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A soft robot employing dielectric elastomer actuators (DEAs) exhibits a flexible body and dexterity locomotion in
unstructured environments. However, conventional power supplies required by DEAs pose an obstacle for small-
scale robotic system. Triboelectric nanogenerator (TENG) is capable of harvesting kinetic energy from the
environment to generate matching power for DEA. Yet, a TENG-driven, DEA-based robot is hindered due to the
nonlinear and insufficient mechanical transmission in robotic motion. In this paper, we developed an uni-
directional DEA-driven soft robot. It aligns the direction of DEA in extension with the robot motion to achieve
high efficient energy conversion, yielding a maximum crawling velocity of 110 mm (2.2 body-length) /sec and a
payload capacity of 40 g. Then a TENG-Bot, that is a TENG-soft robot conjunction system, is built using a
freestanding TENG. With the benefit from the simple structure, and the high efficiency of the robot, the electrical
energy generated by the TENG can directly drive the robot without additional control panels. Experiments
demonstrate a linear relationship between the sliding speed of the TENG and the velocity of the soft robot, a
direct control correspondence. The TENG-Bot offers a route for developing self-powered soft robots by harvesting
the environment motion.

1. Introduction

Soft robots are developed by elegantly integrating soft actuators,
compliant structures, and stretchable sensors [1-5]. They have been
demonstrated with promising potentials in medical operations [6], un-
derwater manipulations [7], and human assistance [8], etc. Dielectric
elastomer actuators (DEAs) are an emerging class of soft actuators with
advantages of fast response, high energy densities and large strains that
resemble human muscles [9, 10-12]. Different types of soft robots driven
by DEA have been reported capable of diverse performances, including
wall-climbing [13], swimming [14-16], crawling [17-22],
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object-grabbing [23-25] and drone flight [26]. However, a voltage
exceeding 1000 V is needed for activating DEA, which usually requires
the robot to be tethered to an off-board power supply [27,28]. Although
on-board power electronics have been developed with integrated power
modules [15,29], the operation duration is limited to minutes, which
significantly restricts the mobility endurance of DEA-driven soft robotic
systems.

Triboelectric nanogenerator (TENG), capable of generating high
open-circuit voltage for capacitive devices [30], can provide an alter-
native solution for powering DEAs. The TENG can convert mechanical
energy to electrical energy by coupling triboelectrification and
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Fig. 1. The proposed TENG-Bot: TENG and
soft robot conjunction system. (A) A free-
standing TENG is directly connected to the soft
robot. The soft robot is composed of a dielectric
elastomer actuator (DEA), a compliant arc-
shaped body and three one-way bearing
wheels. (B) When sliding the TENG, a voltage is
generated to actuate the DEA. The DEA elon-
gates and retracts, producing a displacement of
the robot. In one sliding cycle, the soft robot
completes a locomotion step. (C) The conjunc-
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electrostatic induction [31-34], as a complementary power of the elec-
tromagnetic generator [35]. Literature has verified the TENG-actuated
DEA as a self-powered optical modulator for tunable gating and trans-
parency, where the static strain was regulated by TENG [36-39]. How-
ever, a kinetic motion of a DEA-based robot has not been realized. To our
knowledge, this is because, in the previous soft robot design, the DEA
has multi-DOF (degrees of freedom), but the soft robot may have only
limited DOF in motion; so that the insufficient transmission has dissi-
pated the majority of the energy, during the DEA strain being trans-
mitted to robot displacement. This issue is less considered when the
robot is powered by a conventional electromagnetic generator that
provides sufficient energy. When a TENG power source is in conjunction
with a soft robot, a higher efficient mechanical transmission shall be
achieved considering a TENG can harvest limited energy.

In this paper, a TENG-Bot, soft robot that is suitable for TENG-
powering and control, is proposed by utilizing an uni-directional DEA.

The DEA eliminates electromechanical instability and outputs the strain
in single DOF that in accordance with the direction of robot motion.
Through the assembling of DEA and flexure robot body, the compliance
gradient is established in a robot system, achieving a linear and real-
time mechatronic robot system that TENG can direct power and con-
trol without additional control panel.

2. Results
2.1. The principle of TENG-soft robot conjunction system

Fig. 1(A) depicts the TENG-Bot as a TENG-soft robot conjunction
system. A freestanding mode TENG is designed and connected to a soft
robot. In the freestanding TENG, the moving component can slide freely
on the fixed two substrates. Since the mobile layer is electrode free, it
eliminates the electrostatic shield effect and leads to a high charge
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Fig. 2. Characterization of the soft robot. (A)
The design of the soft robot with a uni-directional
DEA. (B) The linear mechanical performance of
the soft robot. (C) The relation between the speed
of the robot and the voltage frequency with
various voltage waveforms (square, triangle and
sine waves). (D) The speed curve of the robot
under different duty cycles. (E) The speed curve of
the robot under different amplitude. (F) The speed
of the soft robot as a function of the frequency. (G)
The speed of the soft robot as a function of the
weight of the payload.
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transfer efficiency ~85% [39]. The generated high voltage is then
applied to the soft robot through wires linked to the fixed substrate
electrodes. The configuration of the freestanding mode reduces dynamic
tethering constrains, since the moving part is not connect to the robot.
The soft robot is composed of an uni-directional DEA, a PET flexible
frame and three one-way bearing wheels. The DEA is a polymer
capacitor, and its actuation voltage is related to the accumulated charges
provided by the TENG. Unlike the previous soft robots with the DEAs
integrated into the robot bodies, this robot features a modular design
with robust mechanical assembling, hence achieving a highly desired
linear actuation and motion performance.

Fig. 1(B) illustrates how the TENG powers the soft robot as a TENG-
Bot: (i) At the beginning of the sliding, the TENG is at a neutral state, and
the charge is not output. The soft robot is power off. (ii) When the TENG
slides further to the right-hand side, electrical charges are accumulated
on the DEA, which produces an increasing voltage, and the DEA elon-
gates slightly. The one-way bearing wheels allow the soft robot to crawl,
and the elongation in DEA is maintained by the anchored wheel. (iii)
When the sliding is close to the boundary, the amount of charge is
maximized that the voltage ramps to a maximum value. The DEA attains
a maximum strain. (iv) When the TENG slides from the right end to the
left-hand side, the voltage decreases, and the DEA retracts. Owing to the
one-way bearings in the wheels, the forward displacement is maintained
during the DEA contraction, and the soft robot crawls forward as a
result.

Fig. 1(C) shows the conjunction system in the experiments. The
TENG consists of three parts, a dielectric fluorinated ethylene propylene
FEP thin film (25 pum) as a sliding part on two copper electrodes as the
fixed parts that mounted on an acrylic substrate. For an improved output
performance of the TENG, the downside surface of the FEP film was
treated by inductive coupling plasma (ICP) to create nanorod structures
[40]. In Fig. 1(D), the extension of the DEA during the robot crawling is
illustrated.

2.2. Soft robot design and mechanical characterization

Fig. 2(A) describes the three-dimensional schematic view of the
proposed soft robot, which composes of a piece of DEA, an arched PET
frame, and connectors. As inspired by anchor-crawling of the inchworm
[41], we use the wheels with one-way bearing as the feet of the soft
robot. These components are assembled by rigid linkages. The
so-obtained soft robot is of the dimensions of 50 mm x 60 mmx 40 mm
and a weight of 10.5 g.

The specific preparation process of the DEA is described in the
Supplementary Information (SI). In the pre-stretched state, due to the
constraints of the flexible frame on the DE membrane, the DEA main-
tains uni-directional in-plane strain in the actuation direction. When a
voltage is applied to the DE membrane, the DEA elongates in one di-
rection, and it deploys of the arch body to reach a new equilibrium state,
which is defined as the actuated state of the actuator (see Supplementary
Movie S1). The design aligns the actuation direction and the motion
direction of the robot, hence maximizing the energy efficiency to
convert electrical energy to robot kinetics so that the TENG can benefit.
Fig. 2(B) presents the relationship between the actuation stroke and the
blocking force of the DEA in the robot body. Each data is under a pre-
scribed voltage. In the static actuation, the elastic stress in DEA is always
in equilibrium with the tensile force of the frame, so that the blocking

Vol
Ly’

modeling in the Appendix and SI). So we have the relation of displace-
ment and the stress as Fig. 2(B). The results revealed that the soft robot
has excellent linear performance regardless of the actuation voltage
level. With the flexible frame, the voltage-induced strain of DEA, that
used to be nonlinear is transmitted to deploy the bending of arced frame,
results in a quasi-linear displacement. Owing to the linear relation of the
soft robot, we can direct input the open-circuit voltage from TENG to

force is expressed as Fg = El;%zxfpxgp X (see detailed theoretical
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regulate the output motion of the soft robot, which help to reduces the
complexity of the control system in the proposed TENG-Soft robot
conjunction.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106012.

Thanks to the construction of soft, compliant, and rigid material, the
soft robot is of smoothing strain transmission from DEA to robotic body.
This character rules out the auxiliary regulation and control scheme in
the conventional soft robots. As a result, TENG can direct control and
power the proposed soft robot through wire connections. The method of
the measurement is described in SI as well. It is noteworthy that, when
the applied voltage exceeds a threshold, wrinkles along the actuation
direction were observed in the experiments, which are recorded in de-
tails in S6. wrinkles along the actuation direction were observed in the
experiments, which are recorded in details in SI. The wrinkles induce
out-of-plane deflections, which leads to electrical breakdown [42-44].
So, in the following section, we limit the voltage range to avoid wrinkles.

We first characterize the robot crawling locomotion with a conven-
tional high voltage power source. The experimental setup is described in
the SI. In Fig. 2(C), we show the speed of the robot subject to the
alternating current (AC) voltages with different frequencies and voltage
waveforms. The peak-to-peak voltage of 4 kV was prescribed, which is
within the output range of the TENG. The speed peaks of 110 mm/s
under a square wave voltage at 26 Hz, 51 mm/s under triangle wave at
28 Hz, and 69 mm/s under a sinusoidal wave at 30 Hz, respectively. The
speed of the robot driven by a square wave is obviously higher than the
other two groups, because the square wave signal has the maximum
input energy. The robot reaches its maximum speed when the voltage
frequency matches the natural frequency of the soft robot [17,29]. Based
on the theoretical model, the natural frequency of the actuator can be
expressed as Eq. (S1) and Fig. S5 in the SI, where a natural frequency of
28 Hz is identified. The duty cycle in square wave determines the
loading and unloading time in one period. Fig. 2(D) describes the motion
of the robot under several different duty cycles (time ratio of voltage on
vs. the period). The speed of the robot achieves maximum speed at 50%
duty cycle because the crawling motion is symmetric in the displace-
ment of the fore and rear wheels, and the deformation of the DEA should
be the same in the loading and unloading phases. Thus, a stable move-
ment is attained. Fig. 2(E) measured the effect of voltage amplitude in
the square waveform. As a parametric excitation, the high voltage will
induce a higher order of resonance, over 100 Hz [45], which exceeds the
frequency range of the dynamic voltage in TENG’s output (about 15 Hz).

Fig. 2(F) and 2(G) shows the speeds of the robot under different
payload weights. The frequency that corresponds to maximum speed is
referred to as the optimized actuation frequency. As the payload in-
creases, the optimized actuation frequency decreases since the natural
frequency is shifted by a heavier loading. The experimental results
confirm that the speed of the robot still reaches a maximum value of
15 mm/s under a 40 g payload, which is equivalent to about 4-fold of
the robot weight. This is due to the change of the natural frequency of
the soft robot, which is maximized deformed when the excitation fre-
quency matches its natural frequency. A non-monotonic relation be-
tween the payload and speed is identified, which can be understood by
considering the dynamics model of the soft robot (as analyzed in the SI).
This result offers guidance for selecting the actuation frequency for a
given payload mass and a targeting speed.

In Fig. 2(C)-(E), before reaching the peak speed, the soft robot ex-
hibits a quasi-linear performance in the dynamic actuation, especially in
the low-frequency range, which is well-suited for the operation of TENG.
Also, in Fig. 2(F) and (G) before reaching the peak, the speed is linear
with the payload weight. This linear behaviour is due to robotic design
involving compliant and rigid materials instead of an entire soft robotic
body.

In the above mechanical characterization of the soft robot, the
applied actuation voltage level and frequency is attainable in the output
value of TENG in a freestanding mode [37-39]. The static performance
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Fig. 3. Soft robot locomotion perfor-
mance. (A) A series of snapshots of the
soft robot motion at a frequency of
18 Hz. (B) The robot crawls at the speed

- t=1s ‘ of 50 mm/s with a payload of 20 g. (C)
I

The soft robot passes a tunnel under an
increased bias voltage level to lower its
body. The left view of the robot moves
through a narrow gap that is half the
height of the robot. The process is
composed of five states: standing by, I,
I1, II1, and finishing. (D) State II, the bias
voltage was raised, and the DEA
vibrated at a new equilibrium state,
which lowered the height of the robot.
(E) The front view of the process when
the robot is in action.

Lowering height

Bias Voltage 2kV

6

of TENG-driven DEA deformation has been modeled and verified [46].
Therefore, in the followings, we will focus on the robot locomotion
characterization toward a direct TENG powering.

2.3. Soft robot crawling locomotion

Fig. 3(A) demonstrates the locomotion of the soft robot at the fre-
quency of 18 Hz (the Supplementary Movie S2). Fig. 3(B) shows that the
robot can move at the speed of 50 mm/s while carrying a payload of 20 g
(the Supplementary Movie S3).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106012.

In addition to passive bending of the robot under a payload, this soft
robot features environmental adaptation by active body-arching. Fig. 3
(C) illustrates how the robot passes through a narrow tunnel (Width
70 mm x Length 30 mm x Height 20 mm) whose height is half of that
of the robot. Fig. 3(D) provides the actuation strategy during the robot-
travel. By lifting the bias voltage of the actuation voltage, a new equi-
librium state, around which the DEA deforms dynamically, is attained.
Then the height of the robot is lowered to adapt to the narrow gap. Fig. 3
(E) records the front view of this locomotion sequence (a video is pro-
vided as the Supplementary Movie S4). This offers a new perspective

that, in a soft robot powered by two TENGs, where one TENG regulates
the equilibrium state of the DEA to adjust the height of the soft robot
meanwhile the other TENG controls robot’s locomotion.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2021.106012.

2.4. TENG-Bot: powered and controlled by a freestanding TENG

Fig. 4 depicts the programmed sliding process of the TENG to power
the soft robot and the generated voltage in the frequency domain, which
was then measured by a high-voltage-probe with an attenuation. In the
experimental setup, a motor drove the FEP in a reciprocating manner,
and the sliding velocity was programmed by setting the accelerations in
the motor. It ramps before reaching a plateau then declines. In Fig. 4(A)-
(C), a programmed periodic motion is generated for the TENG sliding
component. To measure the output voltage, the non-ground method was
adopted [47], with a high voltage attenuation probe and the oscillo-
scope, which meets the standard of dielectric elastomer [48]. The output
voltage of TENG is a complex periodic signal with different frequency
components. It is then analyzed by Fast Fourier Transform (FFT) to
identify the primary frequency, which can be applied to the theoretical
model of the DEA-based soft robot, as in the method section. In the
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Fig. 4. The programmed sliding process and the generated electric energy in TENG. The mechanical energy is harvested by TENG and converted into periodic
electric power. After a Fast Fourier Transform (FFT), the primary actuation frequency is identified. In the sliding of TENG, with an acceleration of a= 1 m/s?, the
sliding velocity is programmed in the form in (A), and the sliding distance is in (D). For a= 1, 10 and 20 m/s?, the sliding velocity and the sliding velocity are in (B),
(C), (E), and (F). The generated voltages in the time domain are plotted in (G)-(I). The results of FFT are plotted in (J)-(L), where each primary actuation frequency

is identified.

freestanding TENG, the sliding distance is fixed, as related to Fig. 4(D)-
(F), so that by setting the acceleration, we can program the sliding speed
as in Fig. 4(A)-(C). Subject to the three acceleration, a =1, 10, and
20 m/s%, the generated voltages are different in the time domain and
frequency range, in Fig. 4(G)-(L). The normalized amplitude illustrates
the value of each primary frequency. In the current study, the harvested
voltages by TENG are mainly limited at a low-frequency domain
(< 10 Hz), which falls in the linear range of dynamic response of the soft
robot. In Fig. 4(G)-(I), As the sliding acceleration of TENG increases, the
driving voltage amplitude generated by friction increases significantly,
while the displacement of TENG remains constant during the entire
sliding process, so a larger sliding acceleration means a greater average
speed. For soft robots under the same working conditions, when a
greater voltage is applied, the larger the deformation in the DEA is

attainable and the robot’s speed is faster. In the experimental results
(Fig. 4 G-I), it can be seen that as the acceleration of TENG increases, its
open-circuit voltage also increases. The reason for the above phenom-
enon is that the great sliding acceleration of TENG promote the pro-
portion of uniform motion in an motion cycle, thus results in a larger
average speed of TENG. The more power and higher open-circuit voltage
is generated. To further illustrate the characteristics of TENG, in the
experiments, we also measured the output voltage by connecting the
freestanding TENG with a x1000 attenuator for the 6514 electrometers
at the acceleration, a=1m/s2. The data were real-time recorded and
shown in Supplementary Figure S9. The open-circuit voltage and
short-circuit transferred charges are basically in a stable amplitude
range over time. Such results show that TENG can be used to drive soft
robots excellently.
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crawling speed control of a soft robot.

Fig. 5 presents the result of a TENG-Bot crawling by direct powering
and control of TENG. In Fig. 5(A), the acceleration affects the average
velocity of the TENG. This is due to the amount of accumulated electrical
charges is related to the motion of sliding. With an abrupt change of the
sliding velocity, more charges are generated, so the soft robot is powered
further. Fig. 5(B) characterizes the relationship between the speed of the
robot and the sliding velocity of the TENG which is direct correspon-
dences, as a linear relation when the sliding speed is below 0.8 m/s. The
soft robot with a payload capability of 9 g is achieved when driven by
the freestanding mode TENG. In Fig. 5(C), an approximately linear
relationship is attainable from the TENG motion to robotic motion. This
offers the guidance of control and powering soft robot by harvesting the
environmental dynamic motion via a potable TENG. Besides, the linear
behavior of soft robot based on DEA is achieved, so that a simplified
control strategy without an extra panel can benefit.

This results suggest a potential application that harvesting the vi-
bration energy, which is used to be wasted, to actuate the motion of soft
robot. In some dynamic mechanical systems, there are some parasitic
vibration in low frequency range. To harvesting and storing the vibra-
tion as a new energy source has been proposed and investigated
recently. In this paper, a TENG could not only effectively harvest the
vibration energy but directly power a soft robot to crawl with a payload.
This TENG-bot offers a new energy and control strategy for the DEA-
based soft robot via a complimentary energy source from environ-
mental vibration.

3. Conclusion

In this paper, we demonstrated a TENG-Bot for direct TENG power
and control. A soft robot is proposed, consisting of a uni-directional
DEA, a compliant arched robot body, and one-way bearing wheels. A
theoretical model is established to characterize the electromechanical
coupling of the DEA, which guided the design for the robot system that,
for the first time, powered by Triboelectric Nanogenerator (TENG). In
experimental characterization, we demonstrated that our soft robot is
capable of locomotion with a speed of 110 mm/s (2.2 body length per

Appendix A

The experimental setup for the DE actuator (DEA)

second) under a square wave voltage of 4 kV at 26 Hz, and carry a
maximum payload of 40 g (3.8 mass load ratio vs robot weight), which
are superior to previously reported soft robots. Without additional ac-
tuators, this soft robot can adapt its morphology and pass through a
narrow gap by merely adjusting the bias voltage.

Linear performance in both static and dynamic actuation schemes
are achieved in the TENG-Bot which features a direct power-control by
the freestanding mode TENG. The experimental results show an excel-
lent linear relationship between the locomotion velocity of the soft robot
and the sliding velocity of the TENG regardless of the payload, which has
important guiding significance for the robot powering and control. The
TENG-Bot proposed in this paper will pave a new way for the design of a
new generation of smart soft robots for potable energy harvesting.
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During the test, the signal generator (RIGOL DG1032Z) and the high-voltage amplifier (TREK 610E) are used as the drive equipment for the DEA. A
laser displacement sensor (Panasonic IEC60825-1) is used to record the length change of the DEA. A force sensor (LANRIN AUMI) is used to record the
blocking force of the DEA with voltage. A 12Bit-ADC (NI cRIO-9035) converts the analog signals collected by the laser displacement sensor and the
force sensor into digital signals to the computer. The experimental setup is illustrated in Figure S7.

Displacement characterization. When measuring the relationship between displacement and voltage, we fixed one end of the DEA so that the other
end could slide freely. (1) Installing an L-shaped cardboard on the free end of the DEA to make the laser beam shine on the cardboard; (2) Applying
voltage to the DEA through the signal generator and high-voltage amplifier; (3) Recording the data until the DE film broke down; (4) Converting the
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analog signal collected by the laser displacement sensor into a digital signal during the test and then sending it to the computer for processing; (5) 5
samples were measured for different pre-stretching and taking the average value after completion.

Impedance blocking force and voltage. To measure the impedance blocking force, we fixed one end of the DE actuator on the bracket and placed the
other end in contact on the force sensor platform. The specific operation steps are as follows: (1) In the initial state, the free end of the DEA and the
force sensor were in a critical contact state, and the force sensor reading should be zero at this time; (2) Applying voltage to the DEA through the signal
generator and high-voltage amplifier; (3) Recording the data until the DE film broke down; (4) Collecting the analog signal in the force sensor and
converting it to the computer for processing; (5) 5 samples were tested and taking the average value.

The experimental setup for the soft robot crawling

The average speed is used to characterize the robot locomotion performance. (1) Connecting a string of no mass to the tail of the robot, and marking
the positions of Omm, 50mm, 100mm, and 150mm respectively; (2) Passing the string through the fixed mark points before the test, and fix the
0 position and overlapping to the 0Omm; (3) While the robot is powered, using a stopwatch to record the time as robot travel through the marked points;
(4) Calculating the corresponding speed when the robot moves 50mm, 100mm, 150mm respectively. Take the average value as the movement speed of
this test; (5) Testing at least 3 samples in each group with repeat 5 times for each sample, and taking the final average value as the movement speed
value of the robot; (6) In order to avoid the breakdown in DE film, the peak-to-peak voltage applied to the robot during the experiment is limited
within 4kV. In addition, rest 30 s as the interval of each group of experiments. The experimental setup is sketched in Figure S8.

Measurement of TENG output

A oscilloscope and a high voltage robe are used to measure the output properties of the TENG. The specific operation process can be described as
follows: (1) The two copper electrodes of the TENG were connected via the wires to the high-voltage probe (Tektronix P6015A); (2) The attenuated
voltage output was recorded by the high-voltage probe to the oscilloscope, and then record as the output characteristics of TENG in different sliding
modes through the oscilloscope (as shown in Fig. 4 A-F); (3) The collected data was processed to analyze the TENG output response corresponding to
the three different motion modes, as shown in Fig. 4 G-L.

The electromechanical coupling model in the DEA

Targeting on the TENG-powering, we establish a model to estimate the performance of the DEA based on the Euler-Lagrange method [49,50]. Most
of DE materials are commonly regarded as a typical viscoelastic material, primarily when the VHB film is employed. Therefore, it is essential to take
the influence of viscoelasticity into account in the modeling [51,52].

Fig. 2(A) shows the simplified sketch of geometrical parameters. In the pre-stretched state, because of the constraints in the frame, the bending
angle of the frame is 6y, the length of the DEA is 1,,L1, and the length of the frame is c. The width of the DEA is fixed by the PMMA bar at Ay,L,. In the
actuated state, the DEA is subjected to the voltage ®@, the wide stretch is assumed to be fixed by the bars A, = Ay, but the long-stretch 1, is a function of
actuation displacement AL, and is calculated as Ay = ALL; /A;, + 1. The stretches A; (i = 1,2,3) is denoted in Fig. S2 of SI.

The total potential energy of the actuator is a summation of the potential energy of the DE DEA and the frame. Considering the flexible frame has a
constant bending moment along with the frame, we write its potential energy as a function of the bending angle [53-55]:

1
U = iKbe2 (@)

where K, is the bending stiffness, and the 0 is the bending angle of the frame.
To use the Euler Lagrange method, we need to calculate the kinetic energy of the system. Due to the weights of the DE membrane and the constraint
fibers are smaller than the frame, by considering the frame as a rotational joint, the kinetic energy of the system has the form:

1 .2

in which J denote the polar moment of the frame.

In the pure shear model, boundary conditions\, = Az,can be achieved [53]. The curved length of the frame c is linked to the DE membrane length
ML; by the bending angle of the frame 6, so that A; can be expressed as a function of the 6. We set inelastic stretches as &, = & and defined the
Lagrangian of the system as L(6,0, &, E) = Ex(0) —Ug(0) —Upg(, &, E) with the nominal electrical field E = ®/H. The Euler-Lagrange equation for the
non-conservative systems is given by:

d oL

E(MJ—

oL oD
0q; + 94,=0,i=12

3

with D the dissipation function, g; is the independent generalized coordinates. q; = 6 describes the bending deformation, and q, = £ characterizes the
stretch of the dashpot in the viscoelastic model (Fig. S4). For ease of calculation, we use the Rayleigh dissipation function for a Newtonian fluid
dashpot in the following context:

D= %ngszl 4

in which 1 corresponds to the viscosity of the dashpot.



W. Sun et al. Nano Energy 85 (2021) 106012

Inserting (1), (2), (4) and (S2) into Eq. (3) lead to a system of two ordinary nonlinear differential equations:

2

a%0
F+g(e7§7¢7}“1p7}\‘2p) =0
~ Vol 3,2 2 4 -3p2 _9‘1)2 2| 2hp (g2 01 O KO
Y {pa(x W)y (8 -008) S, T (0 sy 4 pgeosy )+ ©)
ﬁ_ﬁ 2=3 42
dfn(}\é »Y ?

Egs. (5) and (6) constitute the core of the governing equations for the DEA. From Eq. (5) we obtained the equilibrium state of the DEA :

@’ 2ch 06 1 @
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In the static actuation, the elastic stress in DEA is always in equilibrium with the tensile force of the frame, so that the blocking force is expressed as
ed? Vol
Fg = ?xfpxgp ‘T ®

Appendix B. Supporting information

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.nanoen.2021.106012.
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