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ABSTRACT: In recent years, harvesting abundant, clean, and renewable wave energy from the ocean has become one of the most promising
ways to obtain electricity. However, themulti-directional nature of waves and the low frequency of themovement pose a current challenge.
We designed and fabricated an all-directional triboelectric nanogenerator (AD-TENG) with a biomimetic snail golden spiral. It consists
of an electric energy collector in the vertical direction and another in the horizontal direction, and mainly operates through the contact
separation method. The AD-TENG converted mechanical energy into electrical energy with the swinging of the pendulum and folding
movements. The spiral structure of AD-TENG can harvest energy in all horizontal directions, and the wiring is simple, requiring only
two positive and negative wires. In a water wave environment, the AD-TENG charged a capacitor of 100µF to a voltage of 3V in 2
minutes, lighting up 150 LED bulbs. The experiment measured the peak-to-peak voltage (Vpp) from 15 different angles and calculated
the error “e” as 4.6%. The multi-degree-of-freedom energy harvesting and adaptability to various water wave motions of the AD-TENG
offer great potential for the development of self-powered marine sensors.

1. INTRODUCTION

Over the past few decades, wind energy and solar energy
have been two important and rapidly developing clean en-

ergy sources. However, solar cell materials cause significant
environmental pollution, and both night and cloudy days can
affect the harvesting and utilization of solar energy. In addition,
the noise generated by wind turbines also has an impact on the
ecological environment and can only operate in specific windy
areas [1–4]. 71% of the Earth’s ocean resources have resulted
in abundant reserves of wave energy, rich energy distribution,
and zero carbon emissions [5]. However, traditional electro-
magnetic generators (EMGs) face many challenges in sea wave
energy exploration in terms of insufficient low-frequency wave
conversion efficiency [6], large volume, and heavy equipment.
Triboelectric nanogenerator (TENG) combines friction

charging with electrostatic induction and uses displacement
current as the driving force, effectively converting various
forms of mechanical energy into electrical energy [7–13].
TENG can effectively harvest water wave energy using vari-
ous low-cost materials such as fluorinated ethylene propylene
(FEP), ethylene-vinyl acetate (EVA), and copper. It has the
advantages of simple structure, high low-frequency conversion
efficiency, and ease of floating on the water surface. TENG
is considered an effective method for harvesting blue energy
[14–18].
From Table 1 (see Supporting Information), it can be seen

that the negative electrode friction material, FEP, has high elec-
tron affinity and is suitable for the use as a flexible material,
which is in line with the surface design of this work. Addi-
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tionally, its good flexibility makes it suitable for reciprocating
stretching movements. The positive electrode friction materi-
als, copper and Al, have very low electron affinity, but Al is
more active and not suitable for welding. In addition, copper
has outstanding ductility and is suitable for the use as a sur-
face material. Besides, EVA is suitable for flexible devices
and has a low cost, and polyethylene terephthalate (PET) has
certain hardness and strength, making it suitable for vertical-
directional elastic materials [19–21].
Lin et al. developed a TENG inspired by a pendulum (P-

TENG), where the pendulum swings back and forth once within
a motion cycle, equivalent to two contact-separation move-
ments, doubling its output frequency and effectively utilizing
water and wind energy [22]. Once an external force triggers P-
TENG, the friction layer of the pendulum will swing back and
forth relative to each other and periodically come into contact
with the slightly striped thin polytetrafluoroethylene (PTFE).
Although P-TENG can increase the output frequency and effec-
tively harvest wave energy, it does not fully utilize the internal
space of the pendulum swing, resulting in a low output effi-
ciency. Ding et al. proposed a multilayered TENG (M-TENG)
spring model based on a folded structure. By having the pendu-
lum moved back and forth and collided with the contact layer,
the folded part is contacted to harvest multi-directional wave
energy using the magnetic-field-assisted TENG (MFA-TENG)
method [23]. Although the internal space utilization of the pen-
dulum has been improved, it can only harvest energy from six
specific angles and cannot achieve full-directional energy har-
vesting. Wen et al. designed and fabricated a TENG with a
biomimetic flower-shaped structure, which can harvest kinetic
energy in six degrees of freedom. The petal part of the TENG
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harvests the kinetic energy of translational motion in the hori-
zontal direction, while the core TENG harvests the kinetic en-
ergy of vertical motion [24]. The biomimetic flower-shaped
TENG cannot harvest kinetic energy in higher degrees of free-
dom. Compared to the pendulum motion, the periodic motion
frequency of the folded TENG is lower.
We proposed a biomimetic snail shell structure, which is an

efficient piezoelectric energy collector. The AD-TENG con-
sists of a horizontal gold spiral structure piezoelectric energy
collector and a vertical folded piezoelectric energy collector. It
can collect energy from all directions (including 360◦ in the
horizontal direction and vertically). Based on the structural
characteristics of the golden spiral line, AD-TENG can fully
utilize the spatial density and maximize the output performance
[25, 26]. The backplate of the horizontal TENG is made of soft
EVAmaterial, which can increase the contact area and soft con-
tact in the bending structure, thereby improving the contact ef-
ficiency between the friction layers. AD-TENG collects me-
chanical energy through the oscillatory motion resulting from
its simple structure, the ability to achieve multi-frequency out-
put, and superior performance [27, 28]. By studying the influ-
ence of the number of spiral layers and weight on the output
energy of the horizontal TENG, a significant improvement in
output energy was achieved. Additionally, the performance of
AD-TENG under different inclination angles was also investi-
gated. By changing the inclination angle, it was demonstrated
that AD-TENG has the ability to collect energy from multiple
directions of wave energy. Finally, we successfully demon-
strated the practical application value of AD-TENG by illumi-
nating LEDs and providing power, and its application prospects
in the marine field.
As can be seen from Table 2 (see Supporting Information),

our work demonstrates significant advantages in the follow-
ing aspects: The ability to harvest energy simultaneously in
both horizontal and vertical directions; a near-zero horizontal
omnidirectional angular resolution, which enables 360◦ energy
collection on the horizontal plane; low cost without complex
manufacturing processes; and a reduced number of electrodes.
While the power density of the AD-TENG is 1.2W/m3, its out-
put performance is relatively average, which indicates that there
is still room for improvement in its power output [29–32].

2. RESULT

2.1. Structural Designs and Fabrications
All directional TENG (AD-TENG) consists of a horizon-
tally 360◦ swinging bouncing chamber and a folded TENG
(Fig. 1(a)). Inspired by the golden spiral of a snail shell
(Fig. 1(b)), the AD-TENG includes multiple layers of snail-
like rotary TENG (SR-TENG), as shown in Fig. 1(c) and two
vertical folded TENGs (VF-TENGs), as illustrated in Fig. 1(d).
The inner layer of the golden spiral of SR-TENG is adhered to
the pendulum. The upper end of the pendulum is fixed to the
upper end of the internal acrylic cylindrical barrel through an
inelastic connecting rod. The structural shape of the pendulum
is conical, wide at the top, narrow at the bottom, and hollow
inside, which can add heavy objects. The SR-TENG is formed

by rotating a single contact-separation unit structure multiple
times to create a TENG with multi-layer contact-separation
functions. Its base is a 1mm thick, 12 cm wide EVA foam
board, with a copper foil electrode (50µm) attached to one
side of the EVA and the other side composed of a copper foil
electrode (50µm) and FEP with a thickness of 50µm bonded
together. The assembled SR-TENG is separately encapsulated
in an acrylic cylindrical container with a diameter of 11 cm,
a height of 20 cm, and a thickness of 1mm. The substrate of
VF-TENG adopts polyethylene terephthalate (PET). Each VF-
TENG has 7 folding units, and each folding unit is composed
of two copper foil electrodes (50µm), each 6 cm long and 4 cm
wide, with FEP film (50µm) covering one side. Then, the
SR-TENG is vertically installed above the VF-TENG, with the
VF-TENG located at the bottom of the container. AD-TENG
and VF-TENG are sealed together in an acrylic cylindrical
barrel with a diameter of 14 cm and a height of 30 cm.
It can be known from Fig. 1(e) that the internal contact sep-

aration unit layer of SR-TENG is similar to the golden spiral
structure of a snail shell, enabling SR-TENG to harvest wave
energy in the horizontal 360◦ direction. Meanwhile, as shown
in Fig. 1(f), the SR-TENG andVF-TENG are vertically fixed as
a whole. It is capable of harvesting the energy in the vertical di-
rection brought by the surging of waves. As shown in Fig. 1(g),
due to the mutual combination of SR-TENG and VF-TENG,
wave energy can be harvested in the 0–180◦ tilt direction.

2.2. Horizontal Working Mechanism and Its Output Perfor-
mance

Under the action of waves, the working process of SR-TENG
shows a unique mechanism, as shown in Fig. 2(a). When the
water wave surges from the right side, the right part of the SR-
TENG is lifted and tilted to the left, and this action drives the
pendulum to swing to the left. During the swinging process
of the pendulum, it successively strikes the contact and sepa-
ration unit layers and eventually hits the inner wall of the con-
tainer, causing the right side of SR-TENG to separate while the
left side comes into contact due to pressure. Due to the heli-
cal curved surface design of the contact separation unit layer
composed of copper foil and FEP, compared with the planar
structure, it can significantly increase the contact separation
area. The working principle of SR-TENG in waves is shown
in Fig. 2(b). When the copper foil is in full contact with FEP
and rubbed against it, the charges of the two materials reach
a saturated state 2(b)(I). At this point, the surface of FEP be-
comes negatively charged due to friction, while the copper foil
becomes positively charged. When water waves flow from
the left side, the left side of the SR-TENG is lifted and tilted
to the right. The pendulum strikes the inner wall of the con-
tainer in the opposite direction, causing the left side to sep-
arate and the right side to come into contact and compress.
The periodic movement of the contact separation layer con-
tinuously repeats the process of “contact-separation”. In the
contact state, as shown in Fig. 2(b)(II), the negative charges
on the FEP surface generate a potential difference between the
two copper foil electrodes through electrostatic induction, pro-
moting the movement of positive charges on the copper foil
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FIGURE 1. (a) AD-TENG structure schematic diagram. (b) Optical image of gold spiral from a snail shell. (c) Optical image of SR-TENG. (d)
Optical image of VF-TENG. (e) Schematic diagram of 360◦ all-directional energy harvesting. (f) Schematic diagram of vertical energy harvesting.
(g) Schematic diagram of 3D omnidirectional energy harvesting.

electrodes. In contact state 2(b)(III), the copper foil and FEP
generate frictional electrification through contact. The surface
of FEP is negatively charged, while the copper foil is posi-
tively charged. When the contact surface separates, as shown
in Fig. 2(b)(IV), the potential difference at the contact surface
gradually decreases, and the charge returns to the original elec-
trode. Therefore, under the induction of water waves, the con-
tact separation layer operates periodically, generating an alter-
nating potential difference with pulse changes between the two
electrodes, thereby converting the energy of water wave oscil-
lation into electrical energy for output through mechanical en-
ergy. To further understand the mechanism of the above power
generation process, COMSOL Multiphysics software based on
finite-element analysis was employed to simulate the potential
distributions of TENG architectures under various operational
states (in Fig. S1a).
Throughout the entire process, the swing of the pendulum

drives the periodic action of the contact separation layer, and
the principles of frictional electrification and electrostatic in-

duction run through it, achieving effective energy conversion.
As shown to improve the output performance of SR-TENG, op-
timization experiments were conducted on the structural param-
eters of SR-TENG. Fig. 2(d) shows SR-TENGs fabricated us-
ing EVA foam board bases with 4, 5, 6, and 7 layers. The Vpp
of SR-TENG was measured, as shown in Fig. 2(e). The results
indicate that the peak voltage (Vp) of SR-TENG fabricated with
a 6-layer EVA foam base reached the maximum value of 92. As
the number of layers increased, the Vpp of SR-TENG gradually
increased.
However, when the number of layers increased to 7, due to

the excessive number of layers in the spiral structure, the in-
ner and outer layers overlapped, and SR-TENG could not fully
achieve contact and separation, which might have an adverse
effect on its output performance. Therefore, the number of lay-
ers in different spatial sizes would change, and the output per-
formance would initially increase with the increase in the num-
ber of layers. However, when themaximum number of overlap-
ping layers in the spiral structure was reached, the output per-
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FIGURE 2. The working principle and output performance of the SR-TENG. (a) The motion process of the SR-TENG under the wave environment.
(b) The working principle of the M-TENG. (c) The voltage situation of SR-TENG is under the influence of different oscillation frequencies. (d)
Different layers of SR-TENGs. (e) The output voltages of SR-TENGs with different layers. (f) SR-TENGs of different weights. (g) Voltage output
of SR-TENGs of different weights. (h) SR-TENGs with different pendulum heights. (i) Voltage output of SR-TENGs with different pendulum
heights. (j) The 360◦ working process of SR-TENGs. (k) SR-TENGs provide a 360◦ voltage output within the working range.

formance of SR-TENG would decrease. In Fig. 2(f), weighted
iron balls were added inside the pendulum to increase the pen-
dulum’s swinging inertia and the impact force on SR-TENG. At
the same time, it could lower the pendulum’s center of gravity,
thereby enhancing the contact and separation between layers
and improving the output performance.
Figure 2(g) shows the test results of the Vpp under different

weights. The experimental data indicate that as the weight in-
creased, the output performance of SR-TENG was improved to
a certain extent. The experimental weight range was between
50 and 250 g. When the weight was 250 g, the Vp of SR-TENG
was 72V. Fig. 2(h) shows the comparison of experimental data
at different heights of the pendulum from the bottom of the SR-

TENG container. The experimental data in Fig. 2(i) indicate
that as the height increased from 1 to 3 cm, the output perfor-
mance of SR-TENG decreased.
Due to the increase in pendulum height, the pendulum fre-

quency increased, and the different layers of SR-TENG could
not fully achieve contact and separation. At the same time,
the increase in the pendulum swing angle also prevented the
pendulum from hitting the layer walls of SR-TENG to com-
plete contact and separation. Compared to other shapes and
structures, previous studies have shown that some existing con-
tainer structures suffer from low space utilization, leaving the
internal space underutilized. Regarding energy harvesting, cer-
tain devices are only capable of harvesting energy from uni-
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FIGURE 3. The working principle and output performance of the VF-TENG. (a) The motion process of the VF-TENG under the wave environment.
(b) The working principle of the VF-TENG. (c) The voltage situation of VF-TENG is under the influence of different layers. (d) The output voltages
of SR-TENGs with different layers. (e) The voltage situation of VF-TENG is under the influence of different oscillation frequencies. (f) The overall
movement direction of AD-TENG. (g) AD-TENG placed at a 30◦ −90◦ angle and moving horizontally. (h) The voltage of AD-TENG is placed at an
angle of 30◦ to 90◦. (i) AD-TENGWater Wave Simulation. (j) Under the simulation of water waves, the voltage outputs of SR-TENG, VF-TENG,
and AD-TENG.

directional movement. Even for devices designed for multi-
directional energy harvesting, their efficiency typically peaks
at specific angles and drops significantly beyond these optimal
angular ranges. As shown in Fig. 2(j), this snail-like golden spi-
ral design can achieve a similar contact and separation change
process at any 360◦ angle in all directions. From the analy-
sis of the mechanism mentioned above, it can be known that
this structure can achieve the maximum energy harvesting ef-
ficiency at any angle in all directions. As observed from the
experimental test diagram in Fig. 2(k), within a 360◦ rotation
plane, the amplitude of Vpp of SR-TENG can be approximately
regarded as a circle. And the full-direction voltage error is

e =
Vmax − Vmin

Vave
× 100% (1)

Here, e represents the offset voltage error, Vmax the maximum
voltage, Vmin the minimum voltage, and Vave the average volt-
age.
The experiment measured the output voltage Vpp from 15

different angles and calculated the error e as 4.6%. This verifies
that SR-TENG can harvest wave energy in arbitrary directions
and has outstanding stability in different output directions.

2.3. Vertical Working Mechanism and Its Output Performance

The AD-TENG is designed to harvest wave energy in a more
comprehensive direction, and two groups of VF-TENGs are
vertically connected to the entire bottom surface of the con-
tainer and the bottom surface of the SR-TENG. The substrate
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FIGURE 4. System’s output performance. (a) The power output and voltage output of SR-TENG at a 0.6Hz oscillation frequency and under different
resistance loads. (b) The power output and voltage output of VF-TENG at a 0.6Hz oscillation frequency and under different resistance loads. (c)
Rectifier circuit capacitor charging diagram. (d) The charging voltage curve of different capacitors.

of the VF-TENG is made of PET material, which has high flex-
ibility and can work like a spring.
The VF-TENG is composed of copper foil and FEP and

achieves contact separation through vertical bouncing and con-
traction to complete the energy harvesting function. Its working
principle is shown in Fig. 3(a). When being subjected to an up-
ward vertical force in Fig. 3(a)(I), the VF-TENG continuously
bounces the AD-TENG. At this time, the copper foil and FEP
film fully contact and separate, and the electrons of the inner
electrode transfer to the FEP film, reaching a saturated charg-
ing state in Fig. 3(b)(I). When the external force disappears in
Fig. 3(a)(II)(III), the VF-TENG is pulled down and contracted
under the gravitational force of the SR-TENG. During this pro-
cess, the negative charges on the FEP surface cause a poten-
tial difference change between the two copper foil electrodes
through electrostatic induction, prompting the positive charges
on the copper foil electrodes to move in Fig. 3(b)(II)(III). At the
same time, the copper foil and FEP generate triboelectricity due
to contact, with the FEP surface carrying a negative charge and
the copper foil carrying a positive charge. Through this verti-
cal bouncing and contracting motion, the VF-TENG achieves
the effect of contact and separation, thus effectively harvesting
wave energy in the vertical direction. Finally, in the separated
state in Fig. 3(a)(IV) and 3(b)(IV), as the potential difference
between the two copper foil electrodes gradually decreases, the
charges return to their original electrodes. Additionally, due
to the induction of water wave motion, the contact-separation
layer of the VF-TENG will periodically contact and separate,
thereby generating pulsed alternating potential changes. The
simulation results show excellent agreement with the aforemen-
tioned working mechanism, providing theoretical validation of
the energy harvesting process (in Fig. S1b).

To improve the output performance of the VF-TENG, op-
timization experiments were conducted on its structural pa-
rameters. Fig. 3(c) shows VF-TENGs made with PET bases
of 5, 6, and 7 layers. The Vpp of the VF-TENG was mea-
sured, as shown in Fig. 3(d). It can be seen from the image
that the VF-TENG made with a 7-layer PET base has the max-
imum peak voltage Vp of 37V. As the number of layers of
the VF-TENG increases, its output performance also increases.
Fig. 3(e) illustrates that the output voltage of VF-TENG varies
with the frequency adjustment. As the frequency increases,
it leads to a shorter oscillation period of the contact separa-
tion of the folded layers and an increased oscillation speed.
Therefore, the contact ability of VF-TENG is enhanced. How-
ever, when the frequency becomes larger, the response speed
of the folded layers may not keep up with the rapid changes in
frequency, thereby affecting the movement of VF-TENG and,
subsequently, the output voltage. At a frequency of 0.8Hz, VF-
TENG can achieve a Vpp of 67V.

2.4. System's Output Performance

As shown in Fig. 3(f), the overall structural schematic diagram
clearly shows the structural layout of SR-TENG and VF-TENG
and the different directional divisions of work, as shown in
Fig. 3(g). In this experiment, AD-TENG was placed at differ-
ent angles of 0◦, 30◦, 60◦, and 90◦, with an interval of 30◦, and
tilted at the same time while applying a lateral horizontal force.
In the experimental test data of Fig. 3(h), it can be seen that the
superimposed output performance of SR-TENG andVF-TENG
changes within the range of 0◦ to 90◦. Since at 0◦ it is approxi-
mately only VF-TENG working, and at 90◦ it is approximately
only SR-TENG working, the measured Vpp varies between 52
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FIGURE 5. Applications of wave energy harvesting. (a) AD-TENG physical picture. (b) AD-TENG Water Working Diagram. (c) Diagram of the
rectifier circuit with the small bulb lit up. (d) Small light bulb on the state image.

and 140V. Fig. 3(i) mainly shows a simple schematic diagram
of the overall motion simulation of AD-TENG being moved
by waves. Fig. 3(j) clearly indicates that AD-TENG can har-
vest wave energy from all directions in the horizontal 360◦ and
vertical directions. Through the experimental data, it can be
seen that the superimposed output performance of SR-TENG
and VF-TENG in the overall movement makes the overall out-
put performance of AD-TENG higher, with Vpp reaching the
maximum value of 162V.
Figures 4(a) and (b) respectively show the trends of the out-

put voltage and peak power of a single SR-TENG and VF-
TENG with the change of the external load resistance. As
shown in Fig. 4(a), under the condition of a frequency of 0.6Hz,
the voltage of SR-TENG increases with the increase of the load
resistance, while the peak power initially increases and then de-
creases. When the matching resistance is set to 10MΩ, the
maximum peak power of SR-TENG is 0.5mW. According to
the test structure in Fig. 4(b), under the condition of a frequency
of 0.6Hz, the voltage output of VF-TENG increases with the in-
crease of the load resistance, and the change in peak power is
that it initially increases and then decreases with the increase
of the load resistance. When the matching resistance is set to
10MΩ, the maximum peak power of VF-TENG is 0.045mW.
Then, as shown in Fig. 4(c), the SR-TENG and VF-TENG

were connected in parallel using an integrated circuit board,
and after rectification through a rectifier bridge, they were con-
nected in parallel with capacitors of 10µF, 22µF, 100µF, and
220µF to test the charging time required to reach 3V for differ-
ent capacitance values. The test results are shown in Fig. 4(d).
The 10µF and 22µF capacitance values reach 3V within 1

minute; the 100µF capacitance value reaches 3Vwithin 2 min-
utes; and the 220µF capacitance value reaches 3V within 6
minutes.

2.5. Applications of Wave Energy Harvesting
Finally, as shown in Fig. 5(a), the SR-TENG, VF-TENG, and
spring were connected and encapsulated in an acrylic cylindri-
cal bucket with a diameter of 15 cm and a height of 30 cm. To
prevent corrosion by seawater, we carried out sealing treatment
on the components. We filled the gaps with waterproof glue and
used acrylic material, which is thick and less prone to cracking.
It has certain resistance to general acid and alkali corrosion. At
the same time, the internal material selects EVA foam with less
light transmittance, which can block the direct sunlight. In ad-
dition, we conducted experiments on the peak voltage output
of AD-TENG in a long-term environment with respect to the
number of movements (in Fig. S2). From the images, it can
be seen that as the number of movements increases, the output
voltage changes little and remains relatively stable. This indi-
cates that the device has good stability in long-term use. As can
be seen in Fig. 5(b), the AD-TENG was applied in a simulated
water wave oscillation environment. The overall structure of
the AD-TENG has very few wirings. Due to the high structural
integrity of the SR-TENG, compared with other TENG struc-
tures, each additional layer of electrode structure requires an
additional wire. However, for the SR-TENG, the increase in
the number of layers does not affect the number of wires, and
only two wires, the negative and positive poles, are needed in
total. As shown in Fig. 5(c), the SR-TENG andVF-TENGwere
connected in parallel using an integrated circuit board, and the
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number of LED bulbs lit after rectification through a rectifier
bridge was tested. As can be seen in Fig. 5(d), the AD-TENG
successfully illuminates 150 LEDs.

3. CONCLUSIONS
In summary, we have designed and fabricated a bionic snail
shell golden spiral TENGwith excellent kinetic energy harvest-
ing performance in both the horizontal and vertical directions.

• The innovative design uses a snail-inspired golden spiral
structure for 360◦ horizontal energy harvesting.

• The system integrates the VF-TENG to achieve energy
harvesting in vertical dimensions.

• The system charges a capacitor to 3V within seconds and
powers 150 LEDs.

• The highly integrated structure features simplified wiring.

• The curved friction layer with soft contact characteristics
maximizes the effective contact area.

• The device achieves efficient energy collection from com-
posite motions within tilt angle ranges.

• The system shows stable output (±4.6% deviation) across
15 angles.

To further enhance the device’s voltage regulation and en-
ergy buffering capabilities, our work will integrate a high-
voltage power management solution specifically optimized for
AD-TENG characteristics, employing a two-stage conversion
topology (high-voltage rectification→ intermediate DC bus→
LDO regulation) to stabilize the pulsed output from 162V to
3.3/5V DC, while incorporating a hybrid energy storage sys-
tem (supercapacitor + lithium-ion capacitor) with automatic
switching via Schottky diodes to buffer intermittent power fluc-
tuations [33]. Meanwhile, the AD-TENG’s modular design and
inherent omnidirectional adaptability make it highly suitable
for scalable ocean energy harvesting networks. Here, we will
provide an overview of themodular array deployment. The cur-
rent compact design allows dense packing in floating arrays.
Parallel interconnection of multiple AD-TENG units could lin-
early amplify power output (e.g., 100 units →∼ 50mW at
0.6Hz), while spatial distribution mitigates wave intermittency.
Meanwhile, by integrating PMIC nodes based on a hierarchical
step-down topology, synchronous power aggregation across ar-
ray units is achieved (as previously mentioned). With further
research and application. The AD-TENG shows great promise
for marine applications through two primary implementations:
(1) as self-powered sensors that can sustain long-term opera-
tion of IoT devices, such as buoys and salinity/temperature sen-
sors, without relying on batteries — demonstrated by its ability
to charge 220µF capacitors within 6 minutes; and (2) as scal-
able arrays for blue energy grids, where its capacity to harvest
multi-directional wave energy can support offshore platforms
and help overcome the intermittency issues associated with tra-
ditional solar and wind energy systems.

4. EXPERIMENTAL SECTION

4.1. Fabrication of the AD-TENG
1. Cut a long strip of EVA substrate with a width of 12 cm

and a thickness of 1mm from the EVA foam board. Then,
install copper electrodes with a thickness of 50µmon both
sides of the substrate and connect these electrodes with
wires for output performance measurement. Additionally,
cover the surface of the copper electrodes with a 50µm
FEP film and fix it firmly to the substrate. By installing
a rotatable EVA foam board, the inner side of the EVA
spiral layer adheres and is fixed to the outer wall of the
pendulum. The pendulum is connected to a large acrylic
cylindrical bucket through a non-elastic connecting rod,
while the outer side of the EVA spiral layer adheres and is
fixed to the inner wall of the acrylic cylindrical bucket with
a diameter of 11 cm and a height of 20 cm. Meanwhile, the
small acrylic cylindrical bucket is connected to the outer
large acrylic cylindrical bucket through a spring.

2. A 5 cm wide and 56 cm long PET strip was cut from the
PET plastic sheet as the base. copper electrodes with a
thickness of 50µmwere installed on both sides of the base.
Wires connected the electrodes to measure the output per-
formance. A 50µm thick FEP film was covered on the
copper electrodes and fixed on the base. The upper and
lower bases were respectively adhered and fixed to the in-
ner and outer walls of two acrylic cylindrical barrels. The
diameter of the large acrylic cylindrical barrel was 15 cm,
and the height was 30 cm.

4.2. Electrical Measurement and Characterization
An experimental system was established to study the working
characteristics of the proposed AD-TENG. A data acquisition
system Keysight InfiniVision 2000 X from Keysight Technolo-
gies, Inc. was used to measure the electrical signals generated
by the AD-TENG through the wires.
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