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Abstract

Triboelectric nanogenerators (TENGs) have received considerable attention owing to their ability to harvest energy from the
environment. They can be effectively used as a self-generating power source to drive low-power devices. Compared with
other energy harvesting technologies, the energy conversion efficiency is much higher, but the current output is low—only
enough to drive an existing rotor-type motor. In this study, we designed a film-type soft robot that can produce high-voltage,
low-power, triboelectric output without using a motor. Polyvinylidene fluoride (PVDF) film was used as the actuator for
the soft robot. We designed a resonance structure to increase the movement of the soft robot driven by low-frequency tri-
boelectric output. A driving test was performed by simulating the shape of butterfly wings and an inch-worm. When the
butterfly-shaped PVDF film robot simulated the flapping motion of wings using the resonance structure parameter design,
it was able to generate 2.5 times greater movement than the model without the resonance structure. In addition, the artificial
inch-worm soft robot optimized for the TENG input was fabricated by applying the parameter design method to the PVDF
film. We developed and tested a self-powered, intelligent soft robot that can be driven by low-frequency mechanical stimuli.
This study can help extend the application of triboelectric generators.

Keywords Triboelectric nanogenerator - Soft robot - Polyvinylidene fluoride film actuator - Artificial insect robot - High
voltage application

1 Introduction

Modern soft robots are designed using film-type actuators
powered by flexible bending actuation. Film-type actuators
include piezoelectric materials [1-4], electroactive polymers
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energy conversion efficiency [9]. Applications using TENGs
include low-power Internet of Things (IoT) devices [10-14],
body implant devices [15-18], and self-generation power
sources for wearable devices [15, 19-22]. In addition, a
TENG develops a high voltage of 100 V or more and a low
current output of about 10 pA [23-27]. To use a TENG to
charge a small battery optimized at around 5 V, a signifi-
cant amount of electrical conversion is required; hence, the
efficiency is low. High voltage (HV) applications can use
these TENG characteristics of high voltage and low cur-
rent. An example of TENG HYV application is the study of
microplasma generation using a voltage of 5000 V [28].
Similarly, to drive the piezoelectric material film-type actua-
tor, high voltage and low current are essential. If a TENG
with high voltage and low current output characteristics is
used, it is possible to supply power without going through
an energy conversion process. Thus, it is possible to drive
a piezoelectric film-type actuator using self-generation. As
materials for actuators commonly used to manufacture soft
robots, ceramic-based piezoelectric materials, shape mem-
ory alloys, and electroactive polymers are used. Although
the shape memory alloy-based actuator has the advantage
of large operating displacement and low operating voltage,
its disadvantage is that it has a very slow response speed
[29]. Electroactive polymers have advantages such as fast
response speed and large operating displacement, but have
the disadvantage of requiring a very large operating voltage
[30]. Wang et al. fabricated a soft robot using an electroac-
tive polymer based on a dielectric elastomer actuator (DEA),
and it was reported that an input voltage of 4 kV is required
to obtain a movement speed of 100 mm/s [31]. As described
above, the soft robot manufactured using the electroactive
polymer has a large operating displacement value, so it has
the advantage of obtaining a fast moving speed. However,
since it is manufactured in the form of a gel, the durability
is not good and the driving force is weak compared to an
actuator based on a piezoelectric material. Therefore, in this
study, we propose a soft robot using a PVDF-based piezo-
electric material film that is manufactured in the form of a
film, has good durability, has excellent repeatability, and has
a large driving force.

In this study, a piezoelectric film-type actuator was
directly driven by converting external kinetic energy into
electrical energy using a large-area TENG. TENGSs, which
are manufactured to supply power to actuators, can obtain
optimal performance in the frequency band below 10 Hz.
As this frequency band is present in the natural world, it is
possible to collect electrical energy that can make the robot
self-actualize. Applying the TENG technology to the soft
robot allows for a simpler and cheaper structure because
there is no need to configure equipment and application
circuits such as the existing high voltage supply for power
supply. Additionally, it is possible to manufacture it in an

eco-friendly manner because the waste energy is collected.
However, the polyvinylidene fluoride (PVDF) actuator used
to manufacture the body of the soft robot has a limitation
in that the driving range is relatively small. To overcome
this limitation, the resonant structure and optimal parameter
design methods were applied to the butterfly and inch-worm
robots, respectively. Through experimental analysis, we pro-
pose a design guide for the maximum moving speed of a soft
robot that can operate through self-generation.

2 Material and Methods
2.1 Fabrication of the TENG

Figure 1 shows a schematic of an insect-simulating soft
robot using the output performance of the TENG. First, we
fabricated the TENG required to drive the PVDF film. The
TENG consists of two parts. The first part was fabricated by
inserting copper wool as an electrode into silicone rubber
(Dragon Skin 10 NV) used as a negatively charged mate-
rial. The main (part A) and hardener (part B) solutions were
mixed in a 1:1 ratio. Subsequently, the mixture was stirred
for 5 min using a spatula. Bubbles were generated when the
mixture was stirred. It is possible to produce a porous struc-
ture with a large surface area if the silicone rubber is fabri-
cated without removing the bubbles. Therefore, a separate
degassing process was not used to remove the air bubbles.
After pouring the prepared mixed solution into the mold,
copper wool was added and the mold hardened at 40 °C
for 2 h in a chamber (WiseVen, Won-60). The copper wool
inserted inside the silicon rubber served as an electrode as
well as improving the output performance by increasing the
capacitance and dielectric constant. For the second part, an
aluminum (Al) film used as a positive electrode was attached
to a polymethyl methacrylate (PMMA) plate, and nitrile rub-
ber, which is a positively charged material, was applied. We
measured the contact potential difference (CPD) using Kel-
vin probe force microscopy (KPFM) to analyze the charging
characteristics of the silicone rubber and nitrile rubber. The
silicone rubber had a strong negative charge of —817 mV,
and the nitrile rubber had a positive charge of 805 mV. A
strong positively charged characteristic was observed [28].
The selection of an appropriate material is extremely impor-
tant because the obtained output value increases as the dif-
ference in CPD values of materials with different charging
characteristics increases.

2.2 Fabrication of the Soft Robot
Two types of PVDF film soft robots driven by TENGs were

produced. The first was a soft robot that mimicked a but-
terfly. The flapping of a butterfly wing was simulated. The
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Fig. 1 Schematic of soft robots simulating insects fabricated using TENG electrical output and PVDF film actuator

butterfly soft robot was composed of a piezoelectric film, a
paper with a butterfly wing pattern, and a mass for design-
ing a resonance structure (Supplementary Fig. S1(a)).
PVDF film (DT1-028 K, TE connectivity piezo film sensor)
was used for the piezoelectric material film-type actuator,
and Protection, antigen (Ag) paste, PVDF, Ag paste, and
Protection were stacked on top of each other to make five
layers. The resonance effect was induced by attaching a
butterfly wing to the end of the PVDF film and a mass was
added on the back of the butterfly wing. By applying the
resonance structure design, the small movement (charac-
teristics of the PVDF film) could be amplified.

The second was an inch-worm type soft robot that mim-
icked the movement of an inch-worm. The inch-worm
robot used PVDF film as an actuator. In addition, we used
the optimal parameter design method to create the for-
ward movement according to the TENG output value. Five
parameters were set for optimal parameter design (Supple-
mentary Fig. S1(b)). We adjusted the parameters to derive
the maximum speed of the forward movement. We ana-
lyzed the movement speed according to each parameter.
For the forward movement of the inch-worm soft robot,
materials with different friction factors were applied to the
front and rear pads. The rear pad served to push the film-
type robot to advance. Therefore, a nitrile rubber pad with
a large friction factor was used. On the other hand, pol-
ytetrafluoroethylene (PTFE) film material, a material with
a small friction factor, was used for the front pad to slide
forward after the rear pad pushed and after a half cycle.
The friction factors of the material applied as the pad were

0.7 and 0.05, respectively. Experimental results based on
other parameters are detailed in the results section.

2.3 TENG Experiment Configuration

A linear motor (Linmot, custom made), oscilloscope
(TBS 2072, Tektronix, Oregon, U.S.A.), current amplifier
(DLPCA-200, Femto, Berlin, Germany), and high voltage
probe (P5100A, Tektronix, Oregon, U.S.A.) were used to
measure the electrical output characteristics of the TENG. A
control PC was used to control the experimental device. The
frequency of the linear motor was set to 4 Hz by the Linmot
software in the control PC.

In the fabricated TENG, the positively charged material
part was attached to the striking plate of the linear motor,
and the negatively charged material part was folded and
fixed in a circular cylinder shape considering the effective
contact area and then placed on the base part of the linear
motor. A laser displacement sensor (DTS-050-10, MTI co.,
U.S.A.) was used to measure the displacement of the but-
terfly wings. A large-area TENG output performance tester
(sub series, SPG) was used to control the inch-worm soft
robot.

2.4 Simulation Method of TENG Electromagnetic
Field Analysis

COMSOL Multiphysics was used to analyze the strength of

the electromagnetic field generated as the distance between
the triboelectric layers constituting the TENG was reduced.
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A tetrahedral element was used for the element type, an Al
film was applied to the Ground as a boundary condition, and
the Terminal voltage was applied to the interface between
the silicone rubber and metal wool for analysis. In addition,
modal analysis was performed using MESHFREE software
to analyze the natural frequency of the butterfly wings.
A fixed condition was given to one end of the shape as a
boundary condition, and the frequency generated in MODE
1 was analyzed by applying the butterfly wings and coins
attached to the opposite side in a concentrated manner; here,
the arch-shaped beam, mass coin, and paper were rigidly
linked and behaved together.

3 Results and Discussion
3.1 TENG Working Principle and Mechanism

In this study, the TENG fabricated to drive the PVDF film
operated in the vertical contact-separation mode. PVDF film
has fast response speed, light weight, and excellent stability,
but requires a high driving voltage. By using the character-
istics of high voltage and low current of the TENG directly
as a power source, it is possible to supply power effectively

without any loss caused by electrical conversion. Therefore,
it is important to increase the electrical output value gener-
ated by the TENG. Typically, methods such as increasing
the surface area, surface charge density of the material, and
kinetic energy rate or increasing the effective contact area
through a surface etching process are used to improve the
output performance. In this study, silicone rubber (a porous
material with a high surface charge density) was used to
produce a large area for the TENG to obtain a high output
voltage. The size of the fabricated TENG was 400X 250X 5
(mm?).

Figure 2(a) depicts the mechanism of charge transfer that
occurs when the TENG operates in the contact-separation
mode. The initial state is before contact (Fig. 2(a (i))). The
external force acting on the TENG makes perfect contact
(Fig. 2(a (iii))), electrical neutrality between the silicone
rubber and nitrile rubber is maintained, and no charge trans-
fer occurs. In the pressing state (Fig. 2(a (ii))), in which the
distance between the two parts of the TENG is shortened
due to the action of an external force, the electrons of the
aluminum film attached to the nitrile rubber move into the
silicone rubber to maintain an electrically neutral state. Elec-
tric charge is transferred to the copper wool. Conversely,
when the applied external force is released, the separation of
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Fig.2 Mechanism of contact-separation mode TENG and electric field simulation using COMSOL Multiphysics; a charge transfer mechanism
that occurs in the contact-separation process; b simulation of electric field change occurring during contact-separation process
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the two parts of the TENG begins (Fig. 2(a (iv))); the charge
transfers back from the copper wool to the aluminum film.
This charge transfer mechanism is explained by the cou-
pling of triboelectric charging and electrostatic induction.
In addition, we performed electric field analysis based on
the distance between the two parts using COMSOL Mul-
tiphysics (Fig. 2(b)). It was confirmed that the strength of
the electric field increases as the distance between the two
parts increases, and electric charge transfer does not occur
between the two parts because the field is balanced when the
parts are in contact. For the analysis of the electric field of
the TENG generated in the contact and separation mode, two
parts were constituted to construct the COMSOL simulation.
To proceed with the simulation, the mesh type was manu-
factured with a tetrahedral element. Among the boundary
conditions, the ground was applied to the Al film, and the
terminal voltage was applied to the interface between sili-
cone rubber and metal wool by 500 V to analyze the strength
of the electric field that occurs as the distance between parts
changes Table 1.

3.2 Electric Properties of TENG and Resonant
Structure Design

A common disadvantage of PVDF films is the extremely
high driving voltage. We used a TENG with high voltage
characteristics, and the output performance of the TENG
was controlled and measured through a linear motor setup
(Fig. 3(a)). By adjusting the stroke length and stroke time
of the linear motor, the TENG was hit with a frequency
of 4 Hz. The dimension of the TENG specimen used in
the experiment is 300 X 200 X 3t (mm), and the test was
conducted by rolling the fabricated specimen in a circular
cylinder shape and hitting it using a linear motor. Since
the rolling type TENG specimen can effectively increase
the effective contact area, it is a method to improve the
output performance (Fig. 3(b)). In order to optimize the
operation of the butterfly wing mimicking soft robot, the
TENG shape was classified into two and the output per-
formance was analyzed. It is suitable that the waveform of
the output voltage has a wide shape to make a continuous

Table 1 Simulation condition

Symbol Name Quantity Unit

€)1 Silicone rubber 35 -
Relative permittivity

€9 Nitrile rubber 8 -
relative permittivity

- Ground - -

(Al film)
v Terminal voltage 500 v

(Silicone rubber)

fluttering motion by supplying power stably. Therefore,
by rolling the sheet-type TENG in a cylindrical shape, the
contact area was improved due to the additional internal
contact, and a wider output waveform was obtained than
the output waveform in the form of a single peak (Fig. 3(c)
and (d)). In addition, the deformation characteristics and
output performance of the rolling type TENG according
to the force applied to the TENG were analyzed (Figs. S2
and S3). PVDF film is an actuator film that responds to a
voltage in both directions (positive and negative). There-
fore, we did not configure a rectifier circuit to reverse the
output generated by the TENG. Normally, many electrical
conversion circuits are configured to apply the electrical
output of the TENG to the application, but the efficiency
is greatly reduced in the conversion process. In this study,
effective power supply is possible because the electric out-
put is applied directly to the PVDF film without using a
rectifier. We tested the output power levels by changing
the external impedance value using a variable resistor. The
highest output power occurred at 40 MQ (Fig. 3(e)) When
the PVDF film was driven using the output performance
obtained through the experiment, it was observed that the
operating displacement of the film was small.

In order to analyze the driving displacement of the
PVDF film according to the output performance of the
TENG, an experiment was conducted using cantilever
structure. The range of force applied to the TENG is 2 N,
4N, 6N, 8N, 10 N. When 10 N is applied, the effective
contact area increases, so the highest output performance
values of 740 V and 17pA can be obtained. In addition,
as the TENG output applied to the PVDF film increases,
it can be seen that the driving displacement of the PVDF
film also increases (Fig. 3f-h).

In order to drive the soft robot effectively, it is essential
to design it such that it shows a large displacement even
with a small input. Therefore, we carried out a resonance
structure parameter design to generate a resonance phe-
nomenon from external vibration. The following equation
was used to calculate the natural frequency of the resonant
structure.

- Lk _ 1 J3E
f(HZ)_zn\/; 2z \ mP’ W

where f'is the natural frequency, k is the spring constant,
and m is the weight. E is the Young's Modulus of the bar,
[ is the length of the bar, and 7 is the moment of inertia.
The bar used in the design of the resonance structure was
made of polyethylene terephthalate (PET), offering high
elasticity and resilience. We designed the mass (coin) with
weight 1.23 g and length 50 mm. The resonant frequency
was set at 4 Hz (a value between 1 and 10 Hz that exists in
nature). We simulated the flapping motion of a butterfly
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Fig.3 TENG output performance evaluation; a experimental setup
consisting of linear motor and control PC for quantitative output per-
formance evaluation; b dimension of TENG specimen; ¢ comparison
of output voltage waveforms generated by the two types of TENG; d
comparison of output current waveforms e output performance test at

wing (movie S1) using the resonant structure parameter
design (amplifying a small displacement value into a large
displacement).

Figure 4(a) is a laser displacement sensor experimental
setup for measuring the displacement of a butterfly wing
driven by a TENG. A laser displacement sensor was con-
nected to the control PC to measure the displacement of the
flapping wing. In addition, a modal analysis was performed
using MESHFREE software (Fig. 4(b)) to confirm the
natural frequency of the butterfly wing calculated through
Eq. (1). We assumed, for the experiment, that one end of the
cantilever-shaped bar was fixed to the floor, and the mass
coin and wing shape attached to the bar were treated as con-
centrated masses and excluded from the analysis. The modal
analysis confirmed that MODE 1 has a natural frequency of
about 4.029 Hz.

To confirm that the output performance meets the reso-
nance condition, the frequency response of the TENG out-
put was verified through Fast Fourier Transform (FFT). We

@ Springer KE;E

varying external impedance; f driving displacement test of cantilever
structure PVDF film according to TENG output performance; g out-
put voltage according to external force; h output current according to
external force

confirmed that the magnitude of the output was the largest
at about 4 Hz (Fig. 4(c)). The electric output generated by
the TENG was input to the butterfly soft robot as a power
source. The difference in displacement generated accord-
ing to the electric output was measured. When a voltage is
input in the anode direction, the PVDF film bends upward to
show a displacement of approximately 0.8 mm. The PVDF
film bends downward and shows a displacement of about
-0.8 mm (Fig. 4(d)) when a voltage is input in the cathode
direction. To confirm the validity of the resonance structure
parameter design used for the butterfly wing, we carried
out a comparative analysis using a butterfly wing without
a resonance structure. When the same TENG was used as a
power source, the butterfly wing, without a resonance struc-
ture, showed a displacement of about+ 0.3 mm. The but-
terfly wing with the resonance structure design generated
a displacement of + 0.8 mm, which represents a 2.5-times
increase (Fig. 4(e)). Owing to the design of the resonance
structure, when the same output of the TENG is applied as a
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Fig.4 Butterfly wing movement experiment; a butterfly wing dis-
placement measurement setup using laser displacement sensor; b
resonant frequency analysis of resonant structure through modal anal-
ysis; ¢ frequency response characteristics of TENG output through

power source, the natural frequency of the butterfly matches
the output frequency of the TENG; therefore, the driving
displacement of the butterfly wing is increased because of
the resonance phenomenon. We analyzed the displacement
difference based on the frequency acting on the soft robot
(with the resonance structure design) (Fig. 4(f)). The reso-
nance structure was designed to generate resonance at 4 Hz
to respond to low-frequency naturally occurring mechanical
stimuli. The experiment was conducted at a frequency range
of 2.5-5.5 Hz. The maximum displacement was observed at
the resonance frequency of 4 Hz. However, the displacement
decreased when the frequency was lower or higher than 4 Hz
(Fig. 4(D).

The second insect-mimicking artificial robot was an inch-
worm-type soft robot. Inch-worms perform forward motion
by repeating the body bending and stretching processes. The
PVDF film inch-worm simulates forward motion by using
the characteristic that bending and stretching occur depend-
ing on the polarity of the applied input voltage. To make an
effective forward motion, it is important to make one large
bending, so a high single peak voltage is required. In order
to obtain the required output performance, a self-made large-
area TENG tester and a larger-area TENG specimen were
used (Fig. 5(a)). The large-area TENG tester operates by

Fast Fourier Transform; d butterfly wing displacement in response to
TENG output; e displacement difference analysis between the reso-
nance structure and the original structure; f displacement difference at
different frequencies acting on the resonant structure

fixing one edge of the TENG specimen, lifting the opposite
edge at an angle of 60°, and striking the floor again. The
TENG can be driven in contact-separation mode using this
equipment, and output of up to 1200 V and 25 pA could
be obtained (Fig. 5(b) and (c)). To drive the PVDF film,
it is essential to apply a high voltage to obtain the maxi-
mum speed; it is important to find the optimal structure
through the kinematic design. Five parameters affecting the
forward speed were set, and the optimal parameter design
method was used to design the structure of the inch-worm
(Fig. 5(d)).

The five parameters L, L,, 6, p;, and p, are the hind
leg length, forelimb length, forelimb angle, and the fric-
tion coefficient applied to the hind leg and forelimb pad,
respectively. Based on experiments, the optimal design vari-
able values were set as L; =30 mm, L, =20 mm, 6=120°,
p;=0.7, p,=0.05. The fastest moving speed was measured
at 1.64 m/h (Fig. 5(e)). The maximum forward speed was
obtained, based on the optimal parameter design method,
when the ratio of the length of the hind leg (L,) to the length
of the forelimb (L,) was 1.5:1. The movement mechanism
of the inch-worm was classified into three stages, and the
motion deformation of the hind leg and forelimb occur-
ring in each stage was analyzed (Fig. 5(f)). The locomotion
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mechanism of the inch-worm was divided into three types:
(i) initial state, (ii) bend state, (iii) stretch state. In the initial
state (Fig. 5(f (1))), there is no change in the movement of
the inch-worm soft robot because the electric output of the
TENG is not applied robot. In the bend state (Fig. 5(f (ii))),
a voltage in the anode direction of the TENG is applied to
the PVDF film, causing the PVDF film to bend downward.
The positional deformation of the hind leg and forelimb
occur according to the deformation of the PVDF film. We
analyzed the movement by vector decomposition of the reac-
tion force generated between the support point of each leg
and the support surface. The magnitude of the force acting
vertically was larger than the magnitude of the force act-
ing horizontally in the reaction force generated in the hind
leg. The inch-worm soft robot was prevented from being

@ Springer KE;E
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pushed back by using nitrile rubber with a large friction
factor as a pad. The forelimb generated a reaction force due
to the PVDF film deformation. However, the lateral force
was larger than the vertical force, causing the forelimb to
move forward. In addition, the pad of the forelimb used a
PTFE film with a low friction factor to slide smoothly for-
ward (Supplementary Fig. S2(a), movies S2 and S3). In the
stretch state (Fig. 5(f (iii))), the cathode voltage of the TENG
is applied to the PVDF film, resulting in upward bending
deformation. In the forelimb, the magnitude of the force act-
ing in the vertical direction is greater than that of the force
in the horizontal direction, and the forward motion does not
occur. However, the hind leg is pulled in the forward direc-
tion because the force in the horizontal direction is greater
than the force in the vertical direction (Supplementary
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Fig. S2(b)). By repeating this process, we obtained a speed
of about 1.64 m/h. These results demonstrate that a soft
robot fabricated using PVDF film can be driven using the
resonance design and parameter design methods.

4 Conclusions

In this study, a TENG that converts external vibration or
kinetic energy into electrical energy was developed and used
to power a PVDF film-based insect-simulating soft robot.
Other energy harvesting techniques are not suitable for driv-
ing PVDF film actuators owing to their low output voltage.
However, because a TENG outputs high voltage, it can effi-
ciently and directly apply power to the PVDF film without
using rectifiers or transformation circuits. In addition, we
used a resonance structure parameter design to amplify the
small displacement of the PVDF film actuator. The results
of the butterfly-wing experiment demonstrate that the driv-
ing displacement increased by approximately 2.5 times.
Furthermore, we fabricated an inch-worm-type soft robot
using the optimal parameter design method. The PVDF
film actuator was controlled by the output of the TENG to
create forward motion utilizing the bending phenomenon.
The inch-worm soft robot could advance at a speed of up to
1.64 m/h, which proves that it can be used as a robot that can
autonomously operate without a battery by controlling the
input of the TENG. This study provides design guidelines
that can effectively increase the movement of soft robots
through optimal parameter design and resonance design,
based on the presented experimental analysis. In the future,
if the low current of the TENG is supplemented, it is pos-
sible to create a larger movement; therefore, it is expected
to be a useful solution to replace various equipment that
requires the power of a soft robot.
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