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Wave energy is a promising renewable energy source for marine applications. However, its low frequency and
variability pose challenges for efficient energy conversion. This study presents a novel rolling-mode triboelectric
nanogenerator (R-TENG) designed for self-powered wireless ocean monitoring. Configured as an array, the
system can not only enhance spatial coverage and energy robustness but also enable distributed sensing. To guide
the design, hydrodynamic simulations using WAMIT were carried out to evaluate the buoy’s dynamic response in
the frequency domain. The output of the R-TENG was further boosted using an integrated power modulation
strategy. Experimental results showed that a four-unit R-TENG array could charge a 10,000 pF up to 5V in 175 s
at a low frequency of 0.1 Hz and achieve a peak power of 114.3 mW with an optimal load of 5 MQ. A wireless
ocean sensing system was developed, supporting real-time monitoring of pH and temperature. Both forced
motion experiments and nearshore sea trials validated the functionality of the integrated system, from energy
harvesting and sensing to wireless data transmission to an onshore receiver. This work demonstrates a scalable
and durable solution for self-sustained, distributed marine environment monitoring, paving the way for sus-

tainable maritime Internet of Things.

1. Introduction

Wave energy is a clean and renewable ocean energy source, with a
global reserve estimated to be trillions of kilowatts [1]. Compared to
other forms of ocean energy, such as tidal, current, and temperature
difference energy, wave energy offers extensive distribution, good
spatial and temporal predictability, and relatively high energy density.
These characteristics make wave energy particularly well-suited for
powering floating buoys and other small-scale marine monitoring de-
vices through innovative designs [2,3]. Triboelectric nanogenerators
(TENGS), as a novel technology for harvesting high-entropy wave en-
ergy, provide advantages in direct conversion and environmental
adaptability, which can be used to develop cost-effective wave energy
harvesters [4-6].

In recent years, various innovative approaches have been proposed
to improve the energy harvesting performance of TENGs, including
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float-based models [7], turntable configurations [8-10], rolling mode
systems [11-14], bionic-inspired structures [15,16], liquid-solid mode
designs [17,18], as well as optimizations conducted in mechanical
structures [19-21] and materials [22,23]. Despite the great potential of
TENGs, they still face numerous challenges in practical applications. For
example, the power outputs from TENGs under lower frequency or lower
amplitude wave excitations in real ocean conditions are limited in
powering marine equipment [24]. The low friction and smooth move-
ment of the balls in rolling TENGs contribute to good startup charac-
teristics, enabling them to operate effectively even under low-amplitude
motion [25,26]. A grating electrode configuration helps reduce the in-
ternal resistance of TENGs and improves current output by facilitating
charge transfer [27]. The integration of the rolling mode with the
grating electrode design greatly enhances the wave energy harvesting
performance of TENGs [28]. However, the energy harvesting capacity of
a single TENG unit still remains limited.
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Constructing a TENG array provides a way to enhance the overall
wave energy harvesting capability. A distributed buoy array can cover a
broader ocean area, mitigate the energy shortfall impact due to local
energy fluctuations, and strengthen the overall operational robustness
[29]. Moreover, compared to a single TENG-powered buoy that can
monitor only one location, a buoy array can form a distributed sensing
network capable of capturing and reconstructing the spatial distribution
characteristics of ocean parameters [30,31]. In addition, these arrays
can be equipped with various sensors (e.g., pH, temperature) to enable
multi-dimensional monitoring of the marine environment, thereby
broadening their applications in ocean sensing and environmental
assessment.

Extensive studies have been conducted on array designs to improve
both energy conversion efficiency and sensing capabilities [32-35]. For
instance, Liu et al. [36] proposed a 6 x 4 cross-vertical double-layer
electrode array device that facilitates wave prediction. Ouyang et al.
[37] designed a TENG array based on a copper particle-PTFE tube
structure with a power amplification ability. Duan et al. [38] developed
a three-dimensional rolling ball TENG array for large-scale ocean energy
harvesting. In general, scaling up wave energy harvesting through ar-
rays has become a popular trend in future development.

In this work, a buoy array based on a rolling-mode triboelectric
nanogenerator (R-TENG) is proposed. The R-TENG primarily comprises
a PLA shell, rolling PTFE balls, nylon balls, and grating electrodes. The
track-type shell combined with rolling balls enhances the startup capa-
bility of the R-TENG, while grating electrodes effectively reduce the
internal resistance. The use of a ternary dielectric composed of PTFE,
nylon, and copper further improves the TENG’s output performance.
Arranging R-TENGs in an array enables wave energy harvesting over a
broader area. Additionally, different buoys can be equipped with
various sensors to collect more comprehensive ocean data, such as
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temperature and pH, as in this study.

The buoy’s motion was first analyzed and predicted using WAMIT, a
widely recognized frequency domain hydrodynamic analysis software.
In addition, a power modulation strategy was employed to enhance the
charging capability of the R-TENG buoy array in practical applications.
Notably, in the forced motion experiments, the four-unit R-TENG buoy
array delivered a peak power of 114.3 mW and successfully powered
150 LED bulbs. Sea trials further examined its ability to support wireless
sensing of temperature and pH levels. These results demonstrated the
TENG array’s improved energy harvesting performance, expanded
sensing capabilities, and potential as a robust solution in marine IoT.

2. Results and discussions
2.1. Fundamental working mechanism

Fig. la illustrates the application scenario of the R-TENG array.
Subjected to wave-induced oscillatory motion, the R-TENG unit inside
each buoy can convert wave energy into electricity, enabling in-situ
power generation for wireless sensor nodes and supporting real-time
data transmission. Moreover, the array configuration expands the
geographic coverage and supports the spatially resolved monitoring of
oceanographic data.

Fig. 1b presents the detailed structural design of the buoy, which
consists of an outer shell, an internal frame, a power generation module,
and a counterweight. The power generation unit comprises a PLA track
shell, PLA baffles, grid-patterned copper electrodes, PTFE balls, and
nylon balls. The track-type shell design reduces the friction during ball
movement, facilitating operation under low-amplitude wave conditions,
improving durability and enhancing the effective motion of the balls.
Copper foil is affixed to the shell in a grating electrode layout to lower
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Fig. 1. Application scenario, structural design, and working principle of the R-TENG array. (a) Application of the R-TENG array for distributed ocean sensing and
wireless data transmission. (b) Structural design of the buoy and internal configuration of the R-TENG. (c) Illustration of the six degrees of freedom in buoy motion
(d) Working mechanism of the R-TENG based on the rolling motion of dielectric balls within the internal track.
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the internal resistance and increase the capacitance between electrodes,
thereby enhancing electrostatic induction and boosting the current
output of the R-TENG.

Two types of balls, i.e., PTFE and nylon balls, with opposite tribo-
electric polarities, are combined with the copper electrode to form a
ternary dielectric structure, thereby enhancing charge generation and
transfer. As the three materials yield different charge affinities, electrons
migrate from high-energy orbitals to low-energy vacant states upon
contact until potential well equilibrium is achieved. Fig. S1 depicts the
electron cloud potential well model for this ternary dielectric design,
illustrating the charge transfer mechanism behind the three dielectric
materials during surface contact [39].

Based on the design of the R-TENG unit, the motion of the buoy
carrying the R-TENG is also important. A floating buoy typically exhibits
motion in six degrees of freedom, including heave, surge, sway, pitch,
yaw, and roll, as shown in Fig. 1c. The R-TENG design is well-suited for
near-shore wave conditions, primarily harnessing energy from pitch
motion. To predict the buoy’s motion characteristics in waves, a hy-
drodynamic analysis is first conducted. Based on the potential flow
theory, the buoy’s hydrodynamic behavior is assessed. The six DOF
motion amplitudes of a body ¢; can be computed by solving a 6 x 6
linear system [40]:

6
> [ o (My + Ay) + iwBj + Cy | & = Xi €]
j=1

where &; (j = 1, 2,..., 6) is the complex amplitude of the body motion in
the j-th degree-of-freedom (DOF), Mj is the 6 x 6 mass matrix, A; is
the 6 x 6 added mass matrix, Bj is the 6 x 6 radiation damping matrix,
Cj is the 6 x 6 hydrostatic stiffness matrix, X; represents the complex
wave excitation forces. The mass matrix Mj; can be expressed as:
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where m is the body mass and (xg, y,, 2,) are the center of gravity co-
ordinates. The moments of inertia I are defined in terms of the corre-
sponding radii of gyration r; as follows:

Iy = pVry|ry| 3

where p is the water density, and V is the submerged volume. For the
buoy, as both the volume distribution and the mass distribution are
designed to be approximately symmetric with x-axis and y-axis, very
small coupling between roll and pitch will be expected.

The R-TENG operates in the rolling freestanding layer mode, its
output performance under different states can be explained by the
following equation [41]:
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where Jgc is the short circuit charge density, osc is the surface charge
density, t is the time. As the wave frequency and pitch amplitude in-
crease, the speed of the balls inside the R-TENG increases, which in turn
reduce the dt term in Eq. (4). Therefore, the output of the R-TENG will
increase.

Fig. 1d further illustrates the power generation process of the pro-
posed TENG. The R-TENG design uses grating electrodes, with orange
and yellow representing Electrode 1 and Electrode 2, respectively.
Taking Fig. 1d(i) as the initial state, the charge affinity of the three
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materials follows the order PTFE>Cu>Nylon, ensuring that the charge
transfer occurs between PTFE and Nylon via the copper electrode. In this
initial state, the PTFE balls and nylon balls carry equal amounts of
negative and positive charges. When subjected to wave excitation, the
PTFE and nylon balls roll between grating copper electrodes. As they
reach the position shown in Fig. 1d(ii), electrons are transferred through
the grating electrodes via an external circuit, thus generating an induced
current. When the balls continue rolling to the position in Fig. 1d(iii), an
induced current in the opposite direction is generated.

2.2. Buoy hydrodynamic analysis

Based on the above theoretical framework, the response amplitude
operator (RAO) of the floating TENG buoy is analyzed using WAMIT, a
well-recognized hydrodynamic software grounded in potential flow
theory. The RAO reflects the buoy’s response under a unit incident wave
amplitude for a specific degree of freedom. Within the typical range
where no significant nonlinearity occurs, the response (under a single
frequency wave) can be evaluated by simply multiplying the actual
wave amplitude by the RAO at the corresponding wave frequency. Since
the integrated TENG’s motion is driven by the buoy’s movement, the
buoy’s hydrodynamic response provides valuable insights for the design
of the R-TENG. Fig. 2a illustrates the setup of a single buoy, with a
diameter of 0.26 m and a height of 0.7 m.

Fig. 2b-d present the RAO of the buoy with its center of gravity
located 0.16 m above the keel. A linear viscous damping is applied in
both the heave and pitch, with the damping ratio (evaluated empiri-
cally) set at 4.0 % of the critical damping. According to a survey [42],
the effective wave heights in the northern Yellow Sea (e.g., nearshore,
Dalian) typically do not exceed 1.2 m, and the mean wave period in this
region generally ranges from 3 s to 5 s. Therefore, the wave period range
in our analysis is set between 2s and 6 s to capture the conditions
outlined above.

With the increase of the wave period, the heave motion shows only
slight variation, while the surge motion increases noticeably, and the
pitch motion decreases markedly. Both the surge (translation) and pitch
(rotation) motions can be harnessed to capture the wave energy. In
designing the R-TENG, it is crucial to consider the primary working
mechanism, i.e., whether designed in the translational or rotational
mode, as well as the balance between the stability and internal load. In
addition, the pitch angle under the actual sea conditions was evaluated
based on typical wave heights (0.7 m to 1.2 m) and wave periods (3.8 s,
4.0s, and 4.2 s) observed in the northern Yellow Sea. Based on the
analysis, the pitch angle of the buoy is estimated at between 5°-12°.

2.3. Power generation assessment

To evaluate the energy harvesting performance of the R-TENG buoy
array, a test platform was constructed, as shown in Fig. 3a. The setup
consists of a controller, a 3 degree-of-freedom (3-DOF) motion platform,
a desktop multimeter, and a signal monitor. Commands from the con-
troller’s master computer drive the 3-DOF platform to simulate the
buoy’s motion under wave excitations. The 3-DOF platform is actuated
by three electric cylinders, enabling the production of multiple-DOF
motions.

The motors were synchronized to produce the desired motion,
thereby driving the R-TENG to generate electricity. The rectified outputs
from the four-unit R-TENG array were measured, as shown in Fig. 3. It is
worth noting that all the voltages/currents in this figure are the
amplitude of the rectified (DC) output. 0 represents the pitch of the
buoy, and a represents the roll of the buoy. Fig. 3b presents the current
outputs of the four units of R-TENG at a frequency of 0.5 Hz with a pitch
angle of 10°, with all units connected in parallel. As shown in Fig. 3b
(and Fig. S2), the current increases with the number of R-TENG units.
This is because increasing the number of units can effectively improve
the energy capture efficiency. It also can be seen the array configuration
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Fig. 2. Hydrodynamic analysis of the R-TENG buoy. (a) Schematic of a single buoy modeled in WAMIT. (b) Heave versus wave period, (c) Surge versus wave period,

and (d) Pitch versus wave period.

can effectively enhance the energy harvesting performance.

In the rest of the subsection, the four TENG units housed in the buoy
array were basically tested as a whole. Fig. 3c presents the voltage
output of the four-unit R-TENG array at a frequency of 0.5 Hz under
varying pitch angles, ranging from 4° to 12°. Experimental results show
that as the pitch angle increases, the open-circuit voltage of the R-TENG
array rises from 182.47 V to 954.36 V, and the short-circuit current
increases from 34.89 pA to 411.91 pA. This should be attributed to the
fact that a larger pitch angle allows the dielectric balls to roll over a
longer distance, thus enhancing the triboelectric charging effect. The
output of the R-TENG array was then further investigated by increasing
the frequency from 0.2 Hz to 0.6 Hz at a fixed pitch angle of 10°. The
results are plotted in Fig. 3d-e. As the frequency increased, the open-
circuit voltage generated by the four-unit R-TENG array rose from
389.17 V to 1008.63 V, and the short-circuit current from 153.31 pA to
448.56 pA. This enhancement was attributed to the increased excitation
frequency, which accelerated the dielectric balls and enhanced kinetic-
to-electrical energy conversion.

In real sea conditions, the buoy experiences not only pitch motion
but also small-angle rolling motion. Pitch (instead of roll) is the domi-
nating effective motion for the device. To assess the influence of the
small-angle rolling motion on the electrical output of the R-TENG array,
tests were conducted under combined pitch and roll conditions. Fig. 3f-g
present the electrical output at a frequency of 0.5 Hz, with roll angles of
2°, 3°, and 4°, and pitch angles of 6°, 8°, and 10°. The voltage/current
output of the four-unit R-TENG array does not change significantly as
the rolling angle increases, as the internal track in the R-TENG is aligned
with the buoy’s pitch motion. The current and voltage outputs at a pitch
angle of 8° under varying rolling angles and frequencies are shown in
Fig. 3 h and S3. It can be noted that the output of the R-TENG array rises
with increasing frequency and remains relatively consistent across
different rolling angles. Additionally, outputs at different rolling angles
and frequencies for pitch angles of 6° and 10° are presented in Fig. S4.
These results indicate that the output of the R-TENG array is primarily
determined by the buoy’s pitch angle and excitation frequency and is
basically unaffected by small rolling angles.

2.4. Power modulation strategy

To further enhance the energy harvesting and charging performance
of the R-TENG array, effective power modulation strategies (PMS) are

indispensable. Fig. 4a shows the schematic diagram of the power mod-
ulation circuit designed to improve the performance of the R-TENG
array. The system consists of an R-TENG array, a rectifier circuit, a
power modulation circuit, and a load device. The four R-TENG units are
connected in parallel, with each unit individually rectified to minimize
energy loss and enhance charging efficiency. The PMS has a segmented
topology. For most of the time, the storage capacitor at the input end is
decoupled from the filter capacitor at the output end. Once the energy
accumulated in the storage capacitor reaches a threshold, rapid
switching allows the inductor to promptly transfer the stored energy to
the output end. The filter capacitor helps stabilize the voltage output.
This circuit regulates energy storage and release to ensure stable power
delivery to the load. Fig. 4b compares the charging performance of a
6800 pF capacitor with and without PMS at a pitch angle of 10° and a
frequency of 0.5 Hz. The results show a stepwise charging profile with a
significantly higher charging rate when the PMS is applied. In addition,
Fig. 4c demonstrates the charging behavior of a 10,000 pF capacitor at
the same pitch angle of 10° but across different frequencies. Even at a
low frequency of 0.1 Hz, the four-unit R-TENG array can charge a
10,000 pF capacitor to 5V in 175 s.

Charging experiments were also carried out on electrolytic capaci-
tors of 1000 pF, 2200 pF, 3300 pF, 4700 pF, 6800 pF, and 10,000 F, as
well as supercapacitors of 0.1 F, 0.22 F, and 0.47 F, at a pitch angle of
10° and a frequency of 0.5 Hz (as shown in Fig. 4d and S5). The results
show that the four-unit R-TENG array enables fast charging of electro-
lytic capacitors and also exhibits good charging capability for
supercapacitors.

An impedance matching test of the four-unit R-TENG array was
performed, with the results shown in Fig. 4e. It can be found that the
optimal matching resistance is about 5 MQ, which corresponds to a peak
power of 114.3 mW and a RMS power of 21.1 mW. To evaluate the
durability of the R-TENG array in a real marine environment, an
endurance experiment was conducted. Fig. 4f shows the output current
of the four-unit R-TENG array over a continuous three-month period.
While minor fluctuations are observed, the overall performance remains
stable over time. Furthermore, scanning electron microscope (SEM)
images of the PTFE balls, nylon balls, and copper foil were taken before
(Fig. 4f(i)-(iii)) and after long-term operation (Fig. 4f(iv)-(vi)). The im-
ages show minimal surface wear, demonstrating the low-wear advan-
tage of the orbital rolling design and confirming the durability of the R-
TENG array.
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Fig. 3. Electrical performance of the four-unit R-TENG array. (a) Experimental setup for testing the R-TENG array. (b) Rectified output current with different
numbers of R-TENG units. (c) Rectified voltage and current outputs at different pitch angles at a frequency of 0.5 Hz. (d) Rectified voltage and (e) current outputs of
the R-TENG array at different frequencies with a constant pitch angle of 10°. (f, g) Rectified voltage and current of the R-TENG array outputs under varying roll angles
(2°, 3°, 4°) at a frequency of 0.5 Hz and different pitch angles. (h) Influences of different frequencies and rolling angles on the rectified current output of the R-TENG

array at a pitch angle of 8°.

2.5. Application demonstration

This subsection demonstrates the practical application of the R-
TENG array. As shown in Fig. 5a and Supplementary Movie 1, the R-
TENG array can light up 150 LED bulbs connected in series when driven
by the 3-DOF platform operating at 0.5 Hz with a pitch angle of 10°. This
examines the R-TENG array’s potential to power navigational beacons in
maritime environments.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.111318.

Fig. 5b presents the schematic of a wireless sensing system designed
for integration with the buoy and powered by the R-TENG array. The R-
TENG array charges a storage capacitor via the PMS, with energy
managed by the LTC3588 module. The Undervoltage Lockout (UVLO)
function of the LTC3588 module prevents the premature use of energy.
Only when sufficient energy is accumulated, a low-power MCU (STM32)
is activated, which then controls the sensors to measure temperature and
pH levels. The monitored data is wirelessly transmitted via a LoRa
module.

Fig. 5c and Supplementary Movie 2 demonstrate the measurement of
water pH and wireless transmission, with the whole process solely
powered by the R-TENG array in the laboratory environment. Supple-
mentary Movie 2 shows that by switching the pH sensor between

different water samples, the resulting changes in pH values confirm the
sensor’s proper functionality. Fig. 5d and Fig. S6 show the voltage
variation on the capacitor (charged by the four-unit R-TENG array)
during the sensing and wireless transmission process. Additionally, we
repeated the test using a single R-TENG unit, with the results plotted in
Fig. 5d. Compared with the four-unit R-TENG array, it is evident and not
surprising that a single R-TENG takes significantly longer to activate
monitoring and wireless transmission.

The above results indicate that the four R-TENG units can operate
individually or cooperatively. Fig. 5e and Supplementary Movie 3
demonstrate the monitoring of temperature or pH data by each R-TENG
unit (pH: N1, N2; Temperature: N3, N4). N1-N4 represent the four R-
TENG units, respectively. To better demonstrate the transmission of pH
and temperature information, the temperature sensor module is paired
with an 8400pF capacitor, while the pH sensor module is paired with a
6800pF capacitor. In the forced motion experiments, successful wireless
transmission of both water pH and temperature data was achieved,
confirming that the R-TENG units can operate independently, thus
enabling distributed monitoring of ocean data.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.111318.

A photograph of the buoy and the layout of the integrated wireless
sensing and communication system is shown in Fig. 5f (the sensor in the
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the R-TENG array with and without the PMS. (c¢) Charging behavior of a 10,000 pF capacitor by the R-TENG array under different frequencies at a pitch angle of 10°.
(d) Charging performance of 0.1 F, 0.22 F, and 0.47 F supercapacitors using the R-TENG array with the PMS. (e) Output current and peak power of the R-TENG array
as a function of load resistance, showing a peak power of 114.3 mW. (f) The endurance test result showing the current output of the R-TENG array over three
consecutive months. (g) SEM images of PTFE balls, nylon balls, and copper foil before (i-iii) and after (iv-vi) long-term operation, illustrating material durability.

buoy designed is located outside the buoy, below the waterline). Each
buoy was equipped with a single R-TENG unit operating independently.
The buoy is tightly sealed between its upper and lower parts using
sealing rings and anti-loosening screws. It also underwent water tight-
ness testing in the laboratory water tank to ensure its sealing. To
demonstrate the practical application of the R-TENG array, it was tested
in a nearshore sea trial. Two buoys were used to monitor oceanic pH
data (N1, N2), one buoy was used to monitor temperature (N4), and the
fourth buoy (N3) was kept as a backup. During the sea trial, the wireless
data transmission was basically stable. Fig. 5g illustrates the deployment
of the R-TENG array and the onshore receiver during the sea trial. As
shown in Fig. 5h and Supplementary Movie 4, the four-unit R-TENG
array operated individually, successfully detecting in-situ temperature
and pH level and transmitting the data to the onshore receiver (The
wave conditions on the test day are shown in Table S1). These results
validate that the R-TENG array exhibits applicable output performance
in real marine environments and possesses distributed sensing capabil-
ities for practical ocean monitoring applications.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2025.111318.

3. Conclusion

In this study, an innovative rolling-mode triboelectric nanogenerator
(R-TENG) is developed to harness wave energy and provide an in-situ
power solution for distributed marine sensing and monitoring applica-
tions. The proposed R-TENG leverages a ternary dielectric structure and
a track-shell design to enhance charge transfer, reduce friction, and
ensure stable operation under low-frequency, low-amplitude wave
conditions. By arranging multiple R-TENG units in an array, the system
significantly improves energy harvesting performance and spatial
sensing coverage. Hydrodynamic simulations using WAMIT were con-
ducted to predict the buoy’s motion behavior, thereby ensuring align-
ment between wave excitation conditions and R-TENG’s motion. Based
on the frequency domain motion responses predicted by the hydrody-
namic simulation, proper test conditions in the experiment were
determined.

Experimental tests showed that the R-TENG array could easily power
150 LED bulbs, underscoring its practical energy output capability.
Moreover, by adopting a power modulation strategy (PMS), the four-
unit R-TENG array could charge a 10,000 pF capacitor to 5V within
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Fig. 5. Application demonstration of the R-TENG array. (a) Lighting up 150 LEDs using the four-unit R-TENG array. (b) Schematic of the wireless ocean monitoring
system, comprising the buoy array, PMS, MCU, sensors, and cloud platform. (c) Demonstration of the self-powered pH sensing using the four-unit R-TENG array in the
laboratory settings. (d) Voltage profiles across the capacitor during the self-powered pH sensing using a single R-TENG and the four-unit R-TENG array in the forced
motion experiments. (e) Laboratory demonstration of self-powered sensing of both pH and temperature, with each R-TENG operating independently. (f) Photograph
of the fabricated buoy prototype and the circuit module layout. (g) Nearshore sea trial of the R-TENG array for ocean data collection (each buoy carrying one R-TENG
unit independently). (h) Real-time reception of pH and temperature data from each buoy at the onshore receiver.

175 s at a low frequency of 0.1 Hz. Furthermore, an optimal matching
resistance of 5 MQ was identified, corresponding to a peak output power
of 114.3 mW. On top of these tests, a complete sensing and communi-
cation system was designed with low power requirements, enabling it to
operate solely on the power supplied by the R-TENGs. By integrating the
circuit board with a four-unit R-TENG array, autonomous wireless
monitoring of pH and temperature is achieved. The functionality was
validated in both forced experiments and real sea trials. During near-
shore tests, each buoy (equipped with one R-TENG unit) independently
sensed environmental data and transmitted it to an onshore receiver,
confirming the feasibility of distributed sensing. Overall, the proposed
R-TENG array presents a durable and scalable solution for self-powered
ocean monitoring, representing a solid step forward in wave energy
harvesting for practical applications. In the future, it can provide data

support for offshore scenarios like offshore oil&gas, wind farms, marine
ranching, oceanographic observation, and even defense applications.

4. Experimental methods
4.1. Fabrication of the R-TENG array

Each R-TENG unit consists of two PLA track shells, two PLA baffles,
two sets of grating copper electrodes, three PTFE balls, and three nylon
balls. First, the PLA track shell (157 mm long, 15.2 mm wide, containing
10 internal tracks with a 12.8 mm track diameter) and the PLA baffle
(157 mm long, 16 mm wide) were designed using Solidworks and
fabricated using a 3D printer (Bambu Lab P1S). Grating copper elec-
trodes were then attached to the inner surfaces of both PLA shells.
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Subsequently, PTFE balls (12.7 mm in diameter) and nylon balls
(12.7 mm in diameter) were alternately placed in the tracks. The
structure was covered with the second PLA shell and encapsulated with
the PLA baffle. The final external fixation was completed using Kapton
tape, resulting in a single R-TENG unit comprising twenty layers. In this
study, four such R-TENG units, each embedded in an individual buoy,
collectively form the R-TENG array.

4.2. Fabrication of the buoy

The acrylic buoy has a diameter of 0.26 cm, a top of 0.22 cm, a draft
of 0.48 cm, and a total height of 0.7 m. The top and bottom parts of the
buoy are sealed with rubber O-rings and secured with bolts. The bottom
compartment houses the counterweight, the middle section holds the R-
TENG units via an internal bracket, and the top part houses the circuit
board, including the sensor module and the signal transmission module.
A flange at the bottom allows for hanging the mooring weight, and a
nylon rope is used as the mooring line.

4.3. Electrical measurements

The voltage and current outputs of the R-TENG array were measured
using a benchtop multimeter (KEITHLEY DMM6500 6 1/2 DIGIT
MULTIMETER). The charging characteristics were evaluated using a
high-resistance electrometer (Keithley 6514). A three-degree-of-
freedom platform (RWEC-3DOF-200-C-E-DP) was used to simulate
wave excitations and evaluate the output performance of the R-TENG
array.

4.4. Development of a wireless ocean sensing system

The wireless ocean monitoring system consists of a buoy array (each
buoy carries an R-TENG unit), a rectifier bridge (DB107), a power
modulation circuit (buck circuit), capacitors (6800 pF and 8400 pF), a
microcontroller unit (STM32), a pH sensor (SEN0161-V2), a tempera-
ture sensor (DS18B20), a LoRa module (Ra-02) and a cloud platform.
The pH sensor outputs an analog voltage, which is converted to a pH
value using the formula: pH = analogRead / 1024 x 5000 to get the
actual pH value. The temperature sensor directly outputs the tempera-
ture reading directly as a digital output.
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