must be sufficient
free space around the DPE for it to generate the desired dis-
placement; for example, small Dy (6 mm) or D¢ (2 mm) limits
displacement (Figure 3b,h). But an overlarge Dy also has an
adverse influence on actuation, as there will be a large gravi-
tational force to overcome. In this study, a fast and large actu-
ation stroke (1.7 mm displacement in 15 s) is observed when
using geometric parameters, Dy = 15 mm, D, = 20 mm, and
D¢ = 2.5 mm (Figure 3e). A relatively small value of D¢ is a
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limitation of DPE actuators in this configuration, as the upper
bound of deflection is confined by Dc. If D¢ is greater than
2.5 mm, the dielectrophoretic force is weak and deflection
becomes small and slow (Figure 3h). Actuation speed is rela-
tively fast when D¢ is smaller than 2.5 mm, but the range of
displacement is reduced. The suitable value of D¢ in this paper
is 2.5 mm, which means the upper bound of displacement is
1 mm (thickness of DPE is 1.5 mm). Normally, the displace-
ment starts from about —1 mm because gravitational force can
make the DPE membrane adopt a concave profile in its the ini-
tial state (Figure S21, Supporting Information). Therefore, the
total displacement can reach 2 mm approximately. The influ-
ence of gravitational force on the DPE membrane should be
taken into consideration when using DPE actuators. Another
challenge that needs to be mentioned is the sticky nature of the
DPE membrane using the presented materials. Our DPEs can
stick on the Electrode A once they make contact, stopping fur-
ther actuation. This, however, can be overcome through struc-
ture design or material modification.

2.4. Demonstration of Active Devices and Soft Robots Exploiting
Dielectrophoretic Elastomer Actuation
2.4.1. Dielectrophoretic Elastomer Pump

The electric field-driven behavior of the DPE membrane can be
exploited to develop a range of active devices and soft robots.
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Figure 4. A pneumatic pump driven by DPE actuation. a) Exploded view (i) and cross-sectional view (ii) of a CAD model of the micropump. Photo-
graphs of the pump frame with Electrode B adhered to the top (iii) and a glass base embedded in the bottom (iv). Scale bars represent 1 cm. b) Input
voltage, deflection of DPE membrane, and chamber pressure (P¢) during actuation. c) Schematic diagram of membrane deflection. d) MaxAP at dif-
ferent actuation frequencies with a voltage of 4 kV. e) Cyclic test, 1000 cycles at a voltage of 4 kV and a frequency of 0.1 Hz. Inserts are enlarged views

of rectangle areas.

As first proof of concept, we made a small pneumatic pump
by fabricating an air chamber under a DPE actuator, as shown
in Figure 4a. The parameters of the design are described in
Table S2 (Supporting Information). A transparent glass plate
(microscope coverslip) is used as the air chamber base, so that
the beam of the laser displacement sensor can pass through
and measure the deflection of the DPE membrane within the
pump. As a demonstration, we applied 4 kV with a frequency of
0.1 Hz to the pump, with the corresponding voltage, deflection,
and pressure shown in Figure 4b. As the DPE membrane forms
the roof of the air chamber (Figure 4a ii), the deflection of the
membrane under the application of an electric field reduces
internal chamber pressure, resulting in a negative output pres-
sure. Note that the chamber is closed and only connected to a
pressure sensor. The pressure generated increases during the
initial four cycles owing to the “memory” effect previously
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discussed (Figure 1g). For all subsequent cycles, the remnant
polarization reaches an equilibrium at the given frequency,
and thus the output pressure generated per cycle is stable at
around —0.16 mbar. Interestingly, in contrast to the results in
the characterization section (where both sides of the membrane
were at atmospheric pressure), the deflection of the center of
the DPE pump membrane in Figure 4b is negative: the pump
membrane always morphs downward at the center, which can
be observed in Video S4 (Supporting Information). This pheno-
menon stems from the pressure difference between the inside
and outside of the air chamber, as shown in Figure 4c. The elec-
tric field around the fringe of Electrode A exhibits the strongest
intensity and highest gradient, thus the DPE membrane around
this area is deflected upwards according to the dielectrophoresis
principle. The air volume within the chamber is expanded with
the deformation of the DPE membrane, leading to the chamber
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pressure (Pc) becoming smaller than atmospheric pressure
(Pa)- As such, atmospheric pressure squeezes the membrane,
and the negative deflection appears at the center where the
upward dielectrophoretic force is smaller.

The pressure performance under different working frequen-
cies from 0.05 to 4 Hz is presented in Figure 4d. The MaxAP
is defined as the maximum pressure difference (see details
in Figure S24, Supporting Information), which indicates the
ability of the pump to produce pressure. As the working fre-
quency increases, there is less time within each cycle for both
membrane actuation and relaxation, so a decline of MaxAP
from 0.19 (at 0.05 Hz) to 0.14 mbar (at 4 Hz) is observed. Cyclic
testing was performed for 1000 cycles under 4 kV at a frequency
of 0.1 Hz. As demonstrated in Figure 4e, the output pressure
over the whole testing period is stable at approximately —0.13
to —0.19 mbar, demonstrating the reliable working performance
of the DPE and the pump. The DPE pump does not need any
passive resistive element or external restoring force to achieve
actuation, like the spring or passive layer of the dielectric elas-
tomer actuator counterparts.l>*>¢l The actuation component is
only constructed by two electrodes and one elastomer mem-
brane, which is the simplest possible pneumatic pump, and
all the fabrication materials are toxic-free. The thickness of
the frame and electrodes can be significantly reduced through
engineering optimization and the essential thickness is only
=~4.5 mm in this embodiment (the air chamber and distance
between electrodes, Table S2, Supporting Information). The
easy fabrication, low cost (=$0.92 US each), and thin nature of
the DPE pump create an alternative solution for systems that
require micro pressure control with low device complexity, such
as lab-on-a-chip and microfluidic devices, and enables a wide
range of future applications.

2.4.2. Dielectrophoretic Elastomer Tunable-Focus Optical Lens

The out-of-plane deflection behavior, combined with the high
optically transparency of the DPE (Figure S25, Supporting
Information), lend the DPE actuator to exploitation in optical
systems. Here, we develop a tunable-focus optical lens using a
DPE actuator, as illustrated in Figure 5a—c (parameters of the
lens are depicted in Table S3, Supporting Information). Elec-
trode A and B are integrated into the specially designed cap and
base respectively (Figure S26, Supporting Information), which
are easy to assemble. Electrode A is made from an indium-
tin-oxide (ITO) coated polyethylene terephthalate (PET) sheet,
which exhibits both electrical conductivity and high transpar-
ency. To endow the lens with better light refraction ability,
a transparent dielectric liquid (silicone oil) was introduced
to fill the gap between Electrode A and the DPE membrane.
The working principle is shown in Figure 5d. The electrically
adjustable curvature of the DPE membrane changes the profile
of the lower surface of the lens, thereby significantly altering
the path of light. The structure acts as a plano-convex lens at
rest state (Figure 5d, upper). When a voltage is applied (4 kV
as an example), the DPE membrane is deflected upward,
forming a plano-concave lens (Figure 5d, lower). Typically,
lenses based on dielectric elastomer actuators are double-sided
convex lenses,’”% and the PVC gel lens is a plano-convex
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type.l®l The tuning of focal length is achieved by changing the
curvature of the convex profile. By comparison, this DPE lens
can switch between convex and concave profiles, enabling a
larger tuning range. The image zooming and focusing ability
of the lens are demonstrated in Figure 5e,f and the accom-
panied Video S5 (Supporting Information). When observing
a grid pattern through the lens (Figure 5e), the image of the
grid is zoomed-in at electrical rest (0 kV), but can be zoomed-
out during electrical activation (4 kV). The ability of the DPE
lens to dynamically adjust focus is shown by observing Object
A and Object B, respectively situated 12 and 70 cm from the
lens (Figure 5f). At rest state (0 kV), the focus is located on the
near object (Object A), thus the letter “A” is distinct. With an
applied voltage (4 kV), the image of Object A becomes fuzzy,
but the letter “B” becomes clear because the focus has shifted
to the distant object (Object B). These results reveal the feasi-
bility of integrating DPE actuators into optical lenses, opening a
wide range of possibilities in new types of electrically adjustable
imaging devices.

2.4.3. Dielectrophoretic Elastomer Walking Robot

To explore the application of DPE actuation in soft robotics, we
designed a DPE actuator-driven walking robot. The robot can
be divided into three functional sections: spring, body, and feet
(Figure 6a), with a total mass of 1.9 g. The exploded view is
depicted in Figure 6b. Two machine-cut PVC (polyvinyl chlo-
ride) films act as the frame to hold the two copper electrodes:
Electrode A (round shape, diameter of 20 mm) and Electrode
B (annular shape, inner diameter of 15 mm). A DPE mem-
brane (thickness of 1.5 mm) is adhered to Electrode B, taking
advantage of its inherent stickiness. The DPE actuator is there-
fore formed by the combination of the electrodes and the DPE
membrane. To minimize the risk of a short circuit between
Electrode A and B, which can occur because of their close
proximity during the robot walking cycle and the higher actua-
tion voltage used, a Kapton film is used to insulate Electrode
A. The zigzag-shaped feet of the robot are bent to ensure an
anisotropic friction coefficient (i.e., lower in the forward direc-
tion than in the backward direction).?l We also applied silicone
glue on the tips of feet to increase contact friction, once dried.
A steel strip (thickness of 0.04 mm) is used to join the two PVC
halves of the robot due to its elasticity. The left and right PVC
frames are connected to the connector and steel respectively, as
indicated by thick arrows in Figure 6b. In such a system, the
locomotion of the robot feet is converted into stored elastic
energy in the steel strip in one half of the actuation cycle and
released in the following half.

The locomotion of the DPE robot involves two stages, as
demonstrated in Figure 6¢ and Video S6a (Supporting Infor-
mation). The first stage is described as anchor-pull locomo-
tion (Figure 6¢, i to ii). When the high voltage is applied, a
dielectrophoretic attraction force is generated between the DPE
membrane and Electrode A. The left foot is anchored due to
the larger friction; thus, the right foot is pulled leftward. In this
process, the DPE is deflected toward Electrode A by dielectro-
phoresis, as illustrated in Figure 6d. In a control experiment,
the robot did not move when we removed the DPE, indicating
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Figure 5. Design, mechanism, and demonstration of the DPE actuator as an optical lens with tunable focus. a) Exploded view and b) section view of a
CAD model of the optical lens. c) A photograph of the DPE tunable lens. d) Working principle of the lens. e) Left: illustration of the active lens control
setup, observing a grid pattern. Right: Images at rest state (top) and under voltage activation (bottom). The image shift from top to bottom takes
=16 s. f) Left: Diagram of active focus adjustment, observing two objects at different distances. Right: Images of focus change from Object A at rest
state (top) to Object B under voltage activation (bottom). The image shift from top to bottom takes =16 s. The accompanying videos of demonstration
in e) and f) are available in Video S5 (Supporting Information). Scale bars in a), b), and c) represent 1 cm.

that the electrostatic force between two electrodes is not strong
enough to drive the robot. In another control experiment, we
replaced the DPE with a PTFE wafer (same size and thickness),
which cannot be deformed by dielectrophoresis, and the robot
remained stationary when energized. This means the deforma-
tion of DPE is important to locomotion. When the deflected
DPE approaches Electrode A, the dielectrophoretic force
between them becomes stronger. Locomotion occurs once the
attraction force becomes greater than the friction. However, if
the distance between the DPE and Electrode A is too close, they
will stick together due to the adhesion property of the DPE.
To prevent this adhesion, an end stop is introduced at the rear
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foot, as shown in the inset of Figure 6b. The second stage of
the gait cycle is anchor-push locomotion (Figure 6c, ii to iii).
In this stage, the voltage is switched off, leading to the removal
of the attraction force between DPE and Electrode A. The steel
spring is then able to release its stored elastic energy, which
pushes the left foot leftward. Simultaneously, the deformed
gel relaxes (Figure 6d) and is ready for the next cycle. Con-
tinuous locomotion of the robot can be achieved by repeating
the process. As demonstrated in Figure 6e and the accompa-
nied Video S6b (Supporting Information), the speed of the DPE
robot is 0.8 mm s at an actuation voltage of 5 kV and a fre-
quency of 1 Hz. Additionally, the DPE actuator integrated robot
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Figure 6. Design, gait, and locomotion of the DPE walking robot. a) The front view and b) exploded view of a CAD model of the robot. The insert in b) is
a magnification of the end stop, which is used to prevent the complete closure of the feet. c) Walking gait of the robot. d) Deflection of DPE membrane
during actuation. e) Locomotion demonstration, under an actuation voltage of 5 kV and frequency of 1 Hz. Scale bars in c) and e) represent 1 cm.

has a simple electrode configuration, and the current that flows
through the system remains very small (mA), which is benefi-
cial to thermal management in future applications.

3. Conclusion

This paper introduces a novel dielectrophoretic elastomer actu-
ator that exhibits electric field-driven deflection due to induced
dielectrophoretic forces. In contrast to other electrostatic actua-
tion mechanisms, actuation of the DPE is dependent on the
electric field intensity gradient and no direct electrode contact is
needed. We present the evaluation and analysis of the dielectric
and mechanical properties of a range of DPE materials with dif-
ferent silicone oil content. When the oil ratio reaches 70 wt.%,
the DPE exhibits a very low elastic modulus (11 kPa), contrib-
uting to a fast and large deflection during actuation. To guide
the design of actuators, electrode parameters are investigated
experimentally and combined with finite element simulation,
indicating the relationship between electric field distribution
and actuation performance. Owing to the capability of DPE
actuators to deform out of plane, their ease of control and
simple design, we developed several proof-of-concept devices,
including a pneumatic pump, a dynamically tunable lens, and
a walking soft robot. This work presents a new actuation mate-
rial and the first demonstration of controlled dielectropho-
resis in novel gel actuators, thereby enriching the diversity of
electroactive polymers and creating an alternative solution for
actuation. It is envisaged that this novel approach will enable
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a wider range of applications in soft robotics and soft active
devices.

4. Experimental Section

Fabrication of DPE: Uncured silicone rubber matrix (Ecoflex Gel,
Smooth-On) and silicone oil (Sigma—-Aldrich, the viscosity is 50 cSt at
25 °C) were blended thoroughly in a petri dish. The mixture was cured
at room temperature for 4 h after degassing for 20 min in a vacuum
chamber. Ecoflex Gel contains two components — part A and part B —
the mass ratio of which was fixed at 1:1 for all samples in this work. The
mass ratio of Ecoflex Gel to silicone oil was varied in proportions 9:1, 7:3,
5:5, and 3:7 to prepare four different samples, referred to as G10, G30,
G50, G70 respectively. In these ratios, the weight percentages of silicone
oil in the samples were 10, 30, 50, and 70 wt.%. A reference sample of
Ecoflex Gel was also fabricated following the abovementioned process,
but without the addition of any silicone oil. The thickness of samples
was controlled by curing a certain mass of precursor in a plastic petri
dish of known dimensions, as the density of components was known
(0.98 g cm™ to Ecoflex Gel, 0.96 g cm~ to silicone oil). The thickness of
samples was checked by a laser displacement meter (LK-G402, Keyence,
Japan). The thickness of all prepared samples was 1.5 mm unless
otherwise specified.

Actuation and Deflection Characterization: Each Electrode A was made
of aluminum rod of the specified diameter, with ends polished before
use. Each Electrode B was fabricated from a bilayer sheet, consisting
of a self-adhesive copper foil layer (AT525, ADVANCE, thickness of
0.35 um) bonded to a PVC layer (thickness of 240 um). The annular
shape was obtained via a computer controlled cutting machine (Cricut
Maker, Cricut, USA). In this testing set-up, Electrode B was placed on
a platform with a vertical linear stage, and Electrode A was fixed over
Electrode B after calibrating the plane surface of Electrode A parallel
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to Electrode B. The distance between the electrodes was controlled
by the linear stage and monitored by a laser displacement meter
(LK-G402, Keyence, Japan) with an accuracy of 15 um. The voltage of
electrodes was applied through a high voltage control system, which
was composed of a high voltage amplifier (5HVA24-BP1, UltraVolt,
USA), a data acquisition device (NI USB-6229, National Instruments,
USA), and a PC running MATLAB. All test data, including voltage,
current and displacement, were collected by the system with a sampling
frequency of 1000 Hz unless otherwise specified. The deflection of the
membrane was measured by a laser displacement meter (LK-G402,
Keyence, Japan). As samples are transparent, a disc of paper was
placed (diameter of 1.5 mm and thickness of 80 um) in the bottom
center surface of the sample to act as an opaque marker for the laser
beam. The curves in Figure 2f and Figure 3b,e,h were the average values
with standard deviations based on at least five repeated tests. The
interval between each test was at least 60 s to remove any inter-test
effects.

Dielectric Property: The dielectric constants of the DPE samples were
investigated using a precision LCR meter (E4980AL, Keysight, USA) with
16098B fixture and parallel electrodes (diameter of 20 mm) at ambient
temperature in the frequency range of 1 to 100 kHz. The dielectric
constant (€) was obtained from the equation & = (C,xT)/(&XS),
where C, is the measured capacitance, T is the thickness of samples
(=1 mm), & is the vacuum dielectric constant (8.85 x 1072 F m™),
and S was the area of the electrode. Each test was repeated three
times.

Electrical Breakdown Strength Test: The specimens were sandwiched
between two rod electrodes (20 mm diameter). The applied DC
voltage, provided by high voltage amplifiers (10HVA24-BP1, UltraVolt,
USA), was increased with the speed of 500 V s™' until a short circuit
was measured. Twelve specimens were tested for each sample.
The characteristic breakdown strength was analyzed using a two-
parameter Weibull statistical model described by P =1 1/exp((E/E,)?),
where P was the cumulative probability of electric failure, E was the
experimentally measured breakdown strength of each specimen, E, was
the characteristic breakdown strength (also called scale parameter),
representing the electric field up to which 63.2% (that is 1 —1/e where
e was the exponential constant) of the specimens breakdown, f was
the shape parameter corresponding to the slope of the log [-In [1/(1-P)]]
versus log E curves. In the statistical analysis process, the experimental
breakdown strength E; was ranked in order from smallest to largest and
assigned a rank i (from i =1 to i = n, where n was the total number of
tested specimens). According to the IEEE Std 930-2004 standard, the
cumulative breakdown probability P, was calculated for each E; using the
relationship: P, = (i — 0.44)/(n + 0.25).

Tensile Test: Specimens for the tensile test were prepared as dumbbell-
shaped according to the ASTM D638-14 Type IV standard, with the
gauge length of 25 mm, gauge width of 6 mm, and uniform thickness
of 4 mm. A universal testing machine (HY-UT-5 PC, Dong Guan Hongjin
test instrument co., Ltd, China) with a 10 N loading cell was used to
conduct the test. The displacement rate was set as 100 mm min~". Three
specimens were tested for each sample and results were reported as
average and standard deviation. The Young’s modulus was obtained
from the secant modulus at 5% strain. Further details of the tensile
test were shown in Figure S14 (Supporting Information). Moreover, two
types of displacement in the tensile test were compared in Figure S15
(Supporting Information), providing guidance for the tensile test of soft
gel materials.

Peeling Test: The test was conducted using a universal testing machine
(HY-UT-5 PC, Dong Guan Hongjin test instrument co., Ltd, China).
Various testing substrates were fixed on a sliding platform, which offset
the force in the horizontal direction and maintained a peeling angel of
90°. The testing sample was fabricated as a rectangular shape of size
90 x 30 x 3 mm. One side of the sample contacted the testing substrate
with the initial area of 30 X 30 mm, while another side was fixed to the
testing machine with a gel clamp. A Kapton film was adhered to the back
of samples to prevent excessive stretching during the test. A vertical
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peeling force was applied with a speed of 30 mm min~'. The adhesive
strength was calculated by dividing the maximum measured peeling
force by the width of the sample.

Fabrication and Characterization of DPE Pump: The pump frame
was fabricated using a 3D printer (Photon Mono X, Anycubic, China)
and standard photopolymer resin (ELEGOO). Fabrication of Electrode
A and Electrode B followed the procedure in Actuation and Deflection
Characterization. The output pressure was measured by a differential
pressure sensor (SSCOI0MDAAS, Honeywell, USA). A laser displacement
meter (LK-G402, Keyence, Japan) was used to measure the deflection
of the DPE membrane. An opaque marker (diameter of 1.5 mm and
thickness of 0.2 mm) was placed on the bottom center surface of the
DPE membrane for laser beam detection. In the cyclic test (Figure 4e),
the reported pressure was processed by a lowpass filter function in
MATLAB with a normalized passband frequency of 0.5 zrad sample™.

Fabrication of DPE Lens: The lens base and cap were 3D printed
via a 3D printer (Photon Mono X, Anycubic, China) and standard
photopolymer resin (ELEGOO). Electrode A was made by cutting
an indium-tin-oxide (ITO) coated polyethylene terephthalate (PET)
sheet (Sigma-Aldrich) to a circular shape. Electrode B was fabricated
from annular-shaped bilayer sheet (following Actuation and Deflection
Characterization). The silicone oil (viscosity 50 cSt at 25 °C, refractive
index 1.403 at 20 °C) was purchased from Sigma-Aldrich.

Fabrication of Walking Robot: The PVC film (thickness of 0.24 mm)
for the robot frame was fabricated by a computer controlled cutting
machine (Cricut Maker, Cricut, USA). The connector was 3D printed
(Mega S, Anycubic, China) from PLA (polylactic acid) filament. The PVC
frame was attached to the connector via double sided tape.

Finite Element Analysis: The voltage and electric field strength
distribution were simulated using the software COMSOL Multiphysics
5.6. The materials of Electrode A, Electrode B, and surrounding
environment were simulated as Aluminum, Copper, and Air, respectively.
The parameters of their relative permittivity were all used as 1. The
relative permittivity of the DPE was specified as 2.8. The thickness
of DPE sample and Electrode B were set as 1.5 and 0.035 mm,
respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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