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Abstract

Wave energy has the advantages of huge energy storage and high energy flow density, and it is one of the most promising
Marine renewable resources. In this paper, a design method based on swing ship type triboelectric nanogenerator (ST-TENG)
is proposed to collect low-frequency wave energy. This swing ship type TENG (ST-TENG) contains three sets of triboelectric
nanogenerator, consisting of internal and external ship type devices with pasted electrodes and independent rollers. Combined
with the power generation theory of two working modes of free-standing layer and vertical contact separation and COMSOL
electrostatic simulation, the operating principle of the device is clarified. Through the rolling of the roller in the built-in ship and
the swing of the built-in ship, the wave energy can be effectively collected and transformed into electric energy. In addition,
through the comparative experiment, the influence of different influencing factors on the output performance of ST-TENG
is quantitatively analyzed. The experimental results show that for the internal structure parameters, ST-TENG has the best
output capacity in the case of polytetrafiluoroethylene (PTFE) with thickness of 0.3 mm, solid cylinder and adding foam tape.
Under external working conditions, 1.5 Hz is closest to the resonant frequency of the ST-TENG, and the amplitude increases
from 30 mm to 60 mm, which improve the power generation performance. In addition, ST-TENG can illuminate at least 100
LEDs under normal conditions and quickly charge different capacitors to a certain voltage. Therefore, the design of ST-TENG
provides new ideas for large-scale blue energy collection.
© 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In order to solve a series of problems such as environmental pollution, global warming and energy depletion
caused by traditional fossil energy, developing green energy sources, and expanding the supply of new energy
sources have become the common goals of the world [1]. Wave energy has become the focus of the research and
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development of marine renewable resources because of its rich reserves, high energy density, low environmental
impact, high grade, and wide distribution [2]. Conventional wave power generation technology often converts wave
motion into rotating or linear motion by means of switching structures to drive electromagnetic generators for power
generation [3], However, these power generation methods have disadvantages such as high maintenance cost, low
conversion efficiency and cumbersome structure [4—6], Therefore, adopting the new wave energy collection method
has become an important research direction.

Triboelectric Nanogenerator (TENG) was proposed by Professor Wang of Georgia Institute of Technology in
2012 that mechanical energy can be efficiently converted into electrical energy by combining friction electrification
effect with electrostatic induction and output in the form of electrical signals [7—17]. Using the operating principle of
TENG and the design of different structures, scholars at home and abroad have conducted comprehensive research
in the domain of wave energy collection [18-23]. Wang et al. [24] designed a freestanding fully closed rolling
triboelectric nanogenerator, which was able to drive more than 70 light-emitting diodes directly at a duty cycle of
26.5% due to the outstanding charge transfer efficiency of freestanding structure and less friction rolling structure
and commercial thermometers. By optimizing the material and structural design, Cheng et al. [25] improved the
traditional hard contact spherical triboelectric nanogenerator into a soft contact type, thus increasing the maximum
output charge by tenfold due to the increased contact area. Xu et al. [26]proposed a high-power density TENG, which
adopts a tower structure to obtaining low-frequency wave energy in any direction. The TENG unit of the device can
be considered as a current source with high relative load impedance, and the power density augment proportionally
to the augment of parallel units that are not connected to the rectifier. A planar triboelectric nanogenerator network
consisting of spring-loaded tape and triple layered polymer film was designed by Liu et al. [27] to effectively avoid
seawater erosion of transmission lines and tangling between TENG units when collecting wave energy on a large
scale. These studies provide a good reference for wave energy collection techniques.

2. Structure and principle

2.1. ST-TENG basic structure

Combining the operating principle of contact separation and free-standing layer mode TENG, a swing ship type
Triboelectric Nanogenerator (ST-TENG) is proposed in this paper. Fig. 1(a) show that the integral structure of
ST-TENG consists of an internal ship type unit, an external ship type device and separate roller, which includes
three groups of triboelectric nanogenerator (Fig. 1(b)). The first group of triboelectric nanogenerator is a freestanding
structure (F-TENG) including nylon roller with electrodes on the surface, polytetrafluoroethylene (PTFE), aluminum
electrodes, foam tape as well as an internal ship type apparatus made from polylactic acid (PLA) materials. By
rolling the aluminum electrode surface affixed to the inner surface of the built-in ship type device by the nylon
roller acting as an independent moving layer, the potential between the two electrodes on the inner surface of the
built-in ship type device changes periodically, thus generating an inductive current on the external load connecting
the two electrodes. The second and third groups of triboelectric nanogenerator use contact separation structure
(CS-TENG), which includes electrodes pasted on the outer surface of the built-in ship type apparatus, Teflon,
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Fig. 1. (a) Integral structure diagram of ST-TENG; (b) The schematic diagram of ST-TENG internal structure.
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and electrodes pasted on the inner surface of the external ship type apparatus. The principle is that through the
left-right swing of the built-in ship type device, the electrode on the outer surface of the device is contacted and
separated from the PTFE plated with another electrode on the back, so that the electric potential disparity between
the two electrodes is generated, and then the induced current is generated. ST-TENG can effectively collect low-
frequency, irregular wave energy through the rolling of a wave driven roller as well as the swinging of a ship type
device.

2.2. ST-TENG basic structure

Fig. 2 shows the power generation principle of F-TENG. By adding external excitation (such as ocean waves),
the roller scrolls back and forth on the inner surface of the built-in ship type device. After multiple cycles of friction
with PTFE, since PTFE and aluminum are in different electrode sequence, Al and PTFE films have positive and
negative charges respectively, and since the PTFE film is electret, the charge can be retained on its surface for a
long time. As shown in Fig. 2 (a-b), when the roller serving as an independent electrode roll from the left to the
middle, negative charge is sensed on the left electrode, resulting in potential difference on the left and right sides.
In order to balance the electric potential disparity, the external circuit will transfer electrons to generate current,
and as the roller rolls to the right, the current flows from the right electrode to the left electrode. On the contrary,
when the roller rolls from right to left (Fig. 2 (C-D)), The electrons are refluxed and the current flows from the
left electrode to the right electrode. The roller can reciprocate and roll between the left and right electrodes by
excitation to generate alternating current in the external circuit.

Fig. 2. Operating principle of the F-TENG.

The operating principle of the second and third sets of triboelectric nanogenerator (CS-TENGs) is the same.
The second set of examples is used here. As shown in Fig. 3, the external excitation (such as ocean waves) causes
the roller to scroll back and forth on the inner surface of the built-in ship type device and causes the built-in ship
type device to swing left and right as the roller rolls. Similarly, when the outer surface electrodes of the device rub
against the PTFE film for several cycles, PTFE and Al electrodes are negatively and positively charged respectively.
When the built-in ship type device swings from left to right (Fig. 3 (a-b)), PTFE is separated from the aluminum
electrode to balance the electric potential disparity between the two electrodes. Current is generated in the external
circuit and flows from the built-in ship type outer surface electrode to the outer ship type inner surface electrode.
When the built-in ship type device swings from right to left, the opposite current is generated (Fig. 3 (c—d)). The
built-in ship type device can swing left and right by excitation to produced alternating current in the out-of-electrode
circuit.
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()

Fig. 4. Schematic diagram of simulated potential distribution.

2.3. Electrical performance simulation based on COMSOL Multiphysics

Using COMSOL Multiphysics software, the potential distribution of the roller at two induction electrodes in
different motion positions can be calculated by Maxwell’s control equation. As shown in Fig. 4, the electric potential
disparity between the two induction electrodes can be clearly displayed. Due to the existence of electric potential
disparity, electrons are transferred at the positive and negative electrodes through the external circuit, resulting in
current.

3. Experimental results and discussion

An experimental study on the generation characteristics of ST-TENG is conducted by using a linear motor to
simulate the wave driving ST-TENG. Fig. 5 shows the composition diagram of the experimental system based on
linear motor, by setting different acceleration and displacement and thereby controlling driving parameters such as
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Fig. 5. Schematic diagram of experimental system.

frequency and amplitude, the ST-TENG was fixed to a linear motor driver rod to drive the ST-TENG movement.
The effects of different factors on ST-TENG power generation capacity were studied.

3.1. The influence of the dielectric materials on F-TENG output capacity

By controlling the parameters of linear motor to ensure the consistency of external working conditions, the
frequency is set as 2 Hz and the amplitude is 40 mm. Here, 0.08 mm FEP film and PTFE film as well as 0.3 mm
PTFE film are selected. As can be seen from Fig. 6(a), when the thickness is 0.08 mm, the open circuit voltage
of PTFE is slightly higher than FEP because the open circuit voltage depends on the distance between the roller
and the dielectric material and the distance between the two induction electrodes, and the material itself has little
effect on it. Fig. 6(b) and (c) show that the peak short-circuit current of PTFE is 47% higher than that of FEP,
and the short-circuit transfer charge is nearly 30%. This is because PTFE and FEP have different triboelectric
sequence positions and electronegativity, PTFE is easier to lose electrons than FEP. Therefore, the stronger the
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Fig. 6. The variation of F-TENG output signal under different dielectric films (a) Open circuit voltage Voc;(b) short circuit current Ig7;
(c) transferred charge quantity Q.
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transfer charge ability, the higher the output performance. In addition, when the thickness of PTFE increases from
0.08 mm to 0.3 mm, the output electrical signal increases. This is because after the film thickens, it can capture
more friction charges and produce higher output.

3.2. Effect of roller weight on the output performance of F-TENG

After studying the influence of dielectric film on the power generation performance of F-TENG, the influence
of roller weight on the power generation performance of F-TENG is further studied. Select solid and hollow roller
for the experiment. At the same time, 0.3 mm PTFE film is selected with control frequency of 2 Hz and amplitude
of 40 mm. The output performance of solid roller shown in Fig. 7 is much larger than that of hollow roller, among
them, the peak open circuit voltage and peak short-circuit current of the solid roller are more than 2 times higher,
and the peak transfer charge is more than 3 times higher. This is because the weight of the solid roller is large, so
that the Al roller can fully rub and contact with the PTFE film, and the inertia increases the movement speed of
the roller and the charge transfer efficiency, thus the current output increases.
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Fig. 7. The variation of F-TENG output signal under different weight rollers (a) Open circuit voltage Voc; (b) short circuit current Isr; (c)
transferred charge quantity Q.

3.3. Effect of foam tape addition on the output performance of F-TENG

After studying the influence of dielectric material and roller weight on the output performance of F-TENG, in
order to further increase the F-TENG output performance, we can add a layer of foam tape at the bottom of the
two induction electrodes. The other experimental conditions were unchanged, here the solid drum was chosen, and
the dielectric material was chosen to make 3 mm PTFE film, the same control frequency was 2 Hz, the amplitude
was 40 mm, and the results were shown in Fig. 8, The F-TENG peak open voltage increased from 53.09 V to 90.40
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Fig. 8. The variation of F-TENG output signal after adding foam tape (a) Open circuit voltage Voc; (b) short circuit current Is7; (c)
transferred charge quantity Q.
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V (Fig. 8(a)), the peak short-circuit current was essentially unchanged (Fig. 8(b)), and the peak transferred charge
increased from 21.89 NC to 33.17 NC (Fig. 8(c)). This is because the short-circuit current depends on the amount
of charge transfer in unit time, while the addition of foam tape because of its elasticity can increase the friction area
and charge areal density between roller and dielectric material, but it does not affect the charge transfer efficiency,
thus will make the output voltage, and transferred charge increase and will have little effect on the short-circuit
current.

3.4. Effect of foam tape addition on the output performance of F-TENG

The weight of the roller not only affects the output performance of F-TENG, but also has a certain impact on
the output performance of CS-TENG. In order to study the specific impact, under the condition of ensuring the
consistency of other conditions, the electrode width is 7.3 cm, the length is 7.5 cm, the dielectric material is still
PTFE film, and the parameter setting frequency of linear motor is controlled to be 1.5 Hz, and the amplitude is
60 mm, the results of testing the output performance of hollow and solid rollers on CS-TENG are shown in Fig. 9.
When using hollow rollers, the peak open circuit voltage of CS-TENG is 55.85 V, which is 18% lower than the
65.81 V peak open circuit voltage output of solid rollers (Fig. 9(a)). In addition, from Fig. 9(c), when using solid
rollers, the peak transfer charge of CS-TENG increases from 23.18 nc to 34.40nc, which is nearly 50%, This is
because the use of solid roller will make the contact friction of CS-TENG closer and improve the surface density of
charge, which can greatly improve the amount of charge transfer and voltage. It can be seen from Fig. 9(b) that the
current changes little, because the size of CS-TENG current is determined by the swing frequency of the built-in
ship type device, and the roller weight has little effect on the swing frequency.
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Fig. 9. The variation of CS-TENG output signal under different weight rollers (a) Open circuit voltage Voc; (b) short circuit current /g7
(c) transferred charge quantity Q.

3.5. The influence of the frequency on ST-TENG output capacity

After studying the influence of internal structural conditions on the output performance of ST-TENG, the
influence of external conditions on the output performance of ST-TENG is further studied. First, the effect of
frequency on the output performance of ST-TENG is studied. Under the condition of ensuring the same internal
structural conditions, the solid cylinder is selected, 0.3 mm PTFE is used as dielectric film, and foam tape is added
to increase the contact area. When the fixed amplitude is 60 mm, explore the output performance of ST-TENG in
the frequency range of 1-2.5 Hz.

It is found in the experiment that the open circuit voltage of F-TENG is the largest when the frequency is
1.5 Hz, and the peak value can reach 107 V (Fig. 10(a)), and then it decreases at 2 Hz and 2.5 Hz. From the
specific experimental phenomenon, it can be clearly found that when the frequency is 1.5 Hz, the rolling area of
the roller is the largest, so the charge area density increases and the voltage also increases, and it is inferred that
1.5 Hz is close to the resonance frequency of the device. Similarly, when the frequency is close to the resonance
frequency, the amount of transferred charge and short-circuit current also increase at the same time (Fig. 10(b)
and (c)). Currently, the peak amount of transferred charge and peak short-circuit current are 35.91 nc and 1.74 pA
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Fig. 10. The variation of ST-TENG output signal under different frequency working conditions (a) F-TENG Open circuit voltage Voc; (b)
F-TENG short circuit current Is7; (¢) F-TENG transferred charge quantity Q; (d) CS-TENG Open circuit voltage Voc; (e) CS-TENG short
circuit current Ig7; (f) CS-TENG transferred charge quantity Q.

respectively. This is because the charge transfer speed between Al roller and PTFE film increases near the resonance
frequency, resulting in the increase of induced short-circuit current. As can be seen from Fig. 10(d) and (f), in the
case of 2 Hz, the voltage and charge signals are not only relatively stable, but also have high output. This is because
the external frequency increases, the speed of the roller increases, and the swing range of the swing ship type device
will also increase, resulting in the increase of the contact area between the electrode and PTFE. As can be seen
from Fig. 10(e), the short-circuit current of CS-TENG changes little with the change of frequency.

3.6. Effect of amplitude on output performance of ST-TENG

Firstly, the internal structure condition is consistent. Solid roller, dielectric film 0.3 mm PTFE and foam tape
are used to increase output. Because 1.5 Hz is close to resonance frequency, the output signal is not stable at this
frequency. 1 Hz is used to investigate ST-TENG output performance at 30-60 mm amplitude range. Fig. 11(a) and
(c) show that the output voltage and output charge of F-TRNG gradually enhance with increasing amplitude due to
the increased amplitude which increases the area over which the roller rolls, thus increasing the F-TENG voltage
and transfer charge. As shown in Fig. 11(b), the induced short-circuit current increases slightly with increasing
amplitude, which is due to the larger amplitude, the greater inertial acceleration of the roller, thus accelerating
charge transfer and thus increasing short-circuit current. As shown in Fig. 11(d) and (f), the open-circuit voltage
and transfer charge also increase as the amplitude increases from 30 mm to 60 mm, due to the increased amplitude
which increases the swing amplitude of the built-in swing ship, thereby increasing the contact area between the
CS-TENG electrode and the PTFE. Short-circuit current increases first and then remains unchanged (Fig. 11(d))
as the amplitude increases and the roller acceleration increases, thus increasing the swing frequency of the built-in
type swing device and maximizing it at 50 mm.

3.7. Experiments of capacitive charging and lighting

In order to verify the actual power generation capacity of ST-TENG, this paper conducts experimental verification
and analysis at the frequency of 1 Hz and the amplitude of 60 mm. As shown in Fig. 12(a), F-TENG output signal
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can be charged to the capacitor after rectifier rectification, and 3.3 uF and 10 uF capacitors can be charged to
9.26 V and 2.93 V respectively within 180 s (Fig. 12(b)). The CS-TENG output signal is rectified by a rectifier and
charged to the capacitor (Fig. 12(c)). The capacitor can be charged to 11.16 V, 6.75 V, 2.26 V (Fig. 12(d)) for 90 s
with 1 pF, 3.3 uF, and 33 pF capacitors, respectively. After CS-TENG and F-TENG are connected in series, LED
lights are applied and capacitors are charged (Fig. 12(e)). The results show that the device can light at least 100
LED lights (Fig. 12(g)) and can charge 3.3 uF capacitors to 20.91 V within 150 s (Fig. 12(f)). This indicates that
the device has certain output capacity, but because the current is low, the LED lamp cannot reach the maximum
brightness, so it is not possible to capture all the lights that are on. In addition, the stability of the device is the key
to ensure long-term power supply to the sensor. As shown in Fig. 12(h), 3000 cycles are made every other week,
and the signal remains stable after three weeks. The following research can further optimize the device and apply
it to underwater sensor power supply and indicator lights on the sea.

4. Conclusion

Traditional wave energy power generation technology often uses the principle of electromagnetic induction [3,4].
The difference is that based on the basic principle of triboelectric nanogenerator, this paper studies a swing ship
type triboelectric nanogenerator for collecting low-frequency wave energy. Unlike traditional methods [5,6], the
device not only has uncomplicated structure and low safeguard cost, but it is extremely conducive to the collection
of low-frequency wave energy. Combined with experiments, the output electrical signal characteristics of ST-TENG
under different internal structure conditions and external working conditions are studied in this paper. Specific
experiments show that the device has certain output capacity and stability. The conclusions are as follows:

e Firstly, the structure of ST-TENG is analyzed, which showed obvious imparity with other TENGs using a single
working mode for electricity generation [24-26], This paper combines the two working modes of free-standing
layer and vertical contact separation to fully improve the space utilization efficiency. And the feasibility of
using this device to efficiently collect wave energy is demonstrated by the operating principle analysis and
electrostatic field simulation of ST-TENG.
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Fig. 12. (a) Schematic diagram of F-TENG connecting rectifier to charge capacitor; (b) Charging voltage of F-TENG to capacitors with
different capacitors; (c) Schematic diagram of CS-TENG connecting rectifier to charge capacitor; (d) Charging voltage of CS-TENG to
capacitors with different capacitors; (e) Schematic diagram of ST-TENG connecting rectifier to charge capacitor; (f) Charging voltage of
ST-TENG to capacitors with different capacitors; (g) Lighting LED diagram; (h) ST-TENG stability test diagram.

Experiments show that for the internal structure parameters, 0.3 mm PTFE as dielectric film has a strong
output capacity, and the output performance is better than that of hollow roller when using a solid roller. With
the addition of foam tape, the open circuit voltage and transfer charge of ST-TENG increase significantly. For
external working conditions, 1.5 Hz is closest to the resonance frequency of the device, when the output is
the highest, but the signal is unstable. As the amplitude increases from 30 mm to 60 mm, the open circuit
voltage and transfer charge increase continuously, and the short-circuit current increases first and then remains
unchanged.

Charging and lighting experiments show that ST-TENG can charge the capacitor to a certain amount of power
in a short time, and can power up at least 100 LED lights. In addition, the device has strong stability. Therefore,
a new idea is provided for large-scale blue energy collection and practical application.
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