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Electrostatic soft actuators are widely employed in soft machines due to their fast response, low energy con-
sumption and noise, high energy density, and ease of control. This paper presents an electrostatic flexi-limbed
actuation building block based on the dielectrophoretic liquid zipping concept. We establish a model to
describe its performance using the theory of large deformation of beams and the energy analysis method. The
effectiveness and accuracy of the proposed mathematical model were validated through experiments. Using this

model, we investigated the influence of various design parameters on the actuator’s static actuation performance.
Additionally, we experimentally analyzed the actuator’s output force under static voltage and its dynamic
behavior under alternating excitation. Furthermore, we evaluated the actuator’s locomotion performance in a
soft inchworm-like robot by integrating it with a unidirectional wheel assembly. This research provides
exploratory experience and new ideas for the design and application of further electro-ribbon actuators.

1. Introduction

Soft robots developed from compliant materials like silicone rubber
and hydrogel offer the unique advantage of softness, environmental
adaptability, multifunctional interaction, embodied intelligence and
potential biocompatibility. They have a high potential to address the
limitation of traditional rigid robots, making them a focal point in cur-
rent developments in robotics research [1-3]. As their core components,
multiple soft actuation technologies have been introduced, actuated
through diverse stimulation such as electric [4-6], magnetic [7-9],
thermal [10-12], optical [13-15], pneumatic [16-18], and chemical
reactions [19-21]. Among these, electrostatic actuators stand out for
their controllable operation, fast response, low energy consumption and
minimal noise. They leverages the maxwell stress generated by the
attractive force between opposite charges to induce actuation defor-
mation [22-24]. This phenomena has been widely investigated in
dielectric elastomers, which applies this maxwell stress across the
elastomer’s surface [25-27] and found wide-ranging applications in
biomimetic fish [28-30], aerial reconnaissance micro-vehicles [31-33],
crawling robots [34-36], adjustable optical devices [37-39], generators
[40-42], and cellular engineering [43,44]. However, their potential is
limited with the high failure risk of electrical breakdown in dielectric
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elastomers, the need for pre-stretching, and the inherent viscoelasticity
of the material [45-48].

The hydraulic amplified electrostatic actuator replaces the solid
dielectric with a pouch containing liquid dielectric. This not only en-
ables the actuation process to have self-healing capability during electric
breakdown through the liquid, but also enhances actuation performance
compared to the dielectric elastomer under the same voltage thanks to
the hydraulic amplification of the liquid dielectric [5,49]. The
Peano-HASEL simplifies the preparation process [50-52] and improves
the energy density of the actuator, while expanding the design options of
the actuator due to the use of a flexible inextensible encapsulation layer
[53-55]. However, owing to the limitation of the flexible wrapping
layer, the maximum theoretical deformation of Peano-HASEL is 24%.
With a strain-amplified pulley system, it can achieve a maximum strain
of 50% [56]. Meanwhile, the liquid dielectric in the pouch increases the
weight and complexity of the fabrication.

The Electro-ribbon actuator (ERA), uses electrostatic zipping force
generated between two insulated flexible electrodes to achieve high
contraction deformation of 99.8% while matching the specific energy
and power of skeletal muscle [57]. In EBA, a tiny bead of liquid
dielectric (silicone oil) is sufficient to amplify the electrostatic force,
theoretically up to 120 folds. This applies to the effective zipping point
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Fig. 1. Structural design and actuation deformation of the flexi-limb actuator: (a) exploded view of the actuator and its component information. Both the fixing and
clamping components are fabricated using 3D printing; (b) snapshots of the actuation before and after the application of voltage.

through dielectrophoretic force with no hydraulic force transmission.
This enables lightweight design with reduced complexity of the struc-
tures for optimizing the materials, loading, stability and control. While
this electrophoretic zipping actuation concept has been widely exploited
for micro aerial vehicles [58], micropump drives [59], bionic fingers
[60], multidirectional motion [61], and muscle-mimetic actuators [62],
theoretical modeling has mainly focused on the fundamental
bow-shaped EBA structures [63,64]. Its application in grippers and
mobile soft robots has yet to be investigated.

In this paper, we introduce a novel Flexi-Limb ribbon structure,
which can be used as a building block actuation in manipulation and soft
mobile robots, actuated by the dielectrophoretic liquid zipping concept
that requires only a small amount of silicone oil to significantly amplify
the electrostatic force by enhancing the dielectric breakdown strength
and the dielectric constant of the medium. We establish a mechanistic
analysis model to describe the performance of the actuator, by
combining the large deformation theory of beams with an energy
analysis method. We experimentally validate and analyze its effective-
ness and accuracy. We then investigate the impact of various design
parameters on the actuator’s performance based on the theoretical
model. Additionally, we assess the actuation behavior of the flexi-limbed
actuator under dynamic excitation through the experimental analysis.
Finally, a soft inchworm-like robot that can move in a single direction by
combining the actuator with the specially designed unidirectional
wheels is demonstrated. This paper not only advances the design theory
and analysis method of an EBA functional actuation block, but also
provides insights for applying EBA in crawling soft robots.

The remainder of the paper is organized as follows: In Section 2, the
structural design and theoretical modeling of the flexi-limbed actuator
are analyzed. Section 3 explores the steady-state actuation performance
and its effective parameters. Section 4 discusses the force measurement
and dynamic response of the flexi-limbed actuator. Finally, Section 5
presents a summary of the main findings.

2. Structural design and theoretical modeling of flexi-limbed
actuator

This section provides an investigation of the actuator’s structural
features and fabrication process. Furthermore, a mathematical model is
developed to characterize the electro-mechanical coupling behavior of
the actuator, based on an analysis of the stress distribution in the flexible
electrodes.

Fig. 1 (a) shows the 3D schematic of the Flexi-Limb actuation design.
The actuator structure consists of three carbon steel strips (1.1274 car-
bon steel, h+s Prazisionsfolien Gmbh, Germany), insulating PVC tapes
(AT7 PVC Electrical Insulation Tape, Advance Tapes, UK), a spacer
block, 3D printed clamp, plastic bolts, and lead wires. Each electrode
measures 12.7 mm in width, covered by PVC tape on both sides. The
thickness of the lateral and bottom electrodes is 0.15 mm, and 0.07 mm,
respectively. Plastic bolts secure the two lateral electrodes to the spacer
block at one end, while clamps connect them to the bottom electrode at
the other end. Silicon oil (50 cSt, Sigma-Aldrich, USA) is applied at the
lateral-bottom electrode junction, acting as a liquid dielectric in the
electrostatic zipping point. When voltage is applied between the lateral
and bottom electrodes, they zip together, leading to the entire actuator
to reach a new equilibrium configuration, as shown in Fig. 1 (b).

Analyzing the actuation behavior of the flexi-limb, consisting of
three flexible linked ribbons, and driven by a non-linear electrostatic
force, requires a comprehensive electrotechnical model. We employ the
large deformation analysis of Euler—Bernoulli beams, coupled with the
energy analysis, to investigate the actuation behavior of the Flexi-Limb
under different excitations and assess the key parameters affecting its
performance.

Fig. 2 (a) shows the actuator diagram in both relaxed and actuated
states. In the relaxed state, two lateral electrodes, each of length L, are
connected at one end to a spacer block of width Dy and fixed at the other
end to a bottom electrode of length Cq . The lateral and bottom elec-
trodes have a width of W and thicknesses of T;, and Tg, respectively. Both
sides of the electrodes are covered by PVC tape with a thickness of t,. In
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Fig. 2. A simplified model of the Flexi-Limb actuator with force analysis: (a) geometric configuration of the actuator in the relaxed and actuated states; (b) force
analysis of the lateral and bottom electrodes in one half of the actuator during actuation. The subfigure illustrates the force conditions of the micro-beam unit.

the actuated state, the lateral and bottom electrodes zip together under
electrostatic force, defining a zipping length as L. In this case, the active
bend lengths of the lateral and the bottom electrodes vary to L; and 2cy,
respectively. Considering the symmetry of the actuator, force analysis is
conducted on one side of the structure (as shown in Fig. 2 (b)). Analyzing
the minimum value of the energy of the system is an effective method for
determining the equilibrium state of the actuator under external exci-
tation, a widely used approach in modeling and analyzing electrically-
driven actuators [65-67]. Neglecting energy dissipation of the system
during actuation, the total energy of the system U; = Vi+ VP4 E, — Ep,
where V! and V? represent the bending strain energy, stored in the lateral
and bottom electrodes, respectively. E, is the stored electrostatic energy,
which is dominated in the zipping region, and Ej represents the elec-
trical energy source.

When the actuator is excited by a voltage @, the lateral electrodes zip
with the bottom electrodes, with each side experiencing a zipping length
L. The electrostatic energy E, stored in the zipped region can be written
as a function of the total capacitance of the zipped area and the exci-
tation voltage applied to the actuator as C®2/2, which can be expressed
as:

1 eog, LW _,
E. = 3 Td) ; (€]
Here & and t, represent the relative dielectric constant and thickness of
the PVC tape covering the lateral and bottom electrodes respectively,
and W denotes the width of the electrode.

The electric energy Ejp provided by the power source is the energy
source for this actuation. We assume there is no gap for silicone oil
between the two electrodes that have already been zipped together by
the electrostatic force. Considering the constant voltage of the power
source @, charge Q flows from it to the actuator, thus the provided en-
ergy can be expressed as ®Q. This can be rewritten as below once Q is
replaced by C®:

_ ezo.tz,LeWcI)2 .

E
LT

(2)

To provide an accurate description of the deformation features of the
lateral and bottom electrodes during the actuation and to determine the
strain energies V' and V7, we consider the lateral and bottom electrodes
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Fig. 3. Passive mechanical analysis: (a) bending deformation experiments of the electrode beam, and its geometric dimensions; (b) comparison between experi-
mental and theoretical results of cantilever beam deformation under different loads; (c) comparison of actual deformation in a relaxed state with theoretical sim-
ulations. The subfigure illustrates the marked points on the lateral and bottom beams of the actuator during the experiment.

as Euler-Bernoulli beams with large deformations. For simplicity, we
refer to the lateral electrodes as lateral beams and the bottom electrodes
as bottom beams. The Chained Beam Constraint Model (CBCM) method
is widely employed for modelling the large deformation analysis of
beams, due to its high adaptability, solution accuracy, and computa-
tional speed, especially in bistable structures and flexible mechanisms.
This method divides the large deformation beam into several micro-
beam units using the discrete concept, establishes equilibrium equa-
tions for each segment of micro-beam based on the classical beam the-
ory, and ultimately obtains the equilibrium equations for the entire
beam structure by combining the force relationship between adjacent
micro-beams. It, therefore, can effectively solve the large deformed
bending problems of straight beams, curved beams, and beams with
variable lengths [68-70].

Fig. 2 (b) illustrates the force diagrams of the lateral and bottom
beams and their reference coordinate systems while using the CBCM

method. The origin of the reference coordinate system o? for the lateral
beam is set at the connection between the lateral beam and the spacer
block. The loads on the lateral beam at the end include P}, F!, and M}
(with the directions shown in Fig. 2 (b)), while the displacements and
angles of rotation of the lateral beam at the end in the reference coor-
dinate system x}oly} are denoted as X}, Y}, and 6], respectively. The
reference coordinate system o? for the bottom beam is set at the junction
of the bottom and lateral beams, with the x? axis aligned along the
tangent direction of the lateral and bottom beams. The loads on the
bottom beam at the end consist of P2, F2, and M2 (as shown in the Fig. 2
(b)), and the displacements and angles of rotation are Xﬁ, Y§, and 93,
respectively.

Appendix A presents the detailed expression for the bending strain
energy of beam using the CBCM method. Consequently, the total energy
Uy of the entire system can be expressed as:

N | NEJ, (tlpﬁ)z o[ @ -3 & ()’ L9 45 5
Ut—Vl+Vb+Ee+Eb—; L, | o4 (5] 1]{_3 2} o _12600[51' "‘i][4,5 _11} al
3)
2 2 b
NEl \ O 1 ][ 6] e, (e S| | - r e
o | 24 P %ls 2 || 1260017 “Ulas —11]|p 2 2t
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Fig. 4. The variations of the system energy of the actuator with the excitation voltage: (a) system energy curve of the actuator under different excitation voltages; (b)
zipping ratio of the actuator in equilibrium under different excitation voltages. The two subfigures show the configurations of the actuator at 3 kV and 6 kV, with the
red areas indicating the zipping regions of the lateral and bottom beams.
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Fig. 5. Experimental setup for performance testing of the Flexi-Limb actuator and the actuation behaviors: (a) experimental platform for actuator displacement
measurement and schematic diagram of performance testing principles; (b) typical displacement curves of the actuator under the three actuation voltages; (c)
displacement curves versus voltage for four samples compared to the theoretical model. In the theoretical model, four PVC film thicknesses were selected: 40 pm, 50
um, 90 um, and 130 um.
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Fig. 6. Effects of different design parameters on the performance of the Flexi-Limb actuator including: (a) the spacer block width (Do) at t, = 130um. The subfigure
illustrates the variation of actuation displacement across different parameter regions; (b) PVC insulating tape thickness at Dy = 18mm; (c) the lateral and bottom
electrodes lengths at 5 kV; and (d) the lateral and bottom electrodes thicknesses at 5 kV.

Here L; and ¢, denote the effective lengths of the lateral and bottom
electrodes in Fig. 2 (b), respectively, where L; = Ly — L. and ¢, = Co/2 —
L.. By combining Egs. A2, A3, and A4, the total energy of the system can
be represented as a function of the excitation voltage ® and the zipping
length L. Using the energy analysis method, the zipping length L, of the
actuator under the excitation voltage can be determined by identifying
the point where the energy of the system is minimal. Therefore, the
actual configuration of the actuator in the reference coordinate system
x}oly! and the displacement XX? are determined as:

XX2 = —X2cos0) + Ysind) + X, )]

It implies that the actuation displacement Act_g; (actuation
displacement) of the actuator under the excitation of voltage @ is:

Act_gs = XX2(D=0) — XX2(D >0) . (5)
3. Steady-state actuation performance and its effective
parameters

In this section, the reliability and accuracy of the Chained Beam
Constraint Model (CBCM) method for analyzing large beam de-
formations are validated through experimental testing. Next, the
electro-mechanical coupling model developed in Section 2 is experi-
mentally verified and discussed. Finally, based on this model, the effects
of various design parameters on the actuator’s performance are

investigated.

When designing for the dielectrophoretic liquid zipping actuator, it is
crucial to ensure that the lateral and/or bottom electrodes are shielded
by an insulator (such as PVC electrical tape) at the interface. Covering
both sides of each electrode enhances bonding strength and symmetry.
Therefore, we first investigate the impact of the PVC-covered layer on
the beam bending deformation. We investigate the behavior of canti-
lever beams, made from steel strips with or without PVC, under varying
loads using experimental and CBCM methods. The electrode beams had
a length of 80 mm, width of 12.7 mm and thickness of 0.15 mm, as
shown in Fig. 3 (a)-(b). Results show that under equivalent loading,
PVC-covered beams exhibit marginally smaller and negligible defor-
mation compared to those without PVC. Simulation of the cantilever
beam configurations under different loads suggests that the CBCM offers
an accurate approach for simulating large deformations, assuming a
modulus of elasticity of 170 GPa for the electrode beams. Since there is
no zipping of the actuator in the relaxed state, its configuration can be
directly simulated using Equations A.1-A.4 (Fig. 3 (¢)), which aligns well
with the actual observations.

Analyzing how the systems’ energy varies with the excitation voltage
is crucial for determining the equilibrium state of the actuator. Fig. 4 (a)
shows the relationship between the system energy U, and the zipping
ratio (L./Lp) at different excitation voltages ®. It can be seen that,
regardless of the excitation voltage @, there is a point of minimum value
in the system energy curve. The horizontal axis corresponding to the
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Fig. 7. Force response of the Flexi-Limb actuator: (a) blocking force testing experimental platform for the actuator; (b) typical force curves under three actuation
voltages; (c) blocking force and voltage curves of the actuator across a drive voltage range of 2 kV to 7 kV.

minimum value represents the ratio of the electrode zipping distance L,
to the lateral electrode length L at this equilibrium state. Higher exci-
tation voltage @ results in a larger zipping ratio, indicating a greater
displacement in this configuration. This effect arises from increased
electrostatic forces between the lateral and bottom electrodes, as shown
in Fig. 4 (b).

Fig. 5 (a) shows the experimental setup for testing the actuator’s
performance. To remove the effect of gravity, the actuator is fixed
horizontally on the support frame. A laser displacement sensor (LG-
GD500, Keyence, Japan) tracks the displacement change of the marked
point at the bottom electrode of the actuator, while voltage application
and displacement data acquisition are handled by a computer and a data
acquisition device. The actuator’s leads were connected to opposite
polarity of the power supply, with the specific voltage curves shown in
the top subplot of Fig. 5 (b). In the experiment, the lengths of the lateral
and bottom electrodes of the actuator, Lo and Cy, are 88.5 mm and 94.5
mm, respectively. The electrode thicknesses T, and Tp measures 0.15
mm and 0.07 mm, respectively while the electrode widths W is 12.7 mm
and the spacer block width Dy is 18 mm. Four identical actuator samples
are tested under the same voltage excitation, generating three sets of
data each. Fig. 5 (c) presents the actuation displacement at different
voltages. Our proposed theoretical model describes the actuation

behavior under different excitation voltages, revealing an approxi-
mately twofold discrepancy compared to the experimental results. We
attribute this disparity to the simplifications made in calculating the
electrostatic energy. Initially, the system was modelled as an ideal
capacitance with a single layer of PVC insulation, assuming a relative
permittivity of 4.62 and a thickness of 130 um [57]. However, the
electric tape used as the insulator in the experiments is a composite
material, consisting of PVC and an additional adhesive silicone layer.
One major factor we overlooked is the effect of interfacial polarization
and charge accumulation, which can greatly amplify electrostatic
forces—especially when different plasticizers are used in the PVC
formulation [71]. Additionally, the compressibility of the tape allows its
thickness to change under electrostatic pressure [63]. Fig 5 ¢ shows how
altering the thickness of the PVC tape affects the anticipated displace-
ments in our model. Although the proposed actuator is a complex
electromechanical coupling system, the primary source of deformation
lies in the significant deflections of the side and bottom beams. To
analyze these large deformations, the Chained Beam Constraint Model
(CBCM) method is employed, a highly accurate approach widely used
for beam deformation analysis. Furthermore, the theoretical model
developed in this paper is a static model, which only examines the ac-
tuator’s configuration deformation before and after voltage application,
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Fig. 8. Dynamic actuation performance of the Flexi-Limb actuator: (a) voltage signal applied to the actuator; (b) actuator displacement at 5 kV under three different
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excitation frequency of 4 Hz, with a drive voltage amplitude ranging from 2 kV to 7 kV.

without considering the actuation process itself or the influence of sili-
cone oil flow. This static model is, therefore, well-suited to capturing the
electromechanical coupling behavior of the actuator. To mitigate
experimental error, four actuators were fabricated using identical design
parameters, and multiple sets of measurements were conducted.

The design parameters of the actuator have a significant impact on
determining its actuation performance, as highlighted in Fig. 6. The
spacer block width Dy shows varying effects on actuation performance
across different excitation voltages. For low excitation voltages, a nar-
rower spacer block width Dy results in larger actuation displacement,
whereas under high excitation voltage, a wider spacer block width Dy
leads to increased actuation displacement. Furthermore, a larger spacer
block width Dg corresponds to the higher critical voltage required to
initiate actuator deformation, as shown in Fig. 6 (a). Consistently, under
different excitation voltages, the thickness of the PVC insulating tape
influences actuation performance. A thinner insulator results in larger
actuation displacement under the same voltage due to the higher elec-
trostatic force generated under the same voltage, as shown in Fig. 6 (b).

Figs. 6 (c) and (d) show the influence of lateral and bottom electrode
length and thickness on actuator performance under an excitation
voltage @ = 5kV, respectively. The red circle in Fig. 6 (c) represents the
optimal length of the lateral electrode that generates the maximum
actuation displacement under the constant length of the bottom

electrode, whereas the black circle shows the optimal length of the
bottom electrode that generates the maximum actuation displacement
under the constant length of the lateral electrode. In general, the larger
the lateral electrode and the bottom electrode are, the larger the actu-
ation displacement of the actuator is at the same excitation voltage.
Fig. 6 (d) shows that when the thicknesses of lateral and bottom elec-
trodes are not carefully matched, the actuator cannot generate
displacement under an excitation voltage ® = 5kV, as shown by the grey
dotted line in the figure. Similar to electrode length, optimal combina-
tions of the lateral and bottom electrode thicknesses exist to maximize
actuation displacement, as shown by the red and black circles in Fig. 6
(d).

The aforementioned studies demonstrate that an increase in the
spacer block width (Do) or the PVC film thickness (tp) leads to a higher
critical voltage required to initiate actuator deformation. However, as
the PVC film thickness tp increases, the actuation displacement de-
creases under the same voltage. The impact of spacer block thickness Do,
on actuation displacement varies with the applied voltage. At lower
voltages, a larger Do results in reduced actuation displacement, whereas
at higher voltages, the displacement increases as Do becomes larger. At a
constant excitation voltage, there is an optimal correlation between the
lateral electrode length (Lo) and the bottom electrode length (Co), indi-
cating that for a given Lo, an ideal Co can be determined, and vice versa.
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Fig. 9. Inchworm-like robot designed with the flexi-limbed actuator: (a) photograph of the soft robot and its foot structure, demonstrating unidirectional motion
achieved through the engagement of flexible paddles with plastic gears; (b) snapshots of the soft robot running across 10 loading cycles, with a voltage amplitude of 7
kV; (c) movement performance of the soft robot under different voltage settings. The left image shows simultaneous variation in both loading and unloading times,
while the right image illustrates a constant loading time with varying unloading time.

Additionally, thinner lateral electrode (Ts) and bottom electrode (Ty)
result in greater corresponding actuation displacements.

4. Force measurements and dynamic response of the flexi-
limbed actuator

This section further explores the actuator’s output force character-
istics, its dynamic response, and inherent vibration behavior under
alternating voltage excitation. Moreover, the actuator’s potential for soft
robotics applications is demonstrated by integrating it into a unidirec-
tional wheel assembly.

The deformation of the flexi-limb actuator has potential applications
in flexible manipulator gripping and robotic locomotion. Therefore,
exploring the blocking force of the actuator under static voltage and its
dynamic response to alternative voltage is essential for its practical use.
Fig. 7 shows the force response of the actuator at different voltages. The
upper part of the actuator was secured horizontally to the fixed frame. At

the bottom side of the actuator, one end was connected to the fixed load
cell (DBCR-10N-002-000, Applied Measurement Ltd., UK) and the other
side was anchored to the frame (see Fig. 7 (a)). As seen in the typical
signals in Fig. 7 (b), the change in force measured by the load cell under
voltage applications denotes the blocking force. These forces at different
driving voltages are presented in Fig. 7 (c), revealing that the actuator’s
blocking force can reach up to 0.25 N at 7 kV . At higher voltages, we
observe greater fluctuations in the blocking force. We attribute this to
the fact that both the dielectrophoretic and zipping forces become
stronger, and therefore, oil and ribbons move faster at higher voltages.
This potentially causes dielectric movement and zipping to initiate from
one side and leads to an unbalanced force distribution between the two
legs until the electrostatic and elastic forces reach equilibrium. This
causal effect likely contributes to the increased variability in the
measured blocking force during repeated experiments.

The actuator’s response to dynamic excitation has been studied using
experimental methods, as shown in Fig. 8. Square wave voltage signals,
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known for their superior driving energy compared to sinusoidal and
triangular waveforms [72,73], are used as input signals, as shown in
Fig. 8 (a). Fig. 8 (b) presents the actuation displacement curves at three
excitation frequencies (1/T), A (6 Hz), B (9 Hz), and C (12.5 Hz), under 5
kV. The dynamic response amplitude of the actuator is determined as
half of the difference between the maximum and minimum displace-
ments, as shown in the top subplot of Fig. 8 (b).

In practical applications, frequencies near the structural resonance
frequency are commonly chosen to optimize actuation performance
[74-76]. The dynamic response amplitude of the actuator was tested
over a frequency range of 0.125 Hz to 15 Hz to identify the resonance
frequency. The amplitude of the actuator’s displacement response was
measured once steady-state vibration was achieved at each excitation
frequency. For each frequency, three consecutive tests were conducted
to obtain the amplitude-frequency response curves of the actuator across
the entire range of excitation frequencies, as presented in Fig. 8 (c). The
experimental results reveal a prominent response peak at an excitation
frequency of 9 Hz, along with a secondary peak at 3 Hz. Thus, the
resonance frequency of the actuator is determined to be 9 Hz. Although
the actuator at 0.125 Hz can also achieve the same amplitude as the 9 Hz
response displacement, its low driven frequency leads to longer periods
and lower response rate. Employing the input signal at the resonance
frequency proves to be an effective driving and control strategy. Addi-
tionally, at a constant actuated frequency, the amplitude of the dynamic
response of the actuator increases with the amplitude of the excitation
voltage, since higher excitation voltages induce a stronger electrostatic
effect, resulting in more significant deformation of the actuator.

We test the dynamic response of the flexi-limbed actuator in an
inchworm-like mobile robot, a bio-inspired concept widely investigated
with dielectric elastomers and pneumatic soft robots [77-81]. As shown
in Fig. 9 (a), we designed its leg structure based on the principle of the
ratchet movement, which enables directional movement of the robot
under alternating voltage. In Fig. 9 (b) a snapshot captures the soft ro-
bot’s motion under dynamic square wave excitation with a voltage of
7kv, a loading period of 4 s and a duty cycle of 50%, where t,, denotes
the loading time and t, represents the unloading time during a loading
cycle. Furthermore, Fig. 9 (c) demonstrates the motion performance of
the robot under different voltage parameters. At a duty cycle of 50%, the
average velocity of robot decreases as the loading period increases.
When t,, remains constant, the average velocity also decreases with the
increase in unloading time.

5. Conclusion

In this paper, we introduce a flexi-limbed actuator, which uses the
dielectrophoretic liquid zipping concept for actuation as a building
block for manipulation gripper and soft mobile robots. We establish a
theoretical model describing the electromechanical coupling of the flexi-
limbed actuator, employing the large deformation theory of the beam
and the system energy method. This model is experimentally validated
to accurately simulate the actuation behavior of the actuator under
voltage excitation. Based on the theoretical model, we investigate the
influence of critical design parameters on the actuator’s performance.
Subsequently, we explore the force response under static voltage and the
dynamic response under alternative voltage through experimental
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methods. Our findings show that the actuator exhibits a blocking force
under 7 kV voltage, with a peak response observed at a 9 Hz excitation
frequency, which has been captured in an inchworm-like movement.

The flexi-limbed actuator presented here is a novel free-standing
structure with straightforward assembly. The innovative use of three
flexible electrodes to form a bridge-arch-like configuration ensures
strong structural stability and leverages inherent stiffness to rapidly
return to its original state when voltage is removed. These features make
the actuator well-suited for a range of robotic applications. For example,
miniaturized actuators, arranged in series and parallel, can move a soft
robot forward or backward, depending on its foot structure, while also
enabling steering. The series configuration allows for greater force
output, and harmonic actuation pattern, while the parallel arrangement
enables more precise control and flexibility. Such arrangements provide
adaptable motion for the robot to navigate complex environments.
Additionally, with careful implementation of a soft interface layer, this
can be adapted for flexible gripping tasks, enabling the manipulation of
delicate or irregularly shaped items.

While this paper focuses on the static response of the actuator, future
work should explore the dynamic behavior, including the impact of
silicone oil flow. This is crucial for optimizing control in robotic appli-
cations and flexible manipulators which needs further study to demon-
strate adaptable manipulation across a wide range of objects.
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Appendix A. The bending strain energy of beam based on CBCM method

According to the CBCM theory, in a multi-beam system, assuming that the j beam is divided into N segments of micro-beams, a local coordinate

system xoly] is established at the front end of micro-beam i. The load on micro-beam i at the end is represented by P, P/

and M’l (as shown in Fig. 2 (b)),

[ £

and the displacements and angles of rotation at the end of the micro-beams are denoted as A{:, A{:, and ai Assuming L;, Ejlj, and Tj represents the length,
bending stiffness, and beam thickness of beam j, respectively, the following dimensionless parameters are defined:
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In this case, the equilibrium control equation for each microbeam in beam j can be expressed as [70]:

cos&i sine’l: 0 ff fi

—sind,  cos6) O pl=r |,

(1+4) & 1||m m, (A.2)
oepo1 ., . [36 =314 P . [-9 4574

izlzfa[(sji (lﬂ _3 4 o 76300[64 ai 45 —11||d

where the force balance relationship between microbeam i and microbeam 1 in beam j is (i = 2, -+, N):

. _ o ML?
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The deformation of each microbeam i in beam j can be obtained by solving the 6 N equation in Equation A.2 and Equation A.3. The end dis-

placements X/, Y/, and the angle of rotation ¢ of the jth beam in its reference coordinate system, x}d,y}, can be determined by the following co-
ordinate transformations:

N L

X, = 3 N’ {(l +/1’;)cos6"l: - ﬂsin&{] ,

Y = it% [(1 + l{)sinﬂﬂ + ricos&’l:] , G
N
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Therefore, the bending strain energy V/ of beam j can be calculated by the following equation:
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