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ABSTRACT

With the growing focus on clean and sustainable energy, ocean currents have emerged as a promising source. Traditional hydraulic turbines
perform poorly in low-velocity ocean currents, limiting efficient energy extraction. This study introduces a novel multi-grating triboelectric
nanogenerator (MG-TENG) that harnesses vortex-induced vibrations for energy harvesting, particularly effective in low-velocity marine envi-
ronments. Our device not only converts ocean current energy into electricity but also measures flow velocity, addressing two critical needs.
Structural improvements to the MG-TENG have boosted its output power by 33.5 times over conventional designs, while durability tests con-
firm its reliability under sustained operation. A new double-cylinder configuration extends the range of measurable velocities from 0.3 to
0.65 m/s, enhancing the device’s versatility. These findings suggest that MG-TENG could serve as both a power supply and a velocity sensor,
presenting an innovative solution for energy harvesting in low-velocity ocean currents.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0250873

I. INTRODUCTION

As global energy demands and environmental concerns grow,
there is increasing interest in renewable energy sources such as ocean,
wind, and solar power.l Ocean energy, unlike other sources, is stable
and less dependent on seasonal or weather variations,” making it ideal
for powering marine observation equipment, ocean platforms, and
other marine devices." © Ocean current energy, a key component of
ocean energy, offers high stability and density, with a global potential
exceeding 5 x 10° MW.” However, traditional ocean current genera-
tors, primarily hydraulic turbines, are inefficient in low-velocity condi-
tions and incur high maintenance costs.”” These systems rely on
mechanical energy transfer through gearboxes, requiring higher startup
velocities that limit their ability to harness energy in slower currents.'”"’
The inefficiency of conventional methods has hindered the broader
adoption of marine renewable energy, highlighting an urgent need for
efficient solutions that can capture energy at low velocities."”

Vortex-induced vibration (VIV) devices have recently emerged as
a promising, cost-effective solution for low-velocity ocean current
energy generation.'” These devices leverage ocean currents to create
vibrations that can be converted into power, offering significant poten-
tial for various applications.'™'” VIV devices are generally classified
into piezoelectric and electromagnetic systems.'” While piezoelectric
devices use materials that generate voltage through deformation,
their effectiveness depends on advances in material technology."’
Alternatively, VIV devices with electromagnetic generators, like the
VIVACE (Vortex-Induced Vibration for Aquatic Clean Energy) series,
deliver a higher power output but require a larger equipment and

. 20,2 . .1
present maintenance challenges.””" Their adaptability to underwater
environments also remains an area of ongoing research and
development.

Triboelectric nanogenerators (TENGs) offer a compelling alter-
native for marine energy harvesting, particularly in low-frequency,
low-velocity ocean conditions.”” TENGs, owing to their suitability for

Phys. Fluids 37, 027133 (2025); doi: 10.1063/5.0250873
© Author(s) 2025

37, 027133-1

€€:21'8l G20z Aenigad gz


https://doi.org/10.1063/5.0250873
https://doi.org/10.1063/5.0250873
https://www.pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0250873
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0250873&domain=pdf&date_stamp=2025-02-07
https://orcid.org/0000-0003-1054-088X
https://orcid.org/0009-0008-9875-0075
https://orcid.org/0000-0002-7137-4160
https://orcid.org/0009-0004-5843-4415
https://orcid.org/0000-0002-5096-4436
https://orcid.org/0000-0003-1147-4263
mailto:songchenlu@zjou.edu.cn
mailto:changqing.jiang@uni-due.de
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1063/5.0250873
pubs.aip.org/aip/phf

Physics of Fluids

low-frequency energy sources, have been widely studied and applied
across fields, including measurement systems,z‘;‘24 renewable
energy,”” environmental monitoring,””** and wearable devices.””*’
Additionally, their structural flexibility may support various marine
applications, such as powering microsensors deployed in ocean envi-
ronments.” Among different TENG configurations, the multi-grating
design has shown superior performance compared to other modes,
with further optimizations yielding enhanced power output.”” These
features make TENGs highly effective as self-powered sensors, broad-
ening their utility in environmental monitoring and other sensing
applications.”””’

Building on this background, this study presents a novel nano-
generator for harnessing ocean current energy by utilizing a vortex-
induced vibration (VIV) device as a triboelectric ocean current velocity
sensor (TCVS). The proposed TCVS generates electrical signals corre-
lated with ocean current frequency, allowing it to both measure current
velocity and supply power to various low-power seabed sensors. This
dual capability makes the TCVS uniquely advantageous over tradi-
tional flow meters, which lack power generation, and turbines, which
cannot measure flow speed. The TCVS has potential applications in
powering conductivity, temperature, and depth (CTD) sensors to sup-
port marine research, operating seabed radiation sensors for real-time
monitoring, enabling undersea communications, and wirelessly charg-
ing small autonomous underwater vehicles (AUVs), as illustrated in
Fig. 1. While currently most suited for localized energy supply, future
adaptations could expand its applicability across diverse marine
environments.

Specifically, to enhance the power output, we integrate the VIV
based ocean energy harvester with a multi-grating triboelectric nano-
generator (MG-TENG). Through experimental validation, a strong rela-
tionship was confirmed between the vibration frequency of a cylindrical
oscillator in VIV and ocean current velocity. The harvester’s double-
cylinder, multi-grating design overcomes typical lock-in interval spacing
issues associated with VIV, and structural optimizations improved the
MG-TENG’s output power by approximately 30 times compared to
conventional models. This hybrid system demonstrates substantial
potential as a self-powered ocean current velocity sensor and subsea

2
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micropower source, providing a versatile solution for sustainable energy
harvesting and flow monitoring in marine settings. This paper is orga-
nized as follows: Sec. II describes the experimental methods employed
and Sec. 111 presents and analyzes measured results. Finally, key findings
and future research directions are summarized in Sec. IV.

Il. EXPERIMENTAL DESIGN AND METHODOLOGY

This section provides an overview of the experimental frame-
work, including the operational principles, structural design, and
methodology of the proposed TCVS, which integrates a VIV device
with an MG-TENG for water current velocity measurement and
energy harvesting. First, the section introduces the overall experimen-
tal setup and framework. It then elaborates on the operational princi-
ples of VIV and MG-TENG, focusing on the mechanism of electron
transfer in TENGs. Subsequently, the numerical methods employed to
validate the proposed design are described in detail. Finally, the section
concludes with the results of durability testing for the designed nano-
generator, highlighting its reliability and performance over extended
operation cycles.

A. Overall experimental setup

The experimental setup, illustrated in Fig. 2(a), integrates the
TCVS device, a circulating flume, an oscilloscope for voltage measure-
ment, a flow meter, a displacement meter, and a data-processing
computer. The TCVS device is shown in Fig. 2(b), with its VIV and
MG-TENG components depicted in Fig. 2(c). The cylindrical oscillator
generates vibrations whose frequency corresponds to the water current
velocity. A dual-cylinder oscillator design, with different lock-in inter-
vals, addresses challenges associated with VIV lock-in intervals, ensur-
ing a clear correlation between vibration signals and water velocity. The
structural design of the water energy harvesting component, as shown
in Fig. 2(d), enables continuous vibration in the water current, produc-
ing a reliable motion signal. Figure 2(e) displays the physical setup of
the circulating flume, completing the experimental configuration.

The complete experimental framework is depicted in Fig. 3. The
TCVS generates electric signals through the MG-TENG, which are

l Signal “*
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FIG. 1. Schematic of the proposed triboelectric ocean current velocity sensor and its subsea applications.
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FIG. 2. Schematic and physical diagrams of the experimental platform and components. (a) Schematic diagram of the experimental setup. (b) Physical representation of the
TCVS. (c) Model diagram of the TCVS, highlighting the VIV and the TENG components. (d) Identification of the VIV device components and their labels. (e) Physical illustration

of the circulating flume.

transmitted to a signal acquisition device. These signals are analyzed
using the fast Fourier transform (FFT) technique to extract their domi-
nant frequency f;. The extracted frequency is compared against a refer-
ence, and a polynomial fitting process is applied to determine the
corresponding water current velocity. This approach enables accurate
velocity measurements, particularly in low-velocity conditions.

B. Operational principle of VIV

Vortex-induced vibrations (VIV) occur when a fluid flows past a
bluff body, generating a repeating pattern of vortices in its wake.”*
This oscillation can induce significant structural vibrations, potentially
leading to fatigue and catastrophic failure in engineering systems like
offshore platforms, marine risers, and pipelines.”” Managing VIV is
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FIG. 3. An overview of the designed triboelectric ocean current velocity sensor (TCVS).
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essential to maintaining the structural integrity of these systems, espe-
cially in “lock-in” regions where the frequency of vortex shedding
matches the structure’s natural frequency, resulting in large-amplitude
vibrations.” Recently, attention has shifted from simply mitigating
VIV to harnessing the energy it generates. This has led to applications
in renewable energy, where devices convert mechanical energy from
VIV into electricity. Systems like the VIVACE converter, which cap-
tures energy from marine currents, have demonstrated the potential of
this approach.”’ The mechanism of VIV is illustrated schematically in
Fig. 4. A cylindrical structure, elastically mounted in a current flume,
oscillates transversely under the influence of vortex shedding from a
uniform water flow.

This transverse motion, constrained to a single degree of freedom,
is governed by the classical mass-spring-damper model,

my +cy +ky = Fy, 1)

where m represents the structural mass, k is the stiffness, y, y, and j
denote the position, velocity, and acceleration, respectively, F, is the
fluid-induced force, and ¢ is the equivalent linear damping. The natural
frequency in water is determined using

1k
T2\ m+m,

U
=D
where m, is the added mass due to fluid and U* is the reduced velocity

defined using the flow velocity of U and the cylinder diameter of D.
The total mechanical power P, extracted by the oscillator is

*

S 2

1 (T 1 (T
Pm:—J ij/dt:—J (mj + ¢y + ky)y dt, 3)
T Jo T Jo

where T'is the device’s oscillation period.

C. Operational principle of MG-TENG

The TENG operates based on the principle of electron transfer
between materials with differing electron-donating and electron-
accepting tendencies. When these materials come into contact, elec-
trons transfer from one material to the other. Upon separation due to
an external force, this process creates positive and negative surface
charges and generates an electric potential difference. The resulting
electric field drives electron flow through an external circuit. The

free-surface
ULt L

FIG. 4. Schematic diagram illustrating the operational principle of a VIV device.
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freestanding triboelectric layer in the device can be classified as either
dielectric or metallic, depending on the chosen materials. A schematic
diagram illustrating the operational principles of two different SF-
TENG (sliding-mode freestanding TENG) models is given in Fig. 5.

In both designs, the distance between electrode A and electrode B
is denoted as g. A freestanding dielectric layer, with the same dimen-
sions as electrodes A and B, is positioned on the metallic electrode.
The distance between the bottom surface of the freestanding dielectric
layer and the metal is labeled h, and the width of the structure is w. For
the dielectric-type SE-TENG shown in Fig. 5(a), the freestanding
dielectric layer is composed solely of dielectric material. In contrast,
the metal-type SF-TENG depicted in Fig. 5(b) incorporates a metal
film deposited on the backside of the freestanding dielectric layer.
Assuming a small segment dk of the dielectric layer’s bottom surface
contains a frictional charge with a surface charge density of —a, the
total charge on electrodes A and B can be expressed as —owdk in a
short-circuit scenario. From this, the total charge on electrodes A and
B, the charge transfer through the load, and the short-circuit current
can be determined through theoretical calculations. Among these, the
energy generation efficiency differs significantly. Previous studies’”
have demonstrated that the TENG model in Fig. 5(b) exhibits a larger
rise and fall of capacitance and a more rapid rise in open-circuit volt-
age during a moving stroke compared to the TENG model in Fig. 5(a).
However, the capacitance and voltage at the end of the stroke are the
same for both models. Notably, the amount of transferred charge at
the end of the stroke is also identical. The primary distinction in the
output performance lies in the variation of the open-circuit voltage
curve. Although limited literature has comparatively analyzed all three
TENG models shown in Figs. 5(a)-5(c), the TENG configuration
depicted in Fig. 5(c) has gained prominence in recent years as an
improved model of the first two.”*” There are two main consider-
ations for this preference: (1) The gap between electrodes A and B in
Figs. 5(a) and 5(b) increases the wear potential of the dielectric layer,
reducing durability. (2) The TENG model in Fig. 5(c) involves two
dielectrics in contact with each other. This configuration can achieve a
larger potential difference between the two dielectrics compared to the
potential difference between the electrodes and dielectrics in Figs. 5(a)
and 5(b). Consequently, the TENG model in Fig. 5(c) can produce a
higher open-circuit voltage, making it a more efficient and durable
option.

A two-grating sliding freestanding dielectric layer TENG is used
to demonstrate the operational principle of multi-grating configura-
tions, as shown in Fig. 5(c). The electrodes, each of length L along the
sliding direction, are spaced g apart. The generator produces AC volt-
age and current by driving the upper slider back and forth. In this
setup, the slider is made of polyamide (PA) and the electrodes are
made of copper. The electrode surfaces are coated in fluorinated ethyl-
ene propylene (FEP). When FEP and PA come into contact and
undergo relative motion, FEP, being more electronegative, gains elec-
trons via charge transfer. This induces equal but opposite charges on
the FEP and PA surfaces, explained as follows:

(1) when the PA slider completely overlaps the left electrode,
negative charges accumulate on the upper surface of the left
electrode;

(ii) as the slider moves rightward, positive charges flow through
the circuit from the right electrode to the left electrode;
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FIG. 5. Schematic of two different SF-TENG (sliding-mode freestanding TENG) models: (a) dielectric SF-TENG model; (b) metal SF-TENG model; and (c) a single work cycle

of a 2-grating TENG.

(iii) ~ when the slider aligns fully with the right electrode, all posi-
tive charges have transferred to the left electrode. This com-
pletes the first half of the cycle;

(iv) the slider then returns to the left electrode, reversing the
motion direction and generating a reverse current in the cir-
cuit. This completes the second half of the cycle.

To verify the correlation between the voltage frequency and the
motion frequency of the designed MG-TENG, numerical simulations
were performed using COMSOL Multiphysics. A 16-grating MG-
TENG configuration was selected to optimize output under low-
amplitude, low-frequency VIV conditions. For example, the results
illustrated in Fig. 6 include three prescribed displacement profiles. Our
simulations confirm that the output voltage frequency is directly pro-
portional to the oscillatory motion frequency of the slider. A strong
correlation between the input motion and the output voltage signal is
established, demonstrating the feasibility of using the TENG’s output
voltage frequency to determine the sliding displacement frequency.

D. Design and testing of the nanogenerator

1. Structural design

The conventional freestanding triboelectric-layer mode MG-
TENG slider comprises a single layer of either metallic or nonmetallic
material, referred to as type A in Fig. 7(a). During the sliding process,
negative charges on the surface of PA fabric are adsorbed by a FEP
film, resulting in positive charges on the PA fabric. Given that the PA
fabric’s area is half that of the FEP film, the positive charge density on
the PA surface is twice that of the negative charge density on the FEP
surface, assuming uniform charge distribution as shown in Fig. 7(b-I).
In the process of reciprocating movement of the slider, the superposi-
tion of positive and negative charges generates alternating electric
fields at the copper electrodes, leading to alternating potential differ-
ences between adjacent electrodes.

2. Performance optimization

Figure 8(a) shows the voltage curve of type A under specific test
conditions: a reciprocating motion period of T = 1.1 s, a motion
amplitude of { = 16 cm, a m = 200 g weight applied as positive pres-
sure, and a FEP film size of 16 x 16 cm. The peak-to-peak voltage

(VP-P) under these conditions is 451 V. To enhance the output, an
aluminum (Al) conductor layer (45 um thick) was added to the back
of the PA fabric (type B in Fig. 7). When the Al conductor and PA
fabric are combined in contact, the electrons are transferred from the
surface of PA fabric to the surface of Al conductor because the Al con-
ductor is more accessible to electrons than PA fabric, as demonstrated
in Fig. 7(c-1).""" When the PA fabric slides on the FEP film, as in
Fig. 7(b-1I), we zoom in and analyze one of the sliders, as in Fig. 7(c-
IT). The FEP film acquires electrons from surface of PA fabric, and
thus, the surface of PA fabric is positively charged, at which point the
upper and lower surfaces of Al conductor generate induced charges in
the electric field of the charge on the FEP film. The copper electrode
under the FEP film obtains a higher potential in this case compared to
the case where no Al conductor is involved. Testing type B under the
same conditions as type A yielded a significant improvement in VP-P
to 1113 V, with enhanced output uniformity as plotted in Fig. 8(b).

When a portion of the PA fabric slides out of the FEP film
[Fig. 7(b-1I)], the potential on the upper surface of Al conductor
increases due to the lack of negative charge on the FEP film. At this
point connecting all Al conductors with a wire (type C in Fig. 7), the
Al conductor with increased potential will transport positive charge to
the others [Figs. 7(b-I1I) and 7(c-III)]. The other Al conductors thus
also increase their potential due to the increase in charge, which is fur-
ther increased at the copper electrode. Under identical test conditions,
type C achieved an impressive VP-P of 1599 V with minimal fluctua-
tions in the peak output as plotted in Fig. 8(c). A comparison of the
total output work reveals that the type B structure’s output was 10.7
times that of type A, while type C delivered 33.5 times the output work
of type A. These results validate the structural optimizations as highly
effective in improving the MG-TENG’s performance.

3. Durability testing

Durability tests were conducted on a 4-grating MG-TENG to
evaluate sustained performance. The test platform, depicted in Fig. 9,
consists of a servo motor driving the electrode plate in a reciprocating
motion. The setup includes a fixed grating plate, adjustable counter-
weights, and connections to various resistive loads. Voltage data were
recorded using an oscilloscope. The test, performed at a frequency of
1 Hz with a 200 g load, demonstrated that after 30 000 cycles, the MG-
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motion at 1.0 Hz.

TENG maintained over 90% of its initial voltage output, indicating
excellent durability as shown in Fig. 10.

Ill. RESULTS AND DISCUSSION
A. Double-cylinder experiments and vibration analysis

The effect of double-cylinder implementation was evaluated by
varying spring stiffness and adding counterweights. These experiments
analyzed the relationship between vibration frequency and water cur-
rent velocity under different flow conditions. To minimize the damp-
ing effect of conventional displacement sensors, a magnetostrictive
displacement sensor was employed to measure absolute displacement.
Displacement signals were acquired and processed over durations of
60-90s, selecting stable 30 s waveforms for analysis. The experimental

oscillator weighed 2755 g, and water current velocities ranged from 0.3
to 0.65 m/s. For example, Fig. 11 illustrates the vibration process with a
period of 0.88 s (i.e,, 1.14 Hz in frequency). Accordingly, displacement
signals were recorded for spring stiffness values of 150 and 200 N/m
for various conditions, as plotted in Fig. 12.

As illustrated in Fig. 13(a), a fast Fourier transform (FFT) analysis
of these signals reveals that vibration frequency increased with water
current velocity. Resonance occurred when the vortex shedding fre-
quency matched the cylinder’s natural frequency. The lock-in interval,
where vibration frequency equaled vortex shedding frequency,
spanned 0.45-0.5 m/s for 200 N/m and 0.5-0.55 m/s for 150 N/m. The
combined results given in Fig. 13(b) allow derivation of the water cur-
rent frequency relationship, which demonstrates linearity between

(@) (b)
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FIG. 7. Schematic diagrams illustrating the structure and charge transfer mechanisms of the MG-TENG during operation. (a) The schematic of a 4-grating TENG with three dis-
tinct slider structures. (b) The charge distribution and transfer processes for the three slider types. (c) Schematic diagram of charge changes inside conductor and dielectric.
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FIG. 8. Voltage curves for three slider types during sliding tests. (a) The results for the conventional structure featuring only PA fabric. (b) The results after incorporating an Al

conductor. (c) The results with the addition of both an Al conductor and connecting wire.

water current velocity and vibration frequency. This ensures distin-
guishable vibration frequencies in the low-velocity range (below
0.65m/s). Measured vibration frequencies ranged from 0.867 to
1.400 Hz, as shown in Fig. 13(c).

B. MG-TENG performance

As shown in Fig. 14(a), the MG-TENG part primarily consists of
three components. The first component is the grating fixed plate,
which is rigidly connected to the cylindrical oscillator. The vertical sec-
tion of this part includes 16 grating plates that contact with the other
components. The second component is the electrode fixed plate, which
is connected to a slide bar and a fixed pulley fixed plate. These three
plates are combined as one unit, as shown in Fig. 14(b). The electrode
fixing plate features four through holes that allow it to be positioned
on the left side. The side facing the grating fixing plate is used for plac-
ing the electrodes and inducing the frictional electric signal. The elec-
trode fixing plate and the fixed pulley fixing plate are positioned in the
middle. By adjusting the weights mounted on the pulleys, the pressure

(2)

Counterweight  Grating plate

) weights
Fixed support J Electrode plate
QJ—E_ I

/g? \ Synchronous belt linear module

”

Load resistance

Oscilloscope

between the plates can be controlled to ensure that the TENG has a
high-power generation efficiency. The combination fixing plate is
placed on the right side. The mechanical structure is kept balanced,
and facilitating pressure between the plates is satisfied for adjustment.
To ensure the recognizability of the electrical output, the power gener-
ation capacity of TCVS under low water current velocity is tested. The
theoretical model encompasses the voltage source model and the elec-
tric current source model, which are sketched in Fig. 14(c). TCVS can
light up the ZJOU character made up of LED beads, as depicted in
Fig. 14(d). In the test, electric currents with load resistances of 10k Q
to 1 G Q are tested by using 16-grating-TENG and weight of 200 g as
positive pressure, and the results are shown in Fig. 15(a).

It can be observed that the TCVS exhibits a pattern where the
power initially reaches its peak and then decreases back to stabilize
under four different water current velocities. This behavior can be
attributed to the varying power models of MG-TENG. When the value
of the external circuit resistance is less than the internal resistance, the
MG-TENG exhibits a voltage source characteristic. The electric current
decreases as the value of the external circuit resistance increases, as

FIG. 9. Schematic and physical representation of the sliding test setup. (a) Schematic diagram illustrating the sliding test mechanism. (b) Physical photograph of the sliding test

apparatus.
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FIG. 10. Durability test results, showing the time series of voltage output after 30 000 cycles.

shown in Fig. 15(b). When the external circuit resistance is equal to
the internal resistance of the MG-TENG, the output power reaches its
maximum. Moreover, when the value of the external circuit resistance
is much larger than the internal resistance, the MG-TENG exhibits an
electric current source characteristic. The electric current remains
small and does not change as the external circuit resistance increases.
Finally, the output power increases with the increase in the external
circuit resistance. The relationship between power output and resis-
tance further confirmed that peak power was achieved under matched
resistance conditions.

C. Power output analysis and capacitor test

The average output power of the 16-grating MG-TENG under
varying loads was further analyzed for different positive pressures
when the water current velocity ranged from 0.3 to 0.6 m/s, as shown

in Fig. 16. The results indicate that the maximum average power at
each pressure occurs within a load range of 500k Q to 1 M Q under all
four water current velocities. After reaching this peak, the average out-
put power decreases and eventually stabilizes. This observation con-
firms earlier analyses, that is the output power reaches its maximum
when the load resistance matches the internal resistance of the MG-
TENG. Furthermore, the output power increases as the applied posi-
tive pressure grows.

To assess the power supply capability of the TCVS in ocean cur-
rent energy harvesting, a low-power thermohydrometer was connected
to the circuit for testing. Since the TCVS generates an alternating volt-
age, its output exhibits significant fluctuations, even after rectification
via a bridge circuit. To address this, a 4700 uF capacitor was added to
the circuit to store the TCVS output. Testing conditions included an 8-
grating configuration, a flow velocity of 0.5 m/s, and a positive pressure
of 400g. During the experiment, the capacitor charged to 1495V

€€:21'8l G20z Aenigad gz

FIG. 11. Vibration process of TCVS with a oscillation period of T = 0.88 s.
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k = 200N/m; and (h) U = 0.65 m/s and k = 200 N/m.
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FIG. 13. Experimental results demonstrating the correlation between water current velocity and device vibration. (a) Main frequency plots of water current velocity for k = 150
and 200 N/m. (b) Selected region (SR) highlighted in the main frequency-water current velocity diagram. (c) Principal frequency diagram showing correlations between water
current velocities of 0.3-0.45 m/s for k = 150 N/m and 0.5-0.65 m/s for k = 200 N/m.
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FIG. 14. Performance of the designed MG-TENG. (a) Schematic diagram of MG-TENG section. (b) The sliding copper part and the sensing electrode. (c) Schematic diagram
of TCVS voltage and current source models for power generation test. (d) Comparison of LED light beads before and after connecting to the circuit.
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before the thermohydrometer was connected to the circuit. A digital
multimeter was used to monitor the capacitor’s charging and discharg-
ing process, and the voltage-time curve is shown in Fig. 17. The data
reveal that the capacitor voltage rose from 0 to 1.495V over 129 s of
charging. Once the thermohydrometer was connected, it operated for
approximately 62s until the voltage dropped to 1.062V. It was
observed that the capacitor recharged to 1.062V within 82s. This
implies that if the capacitor continues charging for an additional 47 s
after reaching 1.062V, the thermohydrometer can operate for 62s. By
repeating this charging and discharging cycle continuously, the ther-
mohydrometer could maintain perpetual operation.

D. Voltage measurement and software interface

Voltage signals were experimentally measured for water current
velocities ranging from 0.3 to 0.6 m/s, in intervals of 0.1 m/s, as shown
in Figs. 18(a)-18(d). The analysis of the voltage’s main frequency, illus-
trated in Fig. 18(e), reveals that it closely corresponds to the main fre-
quency of the displacement signal. To streamline the measurement
process, a custom software application developed using LabVIEW was

employed. This software automatically calculates water current velocity
from the voltage data.

A snapshot of the TCVS water current velocity measurement soft-
ware interface is displayed in Fig. 19(a). On the left side of the interface,
voltage signals induced by two sets of oscillators with differing spring
stiffness values are shown for a water current velocity of 0.37 m/s. The
right side of the interface presents the calculated main frequency of
the voltage signals alongside the derived water current velocity value.
The TCVS device was further evaluated for its performance in measur-
ing water current velocities under five flow conditions (0.3, 0.4, 0.5, 0.6,
and 0.65m/s). Each condition was measured five times, and the results,
including error bars, are presented in Fig. 19(b). Error analysis indicates
that the maximum percentage error for these measurements is = 5%.

These findings confirm the versatility of the TCVS device. It can
function not only as a self-powered water current velocity sensor but
also as a low-power energy source. The TCVS has the potential to pro-
vide energy for various small-scale sensor devices, such as conductiv-
ity-temperature-depth (CTD) instruments, seafloor sediment sensors,
underwater mooring platforms, and underwater batteries, broadening
its applicability in marine environments.
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FIG. 17. Capacitor voltage-time curve during TCVS charging of the 4700 uF capacitor and powering the thermohydrometer.
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IV. CONCLUDING REMARKS

In summary, a triboelectric ocean current velocity sensor (TCVS)
device based on MG-TENG and VIV device has been proposed in this

potential to be able to supply power to various other electronic compo-
nents. The main conclusions are summarized as follows:

study. The experimental results show that TCVS device not only func- * Utilizing the reciprocating motion of the cylinder oscillator to
tions as a self-powered ocean current velocity sensor, but also has the drive the MG-TENG to produce a voltage signal of a specific
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FIG. 19. User interface of velocity measurement software and error analysis. (a) Snapshot of TCVS water current velocity measurement software operating at U = 0.37 m/s.
(b) Measured flow velocity and corresponding error bar graph for five flow conditions using the TCVS.

€€:21'8l G20z Aenigad gz

Phys. Fluids 37, 027133 (2025); doi: 10.1063/5.0250873 37, 02713312
© Author(s) 2025


pubs.aip.org/aip/phf

Physics of Fluids

frequency, the TCVS device can be accurately used to measure
the water current velocity from 0.3 to 0.65 m/s.

* A new multi-grating structure of MG-TENG was developed for
greatly improving the output performance. By using the new
structure, the output power of the MG-TENG is increased up to
33.5 times that of the conventional structure under the same
movement conditions and materials.

* Through the durability test of 30 000 cycles, the MG-TENG used
in this study still possessed a power output performance about
90% of the initial state. This indicates that the MG-TENG used in
this study has some degree of durability potential.

* The output power of the TCVS device behaves differently at dif-
ferent water current velocities, different load resistances, and dif-
ferent positive pressures. The highest output power occurs at a
specific load resistance, and there is a tendency for the output
power to be higher at higher positive pressures and faster water
current velocities.
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