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ABSTRACT

The most important ocean energy sources are wind energy and water wave energy, both of which are significant to carbon neutrality. Due to
uneven distribution and random movement, the conversion efficiency from the two energies into electrical energy is limited, so the coupling
of them is necessary. However, the current energy harvesting technologies generally target one certain type, or are simple mechanical
coupling. Here, we propose a composite water wave energy harvesting scheme with wind excitation based on triboelectric nanogenerators
(TENGS). A rotation TENG driven by wind is introduced as a pump to inject charges into the main TENG. For the main TENG driven by
water waves, a specially designed charge self-shuttling mode is applied (CSS-TENG). Under the pump excitation, the shuttling charge amount
is increased by 11.8 times, and the peak power density reaches 33.0 W m >, with an average power density of 2.4 W m™>. Furthermore, the
CSS-TENG is expanded into an array by parallel connection, and the practical applications are demonstrated. This work organically couples
the wind and water wave energy in the ocean scene, through the charge pumping and self-shuttling mode, providing a new pathway for the
synergistic development of clean and renewable energy sources.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0225737

I. INTRODUCTION mostly relies on traditional electromagnetic generators, suffering from

8€:1€:10 ¥20T 19qWaAON 90

Nowadays, the extensive consumption of traditional fossil energy
sources has led to a series of problems such as energy storage crises
and ecological environment deterioration, thus the vigorous exploita-
tion of renewable energy sources becomes an important topic for
humanity.' ® Oceans cover over 70% of the earth’s surface, containing
vast amounts of clean and renewable energy, such as tidal energy,’
salinity gradient energy,” solar energy,”'” offshore wind energy,'' "
and water wave energy.”" ' Among them, wind energy and water
wave energy have immense development potentials due to widespread
distribution, abundant reserves, and independence of day-night cycles.
At this stage, the collection of offshore wind and water wave energy

large size, high cost, and low efficiency.'””’ Therefore, developing
more effective energy harvesting technologies is urgently needed.

The triboelectric nanogenerator (TENG), first proposed by Wang
in 2012, has enormous potential applications in many fields.”' *° espe-
cially in collecting distributed low-frequency and high-entropy energy
sources such as wind and water wave energy.” * The working princi-
ple of TENGs is based on triboelectrification and electrostatic induc-
tion, converting mechanical energy into electrical energy by the
Maxwell’s displacement current.”” For traditional TENGs, electrostatic
charges are confined entirely on dielectric surfaces, and the low surface
charge density limits the output power, severely hindering practical
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applications. Previous research mainly focused on structural design,
material selection, and surface modification to overcome this prob-
lem.” " In 2020, Wang first proposed a charge-shuttling TENG,
achieving a high charge density of 1.85 mCm >, exhibiting excellent
output performance in harvesting water wave energy.” However, in
this mode, the charge-shuttling conduction domain is restricted
between the main TENG and the external buffer capacitor, and the
output performance is difficult to improve further."”*" Therefore,
advanced research on the charge-shuttling mode is still required.

In this work, we designed a high-performance charge self-
shuttling TENG (CSS-TENG) for harvesting the water wave energy
based on wind-driven pump excitation, in which the charges excited
by the pump shuttle inside the CSS-TENG group. In this mode, two
symmetrical conduction domains exist due to the mirror flows of the
positive and negative charges. According to different circuit connec-
tions of the two domains, we distinguished two shuttling types, and
compared the outputs, achieving an enhancement of 11.8 times in the
transferred charge. Based on the CSS-TENG excited by the wind-
driven TENG (WD-TENG), an integrated array device with multiple
CSS-TENGs was fabricated to realize the simultaneous harvesting of
ocean wind and water wave energy. The conductive domain is between
two contact-separation TENGs with completely opposite motion states
and variable capacitances, not only expanding the choice of conductive
domains under this mode but also avoiding interference between the
outputs of TENGs with different motion states. Our work provides a
new mode of charge pumping and self-shuttling for TENG devices,
offering a new approach for efficient environmental mechanical energy
harvesting.

Il. RESULTS AND DISCUSSION

A. Structure and working principle of charge self-
shuttling TENG based on pump excitation

Figure 1(a) illustrates the application scenario of the charge self-
shuttling TENG based on pump excitation. The device consists of a
WD-TENG for wind energy collection as the pump TENG and a CSS-
TENG for water wave energy collection as the main TENG. Figure
1(b) provides structural details of the two TENGs. The WD-TENG
primarily comprises fan blades, a steel shaft, a rotor, and a stator. The
rotor is made of an acrylic plate with 8 fan-shaped shallow grooves.
Polytetrafluoroethylene (PTFE) and nylon films are alternately
adhered to the surface of the acrylic plate. Additionally, the stator is
assembled with an acrylic plate as the base, two rows of radial copper
foils as induction electrodes, and eight strips of rabbit furs as the tribo-
electric layer for charge generation. The rabbit furs possess suitable
elasticity and softness, and the soft contact keeps an air gap between
the rotor and the electrodes, where the coupling of non-contact and
soft contact modes can enhance the device durability.

The CSS-TENG, consisting of two external acrylic hemispheres
and two internal multilayered spiral hemispheres with thermoplastic
polyurethane (TPU) substrates, is optimized based on our previous
work. The stiffness coefficient of the TPU substrate is measured to be
48 Nm™ ', behaving like a spring structure capable of storing elastic
potential energy. The bottoms of the two substrates are fixed together
by a 1 mm thick acrylic plate, ensuring they remain centered within
the hemispheres. Two 100 g mass blocks are introduced at the ends of
the substrates to alter the center of gravity and enhance the swinging
motion. Copper electrodes with a fluorinated ethylene propylene (FEP)
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film or a nylon film are attached to the upper and lower surfaces of the
spring-like substrate. Sufficient internal space allows relative motion
between the upper and lower surfaces to facilitate contact and separa-
tion of the TENG units. The manufacturing processes of the WD-TENG
and CSS-TENG are shown in Fig. S1 (supplementary material). The fab-
rication details for the two TENGs are provided in the Experimental
Section.

The circuit diagram of the charge self-shuttling system based on
the pump excitation is illustrated in Fig. 1(c). The system mainly con-
sists of a pump TENG, a main TENG group, a rectifier, and a buffer
capacitor. The main TENG group comprises two TENG units with
completely opposite motion states, forming two quasi-symmetrical
conduction domains (Q" side and the Q™ side). The pump TENG
injects opposite charges into these two domains through a rectifier,
which could withstand high voltage to prevent charge backflow. When
two units of the main TENG group alternately contact and separate,
the capacitance changes result in voltage differences between the elec-
trodes. The unbalanced voltage further drives charges shuttling across
the two loads of the two conduction domains, generating electricity.

The working principle of the main TENG group is illustrated in
Fig. 1(d). For simplicity, only the case of the Q" side is described here,
as the case of the Q™ side is similar. For simplicity, the upper TENG
unit corresponds to the left TENG unit in Fig. 1(c), while the lower
TENG unit corresponds to the right one. When the upper TENG unit
switches to the contacting state, its capacitance increases, causing its
voltage drops. Meanwhile, the right TENG unit is in the separating
state, leading to the capacitance decrease and voltage rises. When the
voltage of the lower unit is higher than the upper unit, charges flow
from bottom to top, passing through the load and output electricity
until the voltage reaches equilibrium. Subsequently, the upper and
lower TENG units reverse movement, and the charges return from top
to bottom. Figure 1(e) depicts the electric potential distributions of the
two TENG units, using the COMSOL software.

The framework of the composite energy harvesting and applica-
tion system is depicted in Fig. 1(f). This system consists of three parts:
a pump TENG, a main TENG group, and a power management circuit
(PMC). The pump TENG and main TENG group are utilized for col-
lecting wind and water wave energy in the environment, integrating
the two energies organically and improving the energy utilization effi-
ciency. Subsequently, the PMC is linked with the device to enhance the
electrical output and drive the effective operation of backend func-
tional circuits. Finally, the power-managed TENG is employed to
power a series of functional circuits, including sensing, display, signal
transmission, and so on.

B. Charge self-shuttling mechanism and performance
enhancement principle

In order to better understand the charge self-shuttling mecha-
nism of the main TENG group, the most basic two-layer contact-sepa-
ration TENGs are employed here. A theoretical model without Zener
diodes was established, as discussed in detail in Note S1 and Fig. S2.
The following equations can briefly describe the TENG outputs:

do X(f) Csdo
+ "
_ do + xl(t) d() + x(t) SSO

Cs
dy| 14+—
0 ( + SS())

Qsc
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FIG. 1. Design and working principle diagram of the device for harvesting marine multi-energy. (a) Conceptual diagram of the pump-excited TENG for coupling the wind energy
and water wave energy harvesting. (b) Schematic structure of the WD-TENG for harvesting wind energy and the CSS-TENG for harvesting water wave energy. (c) Working
mechanism of the CSS-TENG with pump excitation. (d) Charge self-shuttling mode inside the main TENG. (e) COMSOL simulation of the voltage potential distribution of the
main TENG under different state. (f) Framework diagram of the water wave energy harvesting system based on the wind energy excitation.

x(t)

do + x(t)

dO +x1( )+Sbo (dO +x( )

where Qsc is the shuttled charge amount between the two units of
main TENG group under the short-circuit condition, i.e., the short-
circuit charge of the main TENG; Cs is the capacitance of the buffer
capacitor; Vo and Vg are the open-circuit voltage of the main TENG
and the applied pump voltage; d, and S are the effective thickness con-
stant and the area of the dielectric layer; x(f) and x,(#) are the separa-
tion distances for the two units at time #; and ¢, is the permittivity of
vacuum.

Voc = - Vg, (2)

do |1+

Then, we discuss the charge self-shuttling mechanism in two
cases, including the homogeneous charge self-shuttling (HCSS)
and opposite charge self-shuttling (OCSS), as shown in Figs. 2(a)
and 2(b). The HCSS refers to the charge conduction domains
located between the electrodes attached with homogeneous dielec-
tric materials in the two TENGs, while for the OCSS, the charge
conduction domains are between the electrodes attached with het-
erogeneous dielectric materials. Each mode exhibits two symmetric
conduction domains, and the corresponding loads are labeled by
loads A, B and loads C, D. Figures 1(d) and 1(e) are about the
OCSS mode, while the working principle of the HCSS modes is
shown in Fig. S3. To compare the basic output characteristics of
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these two modes, tests were conducted by using a programmable
linear motor at a fixed motion frequency.

First, without the pump TENG, Figs. 2(c) and 2(d) display the
transferred charge and output current of the device in the two modes.
It is obvious that the transferred charge amounts and current magni-
tudes at the symmetric loads of one mode are basically identical. The
enlarged view in Fig. 2(d) demonstrates perfectly mirrored current
curves at the symmetric loads, which is in line with the fundamental
output principle of charge shuttling. Comparing different modes, the
electrical outputs of load D are slightly higher than load B, but the
overall differences are not significant. This indicates that the electrical
output of the CSS-TENG primarily depends on the voltage difference

(a
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EEECECECECN Load B [E=m=m ===l

S
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between the TENG units. When the capacitance difference in the left
and right TENGs is larger, the larger voltage difference will lead to
higher electrical output.

Furthermore, we tested the output performances of the main
TENG group linked with different buffer capacitors. For simplicity,
only one load was selected as the test object for each mode, because the
situation for the other load is similar. The comparisons of the trans-
ferred charge and output current on loads A and C with different
buffer capacitors are shown in Fig. 2(e). Figure S4 presents the specific
raw data. The electrical outputs of loads A and C are basically the
same as the traditional TENG units, illustrating the output enhance-
ment is limited. Therefore, we introduced the WD-TENG as the
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FIG. 2. Working mechanism of the charge self-shuttling mode. (a) and (b) Working diagram of the CS-TENG in the HCSS mode (a) and the OCSS mode (b). (c) and (d)
Transferred charge (c) and output current (d) of the CS-TENG in the two modes. (e) and (f) Comparison of transferred charge and output current on different loads with various
buffer capacitors, before (e) and after (f) pump excitation. (g) Schematic diagram of pump-excited CS-TENG under various buffer capacitors. (h) and (i) Comparison of output
current (h) and transferred charge of the CS-TENG with different excitation times.
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charge pump. The WD-TENG serves as the primary charge source to
provide charges shuttling inside the main TENG group, as schemati-
cally illustrated in Fig. 2(g). Figure 2(f) demonstrates the comparison
of the transferred charge and output current on loads A and C with
WD-TENG pumping. Figure S5 presents the specific raw data. As the
capacitance of the buffer capacitor increases, the output current and
transferred charge both first increase and then decrease, so an optimal
capacitance exists. When the capacitance of buffer capacitor is small,
the excessively high voltage during the TENG separation process
results in partial charges being injected into the dielectric layer.
Consequently, as the capacitance increases, the transferred charge
gradually increases. When the capacitance is too large, the long charg-
ing time causes charge dissipation in the system. Therefore, the most
matching capacitance for the buffer capacitor exists, which is consis-
tent with the derived results in Note S1.

Since the outputs of the TENGs in the two modes are roughly the
same, the OCSS mode was adopted for subsequent experiments. With
the optimal buffer capacitor, we tested the output current and trans-
ferred charge of the CSS-TENG in a period of time, analyzing the
duration of the enhancement effect. As shown in Figs. 2(h) and 2(i),
the output current increases from 16.8 to 142.6 pA, with an enhance-
ment of 7.5 times, while the transferred charge increases from 163.6
nC to 2.1 uC by nearly 11.8 times. Moreover, when the pump TENG
is continuously operating, it pumps a large amount of charges into the
conductive domain of the main TENG group. Even after the pump
TENG stops, the pumped charges do not immediately disappear but
continue to shuttle back and forth in the conductive domain with the
capacitance change at both ends of the TENGs, resulting in energy
outputs in the external circuit. When the pump TENG is stopped for
45 min, the charges eventually dissipate completely due to the energy
loss, and the outputs return to the initial state, which demonstrates the
potential application of the pump-excited charge self-shuttling mode
in practical environments.

C. Output characteristics of WD-TENG and pump-
excited CSS-TENG

The CSS-TENG based on the pump excitation provides a promis-
ing route toward environmental energy harvesting. Here, a high-
performance integrated CSS-TENG device for simultaneous harvesting
ocean wind energy and water wave energy was fabricated. The pump
WD-TENG collects wind energy, while the main CSS-TENG with the
multilayered spiral hemisphere structure collects the water wave
energy. The WD-TENG with high voltage and durability can continu-
ously and steadily pump charges to the conduction domain of the
main TENG group. To reveal the influence of the wind speed, the out-
put current, transferred charge, and output voltage of the WD-TENG
were measured, as shown in Figs. 3(a)-3(c). It can be seen that as the
wind speed increases, the output current increases from 2.0 to 4.5 uA,
because the current is related to the relative velocity between the rotor
and the stator. The output voltage increases from 663 to 952V, while
the transferred charge remains essentially unchanged. The number of
grids is fixed, and the distance between the rotor and the stator is
3 mm, but the rotor is point-fixed to the bearing and is not completely
horizontal due to its gravity, causing the rotor-stator distance to fluc-
tuate around 3mm. As the operating frequency increases, the rota-
tional speed of the rotor increases, causing more pronounced
fluctuations in the rotor-stator distance. This results in enhanced

ARTICLE pubs.aip.org/aip/are

electrostatic induction between the dielectric film in the rotor and the
electrode in the stator, leading to a slight increase in the voltage of
pump TENG. All the results are in line with the basic output character-
istics of TENGs. In order to closely match the real marine environ-
ment, we found that in most oceans around the world, the wind power
density exceeds 50.0 Wm > for 80% of the year. Based on this, we
selected a standard test wind speed of 4.3 ms™" for driving the WD-
TENG (Fig. S6 and Note S2).

Subsequently, we studied the effect of working frequency on the
output performance of a multilayered hemispherical TENG unit (half
of the spherical TENG), at a fixed motion distance of 20 mm. In Figs.
3(d), 3(e), and S7(a), the trends of the output current, transferred
charge, and output voltage are shown as the frequency increases from
0.5 to 2.5 Hz. It is observed that the transferred charge of 586.0 nC and
the output voltage of 344 V remain unchanged, while the output cur-
rent increases from 2.1 to 11.1 pA.

Next, we tested the output performance of the whole spherical
TENG based on the pump-excited CSS mode at the frequency of 1 Hz.
For simplicity, we only demonstrate the electrical outputs of one
domain, as the other domain is similar (Fig. S8). Using Zener diodes to
avoid electrostatic breakdown, the output current, transferred charge,
and output voltage gradually increase with the charge pumping until
saturation, as shown in Figs. 3(f), 3(g), and S7(b). From Fig. 3(g) and
its inset, the transferred charge increases up to 2.5 uC and remains sta-
ble for a long time, exhibiting a 3.3 times increase compared to the tra-
ditional mode. Figure S9 shows that without Zener diodes, the
transferred charge can reach about 4.0 uC, with a peak power density
of 33.0 Wm > and an average power density of 2.4 W m >, indicating
Zener diodes causes some energy loss in the domain.

To further validate the high performance of the CSS-TENG, two
100 uF capacitors were simultaneously charged by two conduction
domains at the frequency of 1Hz, and the charging voltages arrive at
0.22 and 0.23 V within 15 s [Fig. 3(h)], implying that the outputs can
be used for powering electronic devices. Figure S10 illustrates the spe-
cific charging circuit. Then, we compared the charging capability of
one conduction domain with or without the pump excitation, as
shown in Fig. 3(i). In 15 s, the 100 uF capacitor is charged to 0.92V
with the pump TENG, and the stored energy is 16.5 times higher than
the case without the pump TENG. The results indicate that the pump-
excited CSS-TENG device can provide higher outputs for mechanical
energy harvesting.

D. Applications of pump-excited CSS-TENG array for
water wave energy harvesting

To investigate the output performance of the pump-excited CSS-
TENG device in real water waves, the fabricated device was tested in a
simulated wave tank. Before measurements, the device was sealed and
waterproofed with polymer glues to prevent the negative effects of
moisture. The water wave conditions were fixed at the frequency of
0.8 Hz and the height of 9 cm, while the experimental wind speed was
fixed at 4.3 ms~'. An array device consisting of several multilayered
helical TENGs (MH-TENGs) was constructed through the parallel
electrical connection to enhance the water wave energy harvesting
scale, as schematically shown in Fig. 4(a). In the TENG array, we
directly connected the electrodes of TENG units in parallel, and only
the overall final output terminal was connected to a rectifier bridge,
converting the alternating current (AC) into the direct current (DC).
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FIG. 3. Electrical performance of the WD-TENG and the CSS-TENG. (a)—(c) Output current (a), transferred charge (b) and output voltage (c) of the WD-TENG at various wind
speeds. (d)and (e) Output current and (d) transferred charge (e) of the semispherical TENG unit triggered by the linear motor at various frequencies. (f) and (g) Output current
(f) and transferred charge (g) at one output terminal of the CSS-TENG with pump excitation. (h) Voltage curves of two capacitors at the two output terminals charged by the
CSS-TENG simultaneously without pump excitation. (i) Charging voltage curves of a 100 pF capacitor at one output terminal of the CSS-TENG with or without pump excitation.

This method eliminated the need for each TENG unit to be connected
to a rectifier bridge, simplifying the wiring of the array, and reducing
the energy loss.

Then, the influence of the TENG unit number in the array on the
electrical outputs was evaluated, as shown in Figs. 4(b) and 4(c).
Regarding the output current, the peak values gradually increase with
increasing the unit number, reaching 103.2 pA for 4 units. For the
peak voltage, the value remains around 320V, and the signal density
increases due to the parallel connections. Figure 4(d) shows the charg-
ing performance of the TENG array with different unit numbers (the
capacitor is 100 uF). It can be seen that more units result in faster
charging speed, where the 4-unit TENG array can charge the capacitor
t0 0.65V in 15 s. In addition, the resistive output behavior of the CSS-
TENG array was investigated. As presented in Fig. 4(e), the peak
current and voltage, respectively, decreases and increases with the
increasing resistance. The 4-unit CSS-TENG array can deliver a

maximum peak power of 29.1 mW and a maximum average power of
1.4 mW at the matched resistance of 22 MQ [Fig. 4(f)]. The corre-
sponding peak power density is 13.9 W m™> and average power den-
sity is 0.7 Wm ™. Based on this, we can determine that the energy
conversion efficiency of the CSS-TENG array under periodic wave
excitation is 9.11% (Note S3). For each CSS-TENG unit in the array,
the maximum peak power density decreases because of the indirect
perturbation between the multiple units. Then, the 4-unit array is inte-
grated with a PMC, and the typical charging voltage profiles to various
load capacitors from 47 to 1000 uF are shown in Fig. 4(g). Under water
waves, the voltage on the 100 uF capacitor can increase from 0 to
220V in 15 s. The outstanding performance verifies that the integra-
tion of multiple CSS-TENG units is a promising solution for large-
scale water wave energy harvesting.

For practical applications, the CSS-TENG array with the WD-
TENG pump excitation was integrated with a PMC to realize the
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FIG. 4. Output performance of pump-excited CSS-TENG array for water wave energy harvesting. (a) Schematic diagram of the CSS-TENG array with multiple units under the
water wave condition. (b) and (c) Output current (b), output voltage (c) of the CSS-TENG array with different unit numbers. (d) Charging speed comparison of the CSS-TENG
array with different unit numbers. (€) and (f) Peak current and voltage (€), peak power and average power (f) of the 4-unit CSS-TENG array under various load resistances. (g)
Charging voltage profiles of the 4-unit CSS-TENG array with the PMC for various capacitors. The agitation frequency is 0.8 Hz.

simultaneous harvesting of wind and water wave energy toward
ocean-related self-powered systems. Figure 5(a) shows the schematic
diagram of the system containing the pump WD-TENG as the wind
energy collector, the CSS-TENG array as a water wave energy collector,
a full-wave rectifier bridge, a PMC, a backend energy storage element,
and application loads. The rectifier bridge consists of 4 high-voltage
diodes. Here, a PMC based on a buck module is employed, which can
be divided into buck and regulation parts. The voltage-controlled
switch in the buck part is composed of a breakdown diode D; and a
silicon-controlled rectifier (SCR, EC103M1). The positive pole of D is
connected to the gate of the SCR, and a parallel resistor can be chosen
based on the leakage current of D;. The regulation part consists of an
inductor L, a capacitor C,y, and a regular diode D,. When G, is
charged to a voltage greater than the breakdown voltage of D, the cur-
rent on D; triggers the SCR to conduct, until the charges stored in G,
flows into L. In the next stage, the current oscillates through the loop
of L, Coyp and D5, and the voltage on C,,, gradually increases to power
loads.

To demonstrate the capability of the pump-excited CSS-TENG
array as a power source for applications, several examples about the
environmental information detection were conducted. Unless other-
wise stated, the water wave conditions were fixed at a wave frequency
of 0.8 Hz and a wave height of 9 cm. As shown in Fig. 5(b), in order to
meet the power requirements, the TENG array first charges a capacitor
of 1 mF to convert pulse outputs into constant outputs. Once the volt-
age on the capacitor rises to 5.00 V, the switch is on to power the ane-
mometer. Utilizing this constant DC power, the anemometer can
autonomously measure wind speed information and display real-time
values on the LCD screen (Video S1). Figure 5(c) shows the voltage
curve on the capacitor of 2.2 mF to power the humidity and tempera-
ture sensor. When the charging voltage rises to 3.50 V, the humidity
and temperature sensor starts working and detecting the environment
temperature and humidity. The experimental process was recorded in
Video S2. Additionally, the device can keep 240 light-emitting diodes
(LEDs) with the diameter of 10 mm continuously illuminated (Video
S3). The typical voltage curve on the capacitor (3.3 mF) during the
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FIG. 5. Demonstration and applications of the pump-excited CSS-TENG Array. (a) Schematic diagram of the pump-excited CSS-TENG array integrated with the PMC. (b) and
(c) Voltage profiles on the wind speed sensor (b) and the commercial temperature and humidity sensor (c) powered by the CSS-TENG array. (d) and (e) Application demonstra-
tion for the CSS-TENG array powering 240 LEDs (the diameter of one LED is 10 mm). The voltage profile (d) on the LEDs and the photograph (e) of the lighted LEDs are

shown.

charging and discharging process is shown in Fig. 5(d). It can be
observed that the LEDs are lit up when the voltage on the capacitor
reaches 3.50 V. Subsequently, the voltage on the capacitor remains sta-
ble, and the LEDs are constantly illuminated. The above data demon-
strate the feasibility and practicality of the pump-excited CSS-TENG
array for energy harvesting and application in the ocean.

11l. CONCLUSION

In summary, a charge self-shuttling TENG device integrated with
pump excitation was proposed. Unlike previous charge-shuttling
modes between the TENG and external buffer capacitor, the CSS-
TENG has symmetric conduction domains inside the main TENG
group. Not only that, the pump TENG injects more charges into the
CSS-TENG group, improving the output performance. An enhance-
ment of transferred charge by 11.8 times was achieved. Then, the com-
plete device based on the special working mode was constructed for
simultaneously collecting wind and wave energy, with the peak power
density of 33.0 W m > and the average power density of 2.4 Wm >,
Furthermore, several CSS-TENG units were arrayed with simplified
wiring and low energy loss to improve the energy harvesting scale. The
applications of a wind speed sensor, a thermo-hygrometer, and an
LED array were demonstrated. In this work, the wind and water wave
energy harvesting was organically integrated by the pump-excited
CSS-TENG, showing significant practical value in the fields of self-
powered systems and blue energy.

IV. EXPERIMENTAL SECTION
A. Fabrication of devices

Fabrication of the basic contact-separation TENG: Two acrylic
boards were cut into 100 x 100 x 5 mm® using a laser cutting machine
(PLS6.75). A high-density foam (100 x 100 x 3mm?®) was introduced
onto the upper surface of each acrylic board as a cushioning layer. A
30um thick FEP film was attached to a copper electrode
(100 mm x 100 mm X 20 um) on one board. A 25 um thick nylon film
was attached to another copper electrode on the other board.

Fabrication of the spherical CSS-TENG: Initially, two hemispheri-
cal substrates were 3D printed using TPU materials within a spherical
shell. Each substrate has a diameter of 100 mm, a thickness of 3 mm, a
height of 50 mm, and nine spring coils. The physical and mechanical
properties of the S-TPU printed structure are as follows: density of
1.2gcm ™, Shore hardness of 88 A, Poisson’s ratio of 0.45, tensile
strength of 20 MPa, elongation at break of 600%, compressive strength
of 43.5 MPa, compressive modulus of 15.9 MPa, over 50000 bending
cycles, and melting temperature of 160 °C. Then, two 20 ym thick cop-
per foils were then affixed to the upper and lower surfaces of each sub-
strate, applying 30 ym thick FEP films and 25 um thick nylon films as
dielectric layers. The two units were integrated into a 10 cm diameter
sphere inside an acrylic shell, with two mass blocks assembled on top
of each substrate, forming a complete CSS-TENG. To mitigate
humidity-related issues, waterproofing was applied using polymer
glues, ensuring sustained electrical performance over time.
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Fabrication of the WD-TENG: The WD-TENG consists of three
components: a stator, a rotor, and fan blades. The stator was made
from a 5mm thick acrylic circular board with an outer diameter of
100mm and an inner diameter of 10 mm. Radial holes and shallow
grooves, with central angles of 6° and 39°, respectively, were made on
its surface using a laser cutting machine. Copper foil electrodes, with a
thickness of 20 um, were attached to the stator surface, and rabbit furs
were mounted through the holes. The rotor, made from a 3 mm thick
acrylic board with the similar shape, features eight shallow grooves
engraved on its surface with a rotation angle of 45°. PTFE and nylon
films were alternately attached to the rotor surface and cut along the
grooves. The fan blades, designed using SolidWorks software, were 3D
printed with the height of 90 mm and the arc length of 57.5 mm. The
fan blades drive the rotor to rotate through a fixed plate and steel shaft.

B. Electrical characterizations of the devices

The electrical performance of the WD-TENG was measured
under ideal triggering conditions generated by a variable frequency
ducted fan (SE-A200). The wind speed was determined using a stan-
dard anemometer (AS836). The electrical outputs of the spherical
CSS-TENG device were measured under ideal triggering conditions
generated by a linear motor (LINMOT 1100), or under water wave
conditions generated by a standard wave tank as previously reported.
The wave tank includes a wave-making mechanism and rebound wave
absorbers. The output current, transferred charge, output voltage of all
TENGs, and charging voltage curves were measured by a current pre-
amplifier (Keithley 6514 System Electrometer, using a high-voltage
attenuation probe HVP-40).

SUPPLEMENTARY MATERIAL

See the supplementary material data to this article, which can be
found online.
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