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Abstract

With the rapid evolution of emerging technologies like artificial intelligence,
Internet of Things, big data, robotics, and novel materials, the landscape of
global ocean science and technology is undergoing significant transformation.
Ocean wave energy stands out as one of the most promising clean and
renewable energy sources. Triboelectric nanogenerators (TENGs) represent a
cutting-edge technology for harnessing such random and ultra-low frequency
energy toward blue energy. A high-performance TENG incorporating a
double-spiral zigzag-origami structure is engineered to achieve continuous
sensing and signal transmission in marine environment. Integrating the
double-spiral origami into the TENG system enables efficient energy har-
vesting from the ocean waves by converting low-frequency wave vibrations
into high-frequency motions. Under the water wave triggering of 0.8 Hz, the
TENG generates a maximum peak power density of 55.4 Wm™>, and a TENG
array with six units can generate an output current of 375.2 uA (density of
468.8 mA m~>). This power-managed TENG array effectively powers a wire-
less water quality detector and transmits signals without an external power
supply. The findings contribute to the development of sustainable and
renewable energy technologies for oceanic applications and open new
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energy harvesting.
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1 | INTRODUCTION

Water quality monitoring plays a vital role in safe-
guarding entire aquatic environments, controlling pol-
lution, and sustaining the health of water ecosystems.!'~!
Traditional methods for nearshore marine water quality
monitoring rely on manual sampling and monitoring.[6]
However, these methods are hindered by complex
weather conditions and sea state environments, necessi-
tating a significant workforce and specialized equipment,
resulting in low efficiency, poor real-time performance,
and limited monitoring coverage. Intelligent ocean sen-
sors have emerged with the progression of the Internet of
Things (IoTs) technology and ocean engineering.!”~'"!
These sensors encompass buoy-based detection, satellite
detection, aerial detection, and unmanned surface
vessel detection, furnishing data support for studying
marine water quality environments and hydrodynamic
characteristics."’ 3] Marine environmental monitoring
entails long durations and challenges in recycling and
replacing batteries.!"*'®! Therefore, there is a pressing
need to develop intelligent sensors with low power
consumption for sustainable monitoring.!'7-2°!

The quest for a self-sustaining power generation
system utilizing renewable energy sources has garnered
significant interests and demands. Ocean wave energy
represents one of the cleanest and most renewable
energy sources, meriting widespread applications.m’zz]
It offers the advantages of abundant reserves and
minimal dependence on surrounding environmental
conditions. However, this energy source remains
untapped mainly due to the resource constraints and lack
of effective energy harvesting technologies. Typically,
ocean waves exhibit low frequencies, rendering conven-
tional electromagnetic generators (EMGs) unsuitable due
to their inefficiency.”>**! Considering the significant
challenges faced by EMGs, including high costs, sus-
ceptibility to corrosion, and low efficiency at low
frequencies, the development of a cost-effective, light-
weight, and efficient technology holds crucial practical
significance for harnessing water wave energy.

Triboelectric nanogenerator (TENG), invented in
2012, has garnered significant attention for its out-
standing performance, indicating its potential to offer
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pathways for designing advanced materials and structures in the field of

blue energy harvesting, double-spiral zigzag-origami structure, ocean sensor, triboelectric
nanogenerator, wireless water quality monitoring

sustainable and clean energy for portable electronic
devices and various sensing technologies by converting
environmental mechanical energy into electrical en-
ergy.>*] The TENG technology, adopting the mecha-
nism of Maxwell's displacement current, has been em-
ployed to harness energy from diverse sources, boasting
high power density, efficiency, and cost-effectiveness.
Relative to the EMG, the TENG demonstrates superior
performance at low frequencies, making it ideal for ultra-
low-frequency wave energy harvesting.!**-**! Numerous
TENG prototypes have been developed to capture water
wave energy efficiently, showcasing the potential of
large-scale blue energy harvesting. However, many
existing TENG devices operate close to the triggering
frequency of water waves, resulting in suboptimal
performance due to the low frequency of water waves.
There is still a long way to realize commercialization at
this stage, and the main problem is that the performance
of TENGs under water waves needs to be further en-
hanced to meet commercial standards.**=¢! Various
strategies, including material selection based on electro-
negativity differences, material functionalization, micro-
structural engineering to enhance surface contact area,
and structural design, have been proposed to improve the
output performance. The material surface modification
by micromachining or chemical methods to construct
micro/nano structures plays a pivotal role in influencing
the electrification properties of materials, thereby
elevating the output performance of TENGs.F’*!
Furthermore, reasonable structural design can optimize
the interaction between the TENG devices and water
waves, enhancing the working effect of TENGs. Our
previous research has introduced an origami structure
to improve performance by amplifying the operating
frequency through a zigzag design. While this zigzag
TENG design offers robustness, durability, and flexibility,
further enhancements are necessary to realize practical
applications of blue energy harvesting. Deepening our
understanding of water wave response mechanisms is
crucial for refining TENG performance and advancing
blue energy utilization.

Herein, a high-performance TENG is presented with
a double-spiral zigzag-origami structure (D-Z-shaped
TENG) for harvesting water wave energy and
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integrated with a set of power management circuits
(PMCs) to manage the output energy. Under the water
wave excitation at 0.8 Hz, the peak power density
reaches 554Wm™> and the average power density
reaches 2.1Wm™> at the matched resistance. A
TENG array consisting of six TENG units can generate an
output current of 375.2uA and a current density of
468.8 mA m™>. Finally, this power-managed TENG array
can effectively power a wireless water quality detector
and transmit signals without an external power supply,
indicating the extensive applications of TENGs toward
blue energy.
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2 | RESULTS AND DISCUSSION

2.1 | Application scenario and structure
of the D-Z-shaped TENG

Underwater sensor networks play a crucial role in
complete military and civilian applications such as ocean
monitoring and resource exploration, which are the first
choices for countries when developing and utilizing
marine resources. As shown in Figure 1A, the TENG
employs a D-Z-shaped structure, meaning that the
networks can harvest energy from water, collect marine
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FIGURE 1 Application scenario and structure of the D-Z-shaped TENG. (A) Concept proposed for applying the D-Z-shaped

TENG in the intelligent ocean. (B) Illustration of the structure for D-Z-shaped TENG, comprising two strips. The TENG is constructed with a

double-spiral zigzag-origami structure, essentially forming a spring. It leverages the contact and separation of the origami layers due to the
fluctuation of the waves to harness wave energy for powering ocean sensors. (C) Schematic diagram of the local part of D-Z-shaped
TENG: one strip is comprised of the FEP layer, Cu layer, Kapton layer, Cu layer, and FEP layer. The other strip is composed of the
nylon layer, Cu layer, Kapton layer, Cu layer, and nylon layer. TENG, triboelectric nanogenerator.
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information, and transmit the sensing signals in water.
As shown in Figure 1B, the structure for the D-Z-shaped
TENG comprises two strips. The double-spiral zigzag-
origami structure in the TENG essentially forms a spring.
It leverages the contact and separation of the origami
layers due to the fluctuation of the waves to harness wave
energy for powering ocean sensors. A detailed schematic
diagram of the D-Z-shaped TENG is shown in Figure 1C.
One strip is comprised of the fluorinated ethylene pro-
pylene (FEP) layer, copper (Cu) layer, Kapton layer, Cu
layer, and FEP layer of 10 um thick and 60 cm long. The
other strip comprises the nylon layer, Cu layer, Kapton
layer, Cu layer, and nylon layer. Square copper electrodes
of 3 X3 cm were printed on both the front and back of
these strips to form the electrodes of the TENG. An FEP
film was attached to both sides of one strip and subjected
to high-voltage polarization to function as the negative
electrode. Conversely, a nylon film was affixed to both
sides of the other strip, serving as the positive electrode.
The two equal-length strips were then folded and glued
together in a simple crease pattern. In this configuration,
the strips were alternately staggered and folded into an
origami structure, creating a spring-like form. This
design eliminates the need for springs, steel shafts, and
other space-consuming components, thereby freeing up
significant space for more extensive multilayered TENGs.
Moreover, the differences between the TENGs based on
the D-Z-shaped and Z-shaped structures are compared
in Supporting Information: Figure S1-S4. This shows
that the D-Z-shaped structure can be more significantly
compressed due to the unique spring structure of the
appropriate stiffness.

2.2 | Electrical measurements of the
D-Z-shaped TENGs

Power generation in a TENG typically occurs through
contact electrification and electrostatic induction phe-
nomena. When triboelectric materials with different
electronegativities come into contact, surface charges are
generated at their interface due to the charging effect.
Upon separation of these materials by an external force,
induced charges are created on the back conductive
electrodes through electrostatic induction. These charges
are transferred across an external load until potential
equilibrium is reached. The schematic working principle
is illustrated in Supporting Information: Figure S5. The
origami length of the TENG device is an essential
parameter for the output performance. The electrical
outputs of the D-Z-shaped TENGs with different lengths
of origami strips under different frequencies are shown
in Figure 2A-C. A linear motor was utilized to drive the
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D-Z-shaped TENGs to perform linear reciprocating
motion for controlling the frequency to reduce variables.
When adjusting the spring origami length from 30 cm to
60 cm and to 90 cm, the voltage of the D-Z-shaped TENG
at 30cm is roughly the maximum for each frequency.
Because at 30 cm, the TENG can contact and separate
more fully, especially under 1.25, 1.5, and 1.75 Hz. The
voltage decrease with increasing the spring origami
length is ascribed to the insufficient contact separation
and the next little increase is because of the increased
contact area (Figure 2A). On the other hand, under dif-
ferent frequencies, the current of the D-Z-shaped TENGs
first increases and then decreases as the spring origami
length increases, as shown in Figure 2B. The current at
60 cm reaches the maximum, which is slightly higher
than that at 30 or 90 cm. Moreover, the trend of trans-
ferred charge is similar to the current, but the charge at
60 cm is much larger than that at 30 cm, as shown in
Figure 2C. As a result, the origami length of 60 cm was
chosen for making the D-Z-shaped TENGs.

To study the other influences of the electrical outputs,
the D-Z-shaped TENGs with an origami length of 60 cm
under different frequencies were measured by the
dynamic torque measurement system which imitates the
swaying of water waves (Figure 2D-F). The output
voltage has nearly no change with the frequency ranging
from 0.25 to 1.75 Hz as presented in Figure 2D. Figure 2E
shows that the output current first increases and then
decreases slightly with increasing frequency. Moreover,
the transferred charge of the TENG changes similarly to
the output current, as shown in Figure 2F. In addition,
different strip connection methods that may have an
impact on the TENG unit outputs have been investigated.
Figure 2G shows that the single strip achieves the max-
imum output voltage under different frequencies com-
pared to the series and parallel connections. This result
can be attributed to the ample space for the single strip to
complete contact and separation. Figure 2H indicates the
output current of the TENG with the origami length of
60 cm under different frequencies can get the highest for
the series connection of the two strips among the three
strip connection methods. What's more, the D-Z-shaped
TENG also achieves the highest transferred charge in the
series connection, as shown in Figure 2I.

Subsequently, the D-Z-shaped TENG's output voltage,
output current, and transferred charge were measured in
real water waves with different frequencies under the
wave height of 14 cm, as shown in Figure 3A-C. As the
wave frequency varies from 0.4 to 1.2Hz, the TENG
outputs first increase and then decrease, leading to
the maximum values of 387.3V, 58.6 uA, and 1.2 uC at
the frequency of 0.8 Hz. The initial boost in output per-
formance with the frequency is due to the accelerated

85U8017 SUOWWIOD AIIID 8|t jdde ay) Aq peusencb 8. oo YO ‘88N JO S9N I0j ARIq1T8UIUQ A8]1M UO (SUORIPUOD-PUR-SLLBI WD A8 | IM" ARe.q 1 jBulU0//SANY) SUORIPUOD Pue SWie | 8y} 88S *[Z0z/0T/Tz] uo Ariq)auluo A8|Im “JO uonmisu| Buileg-sed Aq 9222 T ZWP1/200T 0T/I0p/u0o" A8 |Im A eiq 1 pul|uo//Sdny Wwolj pepeoiumod ‘0 ‘XTir29/2



JIANG ET AL. . [y - 5
Interdisciplinary Materialsy— =11 y—*
(A) (B) (€)
100
8004 [130cm [130cm [130cm
60 cm = = 60 cm 0.91 60 cm
) 90 cm 804 90 cm 90 cm
600+ z ~
s ] 2 60 05 0.6
& £ 3
£ 400+ o o
g | 5 404 g
o 0.3
200 56
0 . . . oL : : - - : T oL : : : : - T
0. 25 0 5 0. 75 1.25 1.5 1.75 025 05 075 1 125 15 175 025 05 075 1 125 15 175
Frequency (Hz) Frequency (Hz) Frequency (Hz)
(D) ——025Hz — 05Hz — 0.75 Hz 1Hz (E) ~——025Hz —05Hz — 0.75Hz 1Hz  (F) ——025Hz — 0.5Hz — 0.75 Hz 1Hz
—1.25Hz 1.5 Hz 1.75 Hz —1.25Hz 1.5 Hz 1.75 Hz —1.25Hz 1.5Hz 1.75 Hz
90 2.0
600+
60 1.6
S 3001 < 30 g 12
3 £ .
‘ o ‘
2 of ‘ € 0] drbebif 5 08 |||
o | 5 = H \ (||
=~ & S A ‘
-300 i -301 4] w‘ M
|1
- 604 0.0 }JL ) I
77 0 10 20 30 40 50 60 70 80 0 20 40 60 80 0 10 20 30 40 50 60 70 80
Time (s) Time (s) Time (s)
(G) [CIsingle [ in series []In parallel (H) o [CIsingle [Minseries []in parallel (I) - [CIsingle [Minseries []in parallel
600 ]
-
500 r 80+ 1.6
= 400 <3. 60+ S 12
g = o
& 3004 ’ ] o
5 401 S 0.8-
> 200+ o o |
100, 20-rﬁ“ 0.4
04 T T T T T T 0 T T T oL - - - - - -
025 05 075 1 125 15 175 025 05 0. 75 125 15 175 025 05 075 1 125 15 175
Frequency (Hz) Frequency (Hz) Frequency (Hz)

FIGURE 2 Electrical measurements of the D-Z-shaped TENGs. (A) Output voltage, (B) output current, and (C) transferred charge of the
D-Z-shaped TENGs with different lengths of origami strips under different frequencies. (D-F) Typical voltage, current, and charge profiles of
the D-Z-shaped TENGs with the origami length of 60 cm under different frequencies. (G) Output voltage, (H) output current, and

(1) transferred charge of the D-Z-shaped TENGs with the origami length of 60 cm for different strip connection methods under different

frequencies. TENGs, triboelectric nanogenerators.

velocity of the copper ball, thereby intensifying the
pressure exerted on the D-Z-shaped TENG. However,
when the wave frequency is higher than 0.8 Hz, the
copper ball can quickly oscillate unstably, and the shorter
vibration period causes the insufficient pressing on the
multilayered TENGs. The optimal frequency is primarily
determined by the entire structure, including the copper
ball and origami within the device. Additionally, the
impact of wave height on the TENG outputs was inves-
tigated, as shown in Figure 3D-F. The output perform-
ance of the D-Z-shaped TENG increases with increasing

the wave height at the optimum frequency of 0.8 Hz. In
essence, larger wave heights enhance the TENG's oper-
ation, whereas slight water waves with small wave
heights fail to fully activate the TENG due to the device
weight, resulting in decreased output performance.
Figure 3G illustrates the typical working states of D-Z-
shaped TENG in water. At the longest origami length
(L =60 mm), the D-Z-shaped TENG achieves the maxi-
mum peak power density of 55.4 W m ™ under the water
wave frequency of 0.8 Hz (Figure 3H). Besides the mag-
nitude of the output peaks, the output frequency is also
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FIGURE 3 Influences of water wave frequencies and heights on the electrical outputs of the D-Z-shaped TENG. (A-C) Electrical output

performance of the D-Z-shaped TENG at different wave frequencies under wave height of 14 cm, including output voltage, output current,
and transferred charge. (D-F) Waveforms of the electrical outputs of the D-Z-shaped TENG at various wave heights, including output
voltage, output current, and transferred charge. (G) Schematic diagram illustrating the working states of the D-Z-shaped TENG.

(H) Peak current, peak power density, and average power density of the D-Z-shaped TENG with respect to the loading resistance under the
wave frequency of 0.8 Hz. (I) Variation of the current under continuous measurements for 10 000 cycles. TENG, triboelectric nanogenerator.

enhanced by the origami spring. The results show that
the D-Z-shaped origami structure can improve the con-
tact force between the triboelectric materials in each
TENG unit and strengthen the reciprocation of the swing
component. Device stability is also essential for energy
harvesting, and Figure 31 shows the excellent stability of
the D-Z-shaped TENG under continuous measurements
for 10 000 cycles in water waves.

The arrangement manner of the units in a TENG
array may influence the electric outputs of the array

because of the water waves' irregular movements. In
detail, Figure 4A,B demonstrates the D-Z-shaped TENG
arrays consisting of six units in horizontal and vertical
configurations. Figure 4C compares the average power
densities of the horizontal array and vertical array using
the D-Z-shaped TENGs under the wave frequency of
0.8 Hz. It indicates that the power densities of the two
arrays of the D-Z-shaped TENGs reach the maximum
values at 10 MQ. What's more, the result also shows that
the horizontal array of D-Z-shaped TENGs can generate a
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FIGURE 4 Electrical output performance of the D-Z-shaped TENG arrays. (A, B) Demonstrations of the D-Z-shaped TENG arrays in
horizontal and vertical configurations. (C) Comparison of average power densities of the horizontal and vertical arrays using the D-Z-shaped
TENGs under the water frequency of 0.8 Hz. (D) Peak current and peak power density of the horizontal TENG array with respect

to the loading resistance under the wave frequency of 0.8 Hz. (E) Peak current and peak power density of the vertical TENG array.

(F, G) Comparison of output performance among the single D-Z-shaped TENG, horizontal array, and vertical array under the water
frequency of 0.8 Hz, including the output current and voltage. (H) Comparison of charging voltage on 150 and 200 uF capacitors with or
without the PMC for the horizontal array and vertical array. (I) Charging voltage on various capacitors for the horizontal D-Z-shaped TENG

array. TENG, triboelectric nanogenerator.

higher average power density than the vertical array.
Figure 4D presents the current and peak power density of
the horizontal TENG array with respect to the load
resistance under the water frequency of 0.8 Hz. It is
apparent that the peak power density first increases
and then decreases, reaching the maximum value of
158Wm™. As shown in Figure 4E, the peak power
density of the vertical array arrives at the maximum
value of 19.2Wm™> at the frequency of 0.8 Hz and the

matched resistance of 1.0 MQ. Moreover, Figure 4F,G
compare the output performance of the single D-Z-
shaped TENG, horizontal array, and vertical array under
the water frequency of 0.8 Hz, including the output
current and voltage. The results present that the vertical
array has a maximum current of 375.2 uA and voltage of
615.9 V. Figure 4H is the comparison graphs of charging
150 and 200 uF capacitors directly or through integration
with the PMCs, exhibiting five times improvement in the
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charging speed. Furthermore, the comparison of charg-
ing voltage to a 3.3 mF capacitor between direct charging
and managed charging are shown for the horizontal
array (Supporting Information: Figure S6) and vertical
array (Supporting Information: Figure S7). Figure 41 and
Supporting Information: Figure S7 show the charging
voltage on various capacitances from 1 to 10 mF for the
D-Z-shaped TENGs with the two different array man-
ners. The curves depict that the charging voltage rapidly
increases and then gradually stabilizes, which is associated
with the capacitance and gets higher for smaller capaci-
tance. The ability of the TENG array to continuously
power devices without the need for an external power
source which highlights its potential to revolutionize blue
energy harvesting and provide a powerful renewable
solution for promoting marine technology. This break-
through paves the way for further innovations in
materials science and structural engineering, which are
expected to increase the efficiency and application
range of energy harvesting technologies in marine en-
vironments and beyond.

2.3 | Application demonstrations
of the D-Z-shaped TENGs

Converting the dispersed mechanical energy in the en-
vironment into an effective and stable energy is the
strongest evidence of energy harvesting capability for
TENG devices. Numerous previous works have demon-
strated that the TENG devices are able to light up liquid
crystal display (LCD) screens of digital thermometers,
but they only complete one-time indication work, due to
limited energy harvesting speed and imperfect power
management circuit. Therefore, the completion of con-
tinuous energy supply and autonomous information
transmission has always been the ultimate goal of self-
powered systems. Aiming at this goal, we designed a set
of PMCs that integrate efficient energy harvesting and
on-demand energy supply, as shown in Figure 5A,B.
Figure 5A shows a system flow chart of D-Z-shaped
TENG for harvesting mechanical energy and providing
stable energy for the wireless sensing unit. In this situ-
ation, many commercial sensors can be driven and
achieve a fully self-powered IoTs sensor node that inte-
grates energy harvesting, data processing, and wireless
signal transmission. First, the D-Z-shaped TENG con-
verts the water wave energy into electrical energy that
will be stored in the buffer capacitor Cj, through the
rectifier circuit. The PMC then completes the voltage
reduction and current elevation and realizes efficient
energy storage in the capacitor C,y. This is the main
function of the M; module. After that, the sufficient
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energy accumulated in Coy, that meets the load demand
is effectively supplied to the load for a certain period
under the control of M, module to complete the function
of information collection and signal transmission. When
there is insufficient energy on the C,,, the M, module
will automatically turn off the energy supply to the load
and restart the energy accumulation.

Figure 5C shows the voltage curves across the Cqy Of
1mF (red curve) and load (blue curve) during the
above-mentioned automatic energy supply period. Under
the excitation of water waves, the digital thermo-
hygrometer intermittently energizes the capacitor Cyy
for three times and transmits real-time signals to the
mobile phone via Bluetooth. The enlarged figure is
shown in Figure 5D. First, the D-Z-shaped TENG charges
the capacitor to power the thermo-hygrometer, and the
thermo-hygrometer is activated but without data trans-
mission. After a few seconds, the mobile phone's
Bluetooth is turned on. At that period, the thermo-
hygrometer collects the temperature and humidity data
and transmits them to the mobile phone. The result
shows that the digital thermo-hygrometer can constantly
work and transmit data after 100s of powering by the
D-Z-shaped TENG, demonstrating its excellent power
supply capability, as shown in Supporting Information:
Video S1.

Besides, as we all know, the power consumption of
the commercial water quality detector (CWQD) is greater
than that of the digital thermo-hygrometer, which makes
it challenging to achieve a constant power supply.
Therefore, an 8 mAh lithium-ion battery was used as an
energy storage unit instead of the C,y to meet the
requirement of such large energy consumption load.
Figure 5E demonstrates the voltage on the lithium-ion
battery and the CWQD. First, the voltage of the lithium-
ion battery charged by the TENG increases slowly, at
which time the voltage at both ends of the CWQD is 0,
that is, the M, is in the off state. After charging for 2000,
when the voltage reaches 3.3V, the power switch is
turned on automatically. Then, the CWQD works and
tests the water quality information, such as the total
dissolved solids (TDS) and pH values. Similarly, the
CWQD transmits the data to the mobile phone when the
Bluetooth is turned on. Supporting Information: Video S2
shows the process of powering the CWQD again by the
D-Z-shaped TENG and transmitting data after 1000 s.
This fully demonstrates the powerful energy harvesting
capability of our TENG device for charging lithium-ion
batteries, and also illustrates the significant advantage of
our self-designed PMCs. However, the limitation of
Bluetooth transmission distance severely hinders the
applications of TENGs in self-powered marine sensor
nodes. Therefore, based on the Zigbee protocol, we
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further designed the wireless water quality detector
(ZWWQD) module. Thanks to the low power consump-
tion of data transmitting by Zigbee wireless transmission
protocol, the power consumptions of our wireless water
quality detector is 33.6 mW. This module can realize the
function of automatic signal transmission after power on
and achieve a longer distance signal transmission (about
100 m). At the same time, we also designed the corre-
sponding remote information display client to display the
received data intuitively. Figure 5F shows the voltage
curves at both ends of the battery and the ZWWQD
during the energy harvesting process. Figure 5G is the
physical diagram of the experiment setup and the display
interface of the client during the experiments. We can
clearly see that the ZWWQD was successfully powered
for four times and transmitted the signals to the remote
client. What's more, Supporting Information: Video S3
shows the experiment of wireless transmission via the
D-Z-shaped TENG in natural water. The TENG suc-
cessfully powers the ZWWQD, and when the voltage
achieves the 3.2V, the Bluetooth is turned on to transmit
data. That means the TENG can continuously power
sensors in the sea without an external power source. It
will significantly promote the development of TENG as
a power source for fully self-powered systems. It is a
milestone for the TENG to successfully charge lithium-
ion batteries under natural water waves and continue
powering water quality detectors and sending signals,
laying a solid foundation for its practical applications.

3 | CONCLUSION

This paper introduces a high-performance TENG based
on a double-spiral zigzag-origami structure for harvesting
water wave energy and integrates it with a set of PMCs to
manage the output energy. Under the water wave ex-
citation at 0.8 Hz, the peak power density reached
554Wm™>, and the average power density reached
21Wm™ at the matched resistance. A TENG array
consisting of six TENG units can generate an output
current of 375.2 uA, and a current density of 468.8 mA
m™>. The development of TENGs utilizing the novel
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double-spiral zigzag-origami structure marks a signifi-
cant advancement in the field of sustainable ocean en-
ergy technologies. This innovative TENG design opti-
mizes energy capturing and supports continuous sensing
and data transmission capabilities essential for modern
oceanography by effectively harnessing the irregular,
low-frequency wave motion energy prevalent in marine
environments. The demonstrated ability of a TENG array
to power devices such as water quality detectors contin-
uously and transmit data for mobile phone without
external electricity underscores its potential to revolu-
tionize blue energy collection, offering a robust, renew-
able solution for promoting ocean technologies. The
existing photovoltaic technology can produce higher
output power, but the effective output energy is limited
due to the shorter sunshine time and working time. At
present stage, the TENGs are expected to hybridize with
the solar panels to establish a comprehensive composite
platform for capturing multiple kinds of energy sources.
This breakthrough paves the way for further innovations
in materials science and structural engineering, which is
promising to enhance the efficiency and application
scope of energy harvesting technologies in marine set-
tings and beyond.

4 | EXPERIMENTAL SECTION

4.1 | Fabrication of the D-Z-shaped
TENG device

First, two strips of Kapton film, each 10 um thick and
60 cm long, were used as the substrate. Square copper
electrodes of 3 X 3 cm were printed on both the front and
back of these strips to form the electrodes of the TENG.
An FEP film was attached to both sides of one strip and
subjected to high-voltage polarization to function as the
negative electrode. Conversely, a nylon film was affixed
to both sides of the other strip, serving as the positive
electrode. The two equal-length strips were then folded
and glued together in a simple crease pattern. In this
configuration, the strips were alternately staggered and
folded into an origami structure, creating a spring-like

FIGURE 5 Application demonstrations of the D-Z-shaped TENG for water wave energy harvesting. (A) A flow chart using the

D-Z-shaped TENG to drive the sensing module and transmit signals wirelessly. (B) Circuit diagram of the output management circuit and
ultra-low power discharge management circuit to power electronic devices. (C) Charging and discharging process of the C,, to power the
thermo-hygrometer by the D-Z-shaped TENG integrated with the two PMC modules. (D) Enlarged charging voltage curve on the C,,; when
the thermo-hygrometer works. (E) Charging and discharging process of the C,, to power the CWQD by the power-managed D-Z-shaped
TENG. (F) Voltage curve on the 8 mAh lithium-ion battery during its charging and discharging process and voltage on the ZWWQD by the
power-managed D-Z-shaped TENG in the water waves. (G) Photograph of the simulation test for realizing wireless transmission via the
D-Z-shaped TENG in the water waves, and the enlarged figure is the computer interface. CWQD, commercial water quality detector;

TENG, triboelectric nanogenerator.
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form. This design eliminates the need for springs, steel
shafts, and other space-consuming components, thereby
freeing up significant space for TENGs.

The D-Z-shaped TENGs used tile cement for sealing
and waterproofing for the water wave energy harvesting.
Part A and part B of tile cement were mixed in the vol-
ume ratio of 1:1 and stirred until well distributed. Finally,
the edge of the acrylic shells was sealed by the mixture.
The conducting wires were connected with the rectifiers
through the holes of the acrylic shell and then connected
in parallel in each TENG unit. The six TENGs were
respectively connected to a full-bridge rectifier and then
connected in parallel.

4.2 | Electric measurements of the
TENG device

The primary electric outputs of the D-Z-shaped TENGs
and TENG array device were measured under the water
waves generated by using a series of wave pumps (rw-20
JEPOWER TECHNOLOGY Inc.) controlled by a function
generator (AFG3011C Tektronix Inc.). The output cur-
rent, transferred charges, and output voltage of the
TENGs were measured by the Keithley 6514 System
Electrometer.
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