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ABSTRACT

Ocean waves are a promising source of renewable energy, but harvesting this irregular low-frequency energy is
challenging due to technological limitations. In this paper, a pendulum plate-based triboelectric nanogenerator
(PP-TENG) is proposed. The PP-TENG absorbs wave energy through the pendulum plate installed at the bottom of the
device, which generates a swing effect. This drives the motion of the upper TENG power generation unit and generates
a charge transfer on the surface of a film of polymer PTFE and nylon, materials which are very sensitive to the low-
frequency wave environment. The PP-TENG was tested after building a semi-physical simulation test platform. When
the polymer materials were PTFE with a thickness of 0.01 mm and nylon with a thickness of 0.02 mm, 33 commercial
LED lamps could be lit simultaneously. Moreover, under short-circuit conditions, the current reached 2.45 yA, and
under open-circuit conditions, the voltage reached 212 V. When the PP-TENG was connected in series with a resistor
with a resistance of 3 x 10° Q, its maximum peak power density reached 6.74 mW/m?. It can be concluded that the
PP-TENG is characterised by low fabrication costs and excellent energy conversion efficiency. The combination of
a pendulum wave energy converter with a TENG shows great output performance. This research lays a solid foundation
for practical applications of the proposed structure in the future.
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INTRODUCTION

As the global energy supply becomes increasingly limited,
reserves of traditional fuel, natural gas, coal, and other non-
renewable energy sources are declining [1]. Issues related
to energy supply can directly affect the future of human
development, as production capacities and life itself are
inseparable from the energy supply. Since traditional sources
of energy will be exhausted sooner or later, and as these
cause serious environmental pollution and climate change,
it is necessary to find pollution-free sources of renewable

energy [2]. The many forms of renewable energy include
hydropower stations, wind energy (onshore/offshore), solar
energy, material energy, geothermal, and tide and wave energy
[3]. Of these, wave energy has the particular advantages of
safety, lack of pollution, renewability, large reserves, and a wide
distribution, and has therefore become a focus of attention in
many countries [4]. Wave energy is a directly usable resource,
with generation of approximately 32,000 TWh/year worldwide
[5]. Scholars have recognised the immense energy contained
in ocean waves, and have begun to work on developing and
utilising this energy.
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Fig. 1 Power generation systems using (a) a buoyancy pendulum [13] and (b) an EMG buoyancy pendulum [14]

In the early days, researchers focused on electromagnetic wave
energy generators (EMGs). Lai conducted simulation experiments
on the energy output of the oscillating float-type wave energy
converter [6][7]. However, due to their bulky structure, EMGs
have some natural drawbacks and are unsuitable for energy
supply in small electronic equipment at sea [8]. A triboelectric
nanogenerator (TENG) was proposed, and it was found that its
power density was higher than that of EMGs (up to 3200 Wm-2)
[9], the weight and production costs of the device were lower,
and its low-frequency operation ability was better [10]. Moreover,
a traditional EMG requires flotation devices (such as floats) due
to its relatively large weight, while a TENG can easily float due
to its smaller mass [11].

Wang invented the original version of the TENG, based on
organic materials, in 2012 [12]. Its working principle was based
on the coupling of triboelectric and electrostatic induction effects.
A TENG was applied to the collection of wave energy for the first
time in 2014 [10], and a significant amount of work has been done
since then to improve the output efficiency of the TENG and to
develop commercial applications for this technology. A variety of
TENGs with improved power generation performance that can
harvest ocean wave energy have also been designed, such as the
spherical-shell structure [12], the wavy structure [13], the spring-
assisted structure [14], the bionic structure [15], and the liquid-
solid contact TENG [16]. Previous structural studies of EMGs
found that pendulum structures have significant advantages in
terms of absorbing wave energy [17]. In addition, Liang designed
a spherical TENG structure based on wave energy [18], and
realized the driving application of digital thermometer and
water level detection. Zhang proposed a multi-gating structure
of TENG, its power density can reach 4.2 mW/m? at a wave
frequency of 0.5 Hz [19]. In the recent research progress of ocean
wave energy collection TENG summarized by Huang, it can be
seen that many structures have been verified to be feasible [20].
Some teams have tried to commercialise EMGs with this structure,
and have achieved very good results [21]. Pendulum wave power
generation exploits the interaction between a pendulum plate and
a wave: the wave swings the pendulum plate around an axis, and
its energy is converted into mechanical energy about the axis,
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which is used to drive a power generation device connected to
the axis to generate electricity.

Existing studies have shown that the buoyant pendulum
structure has extremely good efficiency for high-energy wave
capture in shallow waters [22]. In areas with a wave period of
1.11 s and a wave energy density of 0.99 W/m, the efficiency
of energy capture can reach 128% [23]. Based on the excellent
wave energy conversion efficiency of pendulum wave energy
collection device combined with TENG. The structure will
play a huge role in offshore stationary wave energy harvesting
devices, a structure called a PP-TENG is proposed in this paper,
and a semi-physical simulation analysis is carried out.

STRUCTURE AND PRINCIPLE OF
OPERATION OF PP-TENG

In this study, a simple TENG based on a pendulum-type
structure is presented. The motion of the PP-TENG over a single
wave cycle is shown in Fig. 2. The pendulum plate swings around
the pendulum axis, and the TENG module is connected to the
pendulum axis via hinges. The rotor acts as a motion unit, and
is connected to the pendulum axis via hinges. The stator module
is in a stationary state relative to the pendulum axis, while the
rotor swings around the axis, thus forming a contact-sliding
TENG structure between the rotor and the stator.

swing board

Fig. 2. Motion of the PP-TENG over a single wave cycle



The PP-TENG was designed to combine the advantages of
a TENG with a pendulum wave energy power generation device.
Its structure is shown in Fig. 3. A semi-physical simulation
platform was built to simulate the influence of the swing and
the initial charge density on the output performance of the
PP-TENG and to evaluate its output performance.
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Fig. 3. (a) Schematic diagram showing the structure of the PP-TENG, (b) stator
section, (c) rotor section, (d) connecting rod section, and (e) swinging board

The TENG theory has four modes: the vertical contact-
separation mode, contact-sliding mode, single-electrode mode,
and freestanding triboelectric-layer mode [24]. The PP-TENG
is based on the contact-sliding mode. As shown in Fig. 4, two
polymer materials overlap at the starting position and are in close
contact with each other. Since polymer materials with different
electronic capabilities are employed, triboelectric electrification
causes them to have positive and negative charges on their
surfaces. As shown in Fig. 4, when the positively charged upper
plate starts to move, the contact area between the two plates
decreases, separating the plane charges and hence increasing the
potential of the upper plate. Driven by the potential difference,
electrons will flow from the upper electrode to the lower to offset
the potential difference generated by the triboelectric charge,
thus forming a closed loop in a single motion cycle.
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Fig. 4. Principle of operation of a TENG based on the contact-sliding mode:
(a-d) TENG near short-circuit conditions after a complete motion cycle

SIMULATION OF THE ELECTRIC
POTENTIAL FIELD

A simplified model of the PP-TENG was built using
COMSOL Multiphysics to enable finite element calculations to
be performed under open-circuit and short-circuit conditions.
The effects of the swing variable 6 on the open-circuit voltage

output of the PP-TENG and the initial surface charge density
on the transferred charge of the PP-TENG were visually
demonstrated. This software is based on Maxwell’s current
displacement equation and the principle of electrostatic
induction, and can be used to solve for the electric potential
on the surface of the TENG polymer material throughout the
motion cycle and the charge transfer on the surface.

Tab. 1. Basic parameters of the simulation model

P Length Width Thickness Dielectric
arameter
(mm) (mm) (mm) constant
Value 120 100 0.1 2.2

As shown in Table 1, the thicknesses of the electrode and
polymer material are 0.1 mm, the length and width are 12 cm
and 10 cm, and the polymer dielectric coefficient is set to 2.2. The
initial charges are attached to the polymer surface to create an
increase in the open circuit voltage of the PP-TENG, which differs
for varying initial charges. The transferred charge at the electrode
also changes to some extent under short-circuit conditions.
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Fig. 5. (a) Simplified electric field model of the PP-TENG, (b) electrode surface
potential distribution when the swing amplitude of the rotor is 45° (XY plane view),
(c) electrode surface potential distribution when the swing angle of the rotor
is 10° (XY plane view), (d) VOC-0 curve under open-circuit conditions with
different initial surface charge densities, and (e) curves showing the surface
charge density versus swing angle 6 under short-circuit conditions with different
initial surface charge densities

As shown in Fig. 5, the PP-TENG achieves a peak open-
circuit voltage when the pendulum plate swing is approximately
45° while maintaining the surface charge density of the polymer
material. The peak open-circuit voltage value gradually increases
with the surface charge density. Figs. 5(b) and (c) show the
potential distribution of the rotor in two different swing states.
From Fig. 5(e), it can be seen that the surface transfer charge
of the PP-TENG also peaks at a swing angle of the plate of
around 45° under short-circuit conditions. This trend becomes
more pronounced with an increase in the initial surface charge
density. A semi-physical simulation test platform was built based
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on the finite element simulation results for the electrostatic field
to test the effects of external factors on the output performance
of the PP-TENG.

EXPERIMENTAL METHODS AND
INSTRUMENTS

DEVICE FABRICATION AND ASSEMBLY

The body of the PP-TENG consists of an external support
frame, a pendulum plate, a connecting rod, and a pendulum
shaft. The electrodes are attached to a substrate made of acrylic
with a thickness of 4 mm and a length and width of 12 cm and
10 cm, respectively. The stator and rotor are made of 3D printed
parts consisting of resin, and there are 10 x 12 cm slots on the
stator and rotor that are used to fix the substrate. The pendulum
plate is made of a 15 x 10 cm acrylic plate with a thickness of
10 mm. The plate is connected to the rotor via a connecting rod
with a length of 10 cm and is installed on the guide rail of the
linear motor through a living hinge. The power sourceisa24 V
linear reciprocating motor, and the external fixed frame is made
of 30 x 70 cm aluminium profiles. As previously reported, the
output voltage reaches its maximum value when the maximum
displacement between two triboelectric materials is 10 times the
thickness of the material [25]. Hence, PTFE with a thickness of
0.01 mm and nylon with a thickness of 0.02 mm were selected
for the polymer materials. Finally, copper foil with a thickness
of 0.05 mm was selected for the electrode. After the platform
had been built, a Keithley 6514 electrometer was used as the
measuring instrument.

Fig. 6. Semi-physical simulation test platform for the PP-TENG

EXPERIMENTAL PROCEDURE

A 3D printer was used to create the stator and rotor models.
An acrylic plate was employed as the base plate, with copper
electrodes pasted on it, and the nylon and PTFE were attached to
the surfaces of the electrodes. The substrate was placed in the pre-
prepared groove on the model to form the power generation unit
of PP-TENG. The pendulum plate and the rotor were connected
via a connecting rod with a length of 13 cm to ensure consistency
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of movement. Lastly, the pendulum plate of the linear motor and
the guide rod were connected via a living hinge.

The amplitude and frequency of swing of the plate were
controlled by adjusting the feed speed and stroke of the linear
motor, respectively. The feed speed of the motor was set to
60 rpm, and the swings of the plate was set to 15°, 30°, 45°,
and 60°. The voltage under open-circuit conditions and the
current under short-circuit conditions were measured for each
group, and the surface of the polymer material of the DC high-
voltage power supply for the PP-TENG was then pre-charged.
Four control group experiments were carried out at zero, 5,
10, and 15 min. After obtaining the output performance of
PP-TENG under open-circuit and short-circuit conditions,
its output voltage, current, and power density were recorded
under different loads to further verify its performance in
practical applications. The PP-TENG was first used to light 33
commercial LED bulbs; it was then connected in series with
loads characterised by different resistance values, and the output
power was measured.

EXPERIMENTAL RESULTS AND
DISCUSSION

The open-circuit voltage and the changes in the surface
transfer charge with the swing amplitude under short-circuit
conditions were obtained via a finite element simulation of the
electrostatic field using COMSOL. A semi-physical simulation
experimental platform was established, and experimental
control groups were set up on this platform to further verify
the simulation results. As shown in Fig. 7(a), the actual results
from the operation of the PP-TENG show that the output
voltage under open-circuit conditions has the highest value
when the swing angle is 45°. At this point, the current peak
value for the short-circuit condition reaches 2.45 pA, as shown
in Fig. 7(b).

Our results show that the short-circuit current and open-
circuit voltage output from the PP-TENG increase with the
swing angle to reach a peak at 45°, and then undergo a gradual
decrease. These experimental results agree with the output of
the simulation, although the open-circuit voltage from the
actual operation was slightly lower than the simulated result.
The surface of the polymer material was pre-charged using
a high-voltage DC power supply according to the conditions set
in the previous simulation experiments (as shown in Fig. 7(c)).
Thus, multiple experimental groups were set in the pre-charge
period. As shown in Fig. 7(d), the amount of charge transferred
from the surface is proportional to the amplitude of oscillation
of the pendulum plate within a certain range. When the swing
angle of the pendulum plate reaches 45°, the amount of charge
transferred reaches a peak, and as the swing angle increases
further, the charge transferred from the surface decreases. This
trend becomes more pronounced when the initial charge on the
polymer surface is increased. However, the growth rate slows
after 10 min of charging due to the charge spillover effect, which
is caused by the limited number of charge-carrying materials
in the material.
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Fig. 7. (a) Magnitude of the output open-circuit voltage at different swing angles,
(b) output short-circuit current for a swing angle of 45°, (c) the high-voltage DC
power supply, and (d) surface transfer charges in the charged and uncharged states

Similar results were obtained from the computer simulations
in which the PP-TENG was tested under open-circuit and
short-circuit conditions, indicating that the PP-TENG structure
has sufficient performance for practical applications. When
the swing was 45°, the open-circuit voltage output from the
PPTENG reached a peak value of 212 V, and the short-circuit
current reached a peak value of 2.45 pA. When the polymer
surface was charged with a high-voltage DC power supply, the
surface transfer charge reached a maximum when the swing of
PP-TENG was roughly 45°, as shown in Fig. 7(d). The surface
transfer charge increased most rapidly at approximately 10 min,
unlike in the simulation results. In view of the spillover effect
of polymer charges during the experiment, the result obtained
here is in line with expectations.

The PP-TENG was then connected in series to 33 LED bulbs
to investigate its performance for practical applications, as
shown in Fig. 8(a). It was observed that all 33 LEDs showed
stable operation. Next, an external load circuit was built as
illustrated in Fig. 8(b). Seven sets of test experiments with
different external loads were set up. Based on the results, it
could be concluded that the output voltage of the PP-TENG was
positively correlated with the external load resistance within
a certain range, while its output current was negatively related
to the external load resistance, as shown in Fig. 8(c). The load
that enabled the PP-TENG to generate the maximum output
power under these experimental conditions was obtained by
calculating the power of the PP-TENG, as shown in Fig. 8(d).
It was found that under these preset experimental conditions,
the load that could maximise the output power density of the
PP-TENG was approximately 3 x 105 Q. When the external
load was less than this, the output power density of PP-TENG
increased with the external load resistance, whereas when the
external load exceeded 3 x 105 (), the output power density
of PP-TENG increased as the load decreased. The load that
maximised the output power density of the PP-TENG was

obtained under these conditions, and can provide a reference
environment for the practical application of the PP-TENG.
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Fig. 8. (a) PP-TENG external load test circuit, (b) load resistance group,
(c) the current flowing through different loads and the voltage changes at both
ends, and (d) different power densities of PP-TENG under various loads

When the best matched load had been determined, multiple
groups of controlled experiments were conducted at different
swing frequencies under this load, and the results are shown
in Fig. 9.
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Fig. 9. Influence of swing frequency on the output power density
of the PP-TENG for the best-matched load circuit

It was found that in the experimental environment of the
physical simulation test bench, when the external resistance
was best matched, the maximum peak power density could
be obtained for an oscillation frequency of 0.42 Hz. Since this
frequency is converted by the speed of the linear motor, there
may be some deviation in the result. These conclusions were
verified through a wave-making flume experiment.

CONCLUSIONS

In this study, we have presented a TENG based on a pendulum
plate that absorbs wave forces in contact-sliding mode. This
structure has low cost, high efficiency, and excellent electrical
output performance. The rotor swing and the initial charge
density effect of the open-circuit voltage VOC for open-circuit
conditions were obtained based on the results of a finite element
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calculation and COMSOL electrostatic field simulations. A semi-
physical experimental simulation platform was established to
simulate the swing angle and initial charge density and to allow
us to experimentally evaluate the effect of external factors on the
output performance of the PP-TENG. The results indicate that
the PP-TENG almost reached the rated output at a swing angle
of 45° with a power density of 6.74 mW/m?. The PP-TENG also
demonstrated adaptability to different surface charge densities,
and was used to light up 33 LED bulbs simultaneously. The
exchange charge density of the triboelectric materials used here,
arising from the triboelectric charge exchange, was obtained as
4.73 uC. In this research, we considered only a semi-physical
simulation experiment for the structure of the PP-TENG, which
may show some differences from the actual performance in
a wave environment. In future work, the output performance
of the PP-TENG will be further studied using a wave-making
flume, and will finally be put into operation in a sea test.
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