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Abstract: To achieve large-scale development of triboelectric nanogenerators (TENGs) for water
wave energy harvesting and powering the colossal sensors widely distributed in the ocean, facile
and scalable TENGs with high output are urgently required. Here, an elastic self-recovering hybrid
nanogenerator (ES-HNG) is proposed for water wave energy harvesting and marine environmental
monitoring. The elastic skeletal support of the ES-HNG is manufactured using three-dimensional (3D)
printing technology, which is more conducive to the large-scale integration of the ES-HNG. Moreover,
the combination of a TENG and an electromagnetic generator (EMG) optimizes the utilization of
device space, leading to enhanced energy harvesting efficiency. Experimental results demonstrate
that the TENG achieves a peak power output of 42.68 mW, and the EMG reaches a peak power output
of 4.40 mW. Furthermore, various marine environment monitoring sensors, such as a self-powered
wireless meteorological monitoring system, a wireless alarm system, and a water quality monitoring
pen, have been successfully powered by the sophisticated ES-HNG. This work introduces an ES-HNG
for water wave energy harvesting, which demonstrates potential in marine environment monitoring
and offers a new solution for the sustainable development of the marine internet of things.

Keywords: hybrid nanogenerator; elastic self-recovering; water wave energy harvesting; marine
environmental monitoring

1. Introduction

The ocean, covering 71% of the Earth’s surface, harbors abundant renewable resources
essential for human survival [1,2]. However, the dynamic environment and complex
climate of the ocean present significant safety hazards, so monitoring of the marine envi-
ronment is of paramount importance [3–5]. Real-time monitoring and data collection in the
marine environment are facilitated by self-powered marine sensors, which have become
indispensable tools [6–9]. This provides important information support for our ocean
protection and management. Currently, sensor power in the ocean is primarily dependent
on batteries. However, the environmental pollution and ecosystem disruption caused
by battery usage, as well as the significant investment in human and material resources
for battery maintenance, increase the cost and complexity of ocean monitoring [10–14].
Therefore, there is an urgent requirement for a clean, efficient, and cost-effective energy
harvesting method to power sensors in the ocean.

The triboelectric nanogenerator (TENG) is an emerging energy harvesting technology
pioneered by Wang’s team in 2012. Its working principle is based on the coupling of
triboelectrification and the electrostatic induction effect [15,16]. This technology offers
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various advantages such as being lightweight, cost-effective, and offering a diverse choice
of materials [17–21]; hence, it has received widespread attention and research. In partic-
ular, the TENG demonstrates high efficacy in capturing wave energy at low frequencies,
making it a viable solution for harvesting ocean wave energy and providing a dependable
energy supply for numerous sensors distributed in the ocean [22–25]. Numerous studies
have investigated the utilization of TENGs for harvesting water wave energy, including
pendulum-type structures [26–28] and cylindrical structures [29–31]. However, the move-
ment mechanisms and transmission structures of these designs require a large amount
of space, thus leading to low space utilization. Additionally, designs such as gear struc-
tures [32–34] and spring structures [35–37] have complex manufacturing processes and
result in mechanical energy losses during energy conversion. Moreover, several studies
have integrated a TENG and an electromagnetic generator (EMG) to achieve dual-form
energy collection, enhancing spatial utilization and energy capture efficiency [38–41]. It can
be seen that to achieve efficient water wave energy harvesting, TENGs need to be designed
with simple structures that are easy to manufacture on a large scale. During the energy
conversion process, energy loss should be avoided. Combining the TENG and the EMG is
an efficient method that can improve the spatial utilization of the device.

In this study, an elastic self-recovering hybrid nanogenerator (ES-HNG) is proposed to
achieve water wave energy harvesting and environmental monitoring. The elastic skeleton
of ES-HNG is manufactured using three-dimensional (3D) printing, which facilitates its
large-scale production. ES-HNG is composed of both a TENG module and an EMG module,
fully utilizing the space of the device. Through the optimization of internal structural
parameters and external influencing factors, the TENG achieves a peak power of 42.68 mW,
while the EMG achieves a peak power of 4.40 mW. Subsequently, the output performance of
the ES-HNG under different water wave conditions is explored, with the TENG achieving
a peak power of 7.44 mW and the EMG achieving a peak power of 0.10 mW. Finally, by
integrating the ES-HNG with a suitable power management circuit (PMC), this successfully
provides a reliable energy supply for a self-powered wireless meteorological monitoring
system, a wireless alarm, and a water quality monitoring pen.

2. Materials and Methods
2.1. Manufacturing of ES-HNG

Manufacturing of the TENG: The elastic skeleton (bottom 9 cm × 9 cm, height 5 cm)
was designed using SolidWorks software (SolidWorks 2021) and printed with a 3D printer
(Raise3D, Shanghai, China) using thermoplastic polyurethane (TPU) material. Each elastic
skeleton could accommodate six pairs of frictional layer power generation modules. The
method for making one pair of frictional layer modules was as follows: the size of each
material was 3.5 cm × 9 cm, with copper film used as the electrode, polyamide (PA) as the
positive electrode material, fluorinated ethylene propylene (FEP) as the negative electrode
material, and a sponge placed under the copper film was used as a base buffer material to
ensure sufficient contact of the friction layer. We used high-voltage polarization to pretreat
the surface of the friction layer. Manufacturing of the EMG: An 8 cm × 8 cm × 5 mm
magnet was placed on the top of the elastic skeleton as a counterweight. At the bottom of
the structure, a coil with an outer diameter of 70 mm, an inner diameter of 4 mm, a bottom
thickness of 5 mm, and a wire diameter of 0.05 mm was placed.

2.2. Characterization and Measurement

The motion of the ES-HNG was simulated using a linear motor (LinMot: BF01-37,
Spreitenbach, Switzerland). The short-circuit current and transferred charge of the ES-
HNG were measured using a programmable electrometer (Keithley 6514, Beaverton, OR,
USA). The open-circuit voltage was measured using a digital oscilloscope (LeCroy 610Zi,
New York, NY, USA).
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3. Results and Discussion

The application scenario of the ES-HNG network in the marine internet of things
is shown in Figure 1a. Figure 1b presents the structural schematic diagram of a single
ES-HNG, and its physical diagram is shown in Figure S1a. The ES-HNG is composed
of a combination of a TENG and an EMG. The TENG utilizes a TPU elastic skeleton for
support, with the schematic of the elastic skeleton shown in Figure S1b. A PA film is the
positive friction layer, a FEP film is the negative friction layer, a copper film is the electrode,
and a sponge serves as the base buffer material to enhance the contact of the friction layer.
The EMG is composed of a copper coil placed at the bottom of the TPU elastic skeleton
and a magnet placed at the top as a counterweight. The working principle of ES-HNG
under the combined action is shown in Figure S2. Under the driving force of water waves,
the magnet at the top operates with the elasticity of the structure, allowing the friction
layer of the TENG to contact and separate. At the same time, the magnetic flux in the
EMG coil changes, thereby generating current in the coil. The working principle of the
TENG is illustrated in Figure 1c. At the initial stage, the friction layers of the structure are
in contact, during which the PA film attains a positive charge and the FEP film attains a
negative charge, as shown in Figure 1c(i). As the magnet ascends, the friction layer initiates
separation, prompting electrons to flow from the FEP film electrode to the PA film electrode
through the external load, as shown in Figure 1c(ii). When the friction layer is completely
separated, it reaches the electrostatic equilibrium state, as shown in Figure 1c(iii). As the
friction layer approaches again, electrons flow from the PA film electrode to the FEP film
electrode through the external load, as shown in Figure 1c(iv). For the practical application
of ES-HNG in the ocean, it is necessary to construct a self-powered energy harvesting and
utilization system with high efficiency, as shown in Figure 1d. The motion of water waves
drives the ES-HNG, thereby converting the mechanical energy of the water waves into
electrical energy. Through PMC, electrical energy can be stored in capacitors to power
electrical devices. Additionally, ES-HNG achieves a peak power density of 105.68 W/m3.
Figure S3 compares the output performance of the ES-HNG with the previous classic works.
Compared with some previous similar works, ES-HNG has superior output performance.

To investigate the output performance of the ES-HNG, a vertically placed linear motor
is used to drive the ES-HNG, and an angle adjustment platform is used to simulate the
impact of the tilt angle of the ES-HNG under wave conditions on the output performance.
The schematic diagram of the linear motor and the tilt angle platform is shown in Figure 2a.
Various factors, such as magnet weight, the angle α of the elastic skeleton, tilt platform
angle θ, and motor acceleration, may have a significant impact on the output performance
of the TENG. Hence, a comprehensive exploration of these influencing factors is deemed
necessary. The weight of the magnet plays a crucial role in determining the movement state
and output performance of the TENG, so the effect of the weight change of the magnet
on the output performance of the TENG is first investigated. The results in Figure 2b,c
indicate that as the weight of the magnet increases from 150 g to 375 g, the transferred
charge increases from 1.63 µC to 2.60 µC, the short-circuit current increases from 113.81 µA
to 592.68 µA, and the open-circuit voltage increases from 703.83 V to 1327.87 V (Figure
S4). This is due to the increased weight of the magnet, which allows the friction layer of
the TENG to make more comprehensive contact. However, excessive weight may lead
to over-stacking between the friction layers, impeding their swift separation. Based on
this, a magnet with a weight of 375 g is selected for subsequent testing. The angle α of the
elastic skeleton structure significantly impacts the overall height of the ES-HNG, which
may affect the output performance of the TENG. Hence, it is essential to investigate how
the angle α of the elastic skeleton influences the output performance of the TENG. The
results demonstrate that as the angle α gradually decreases from 130◦ to 100◦, the output
performance in terms of transferred charge and short-circuit current initially increases
and then decreases. When α is 110◦, the optimal transferred charge is 3.04 µC, and the
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short-circuit current is 760 µA, as shown in Figure 2d,e. The change in the angle α of the
elastic skeleton and height follows the equation:

L cos
α

2
=

H
2

, (1)

where L, α, and H represent the side length, angle, and height of the elastic skeleton,
respectively. A diagram of the relationship between the angle α and height H of the ES-
HNG elastic skeleton is shown in Figure S5. When α is excessively large, the overall height
H of the elastic skeleton decreases, leading to reduced elasticity. Under the condition of
constant counterweight, a large force is required to separate the friction layer structure.
On the contrary, if α is too small, the overall height H of the elastic skeleton increases,
resulting in enhanced elasticity. Under the same counterweight, the contact between the
friction layers requires a greater force. Under the condition of constant driving force, either
too large or too small angles α of the elastic skeleton are not conducive to the contact
separation of the friction layer, resulting in a decrease in the output performance of the
TENG. Therefore, when the angle α of the elastic skeleton is 110◦, the TENG achieves the
optimal contact and separation distance of the friction layer, thereby achieving the best
output performance.

In the actual marine environment, the ES-HNG is prone to tilting during operation
due to the variability of ocean conditions. Therefore, an angle platform is used on the
motor to simulate the effect of the tilt angle under actual wave conditions on the output
performance of the TENG. By adjusting the platform to change the angle θ between the
TENG and the horizontal plane, it is observed that as the angle θ gradually increases from
0◦ to 30◦, the transferred charge, short-circuit current, and open-circuit voltage of the TENG
gradually decreases, as shown in Figure S6. When angle θ is 0◦, the TENG is in a state of
vertical motion, allowing the weight of the magnet to fully impact the TENG and ensure
comprehensive contact with the friction layers. However, as the angle θ increases gradually,
the ES-HNG deviates from vertical motion, causing the weight of the magnet to not fully
impact the TENG, resulting in a gradual decrease in output performance. In addition, in
the actual marine environment, varying wave forces can alter the motion state and velocity
of the ES-HNG. Therefore, the impact of wave force on the TENG output performance is
simulated by the acceleration of the motor. First, the displacement of the linear motor is
fixed at 70 mm; then, the acceleration is increased from 5 m/s2 to 8 m/s2.

The results show that the transferred charge, short-circuit current, and open-circuit
voltage of the TENG increase from 1.82 µC to 2.86 µC, from 226.10 µA to 702.46 µA,
and from 627.15 V to 1303.42 V (Figure S7). The interplay between the tilt angle θ and
acceleration on the TENG is further explored to understand their combined effect. The
output results of the transferred charge and short-circuit current are shown in Figure 2f,g.
The results show that the output performance of the TENG varies under different angle
and acceleration conditions. The overall trend of output performance increases as the angle
θ decreases and the acceleration increases, with the optimal tilt angle θ being 0◦ and the
optimal acceleration being 8 m/s2. Finally, employing optimal parameters, a series of
different sizes of load resistors are used to evaluate the impedance matching and power of
the TENG. The current gradually decreases as the external load resistance increases, and
the output power first increases and then decreases. A peak power of 42.68 mW is obtained
under a 500 kΩ load resistance, as shown in Figure 2h. The average power of 1.17 mW is
obtained under a 3 MΩ load resistance, as shown in Figure S8. Even after operating for
9100 s, the TENG still showed outstanding output stability, demonstrating an extended
service life and strong anti-wear performance (Figure S9).
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view of the ES-HNG device; (c) working principle diagram of the TENG; (d) process schematic of the
TENG for self-powered environmental monitoring.
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Figure 2. The output performance of the TENG under different parameters: (a) schematic diagram of
the motor and tilt angle platform; the effect of the counterweight change on (b) output transferred
charge and (c) output short-circuit current; the effect of the elastic skeletal angle α change on
(d) output transferred charge and (e) output short-circuit current; the effect of acceleration and tilt
angle θ on the (f) output transferred charge and (g) output short-circuit current; (h) the output current
and power-resistance change curve of the TENG.

The working principle of the EMG is shown in Figure 3a. At the initial stage, there
is no change in the magnetic flux in the coil, as shown in Figure 3a(i). When the magnet
ascends, the magnetic flux in the coil decreases, thereby generating a current, as shown in
Figure 3a(ii). Subsequently, as the magnet continues to move upward, there is no change
in the magnetic flux within the coil, resulting in no current being generated, as shown
in Figure 3a(iii). When the magnet approaches the coil again, the magnetic flux in the
coil increases, and a current in the opposite direction is generated in the coil, as shown
in Figure 3a(iv). To investigate the factors affecting the output performance of the EMG,
the same experimental platform is also used as shown in Figure 2a. First, the influence of
the change in the angle α of the elastic skeleton on the output performance of the EMG is
investigated. As α decreases from 130◦ to 100◦, both the open-circuit voltage and the short-
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circuit current show an increasing trend. When the angle α is 100◦, the open-circuit voltage
and short-circuit current reach their optimal output performances, which are 31.39 V and
828.36 µA, respectively, as shown in Figure 3b,c. The output performance of the EMG
complies with the following equation:

VOC = −N
dΦ
dt

, (2)

Φ = ∆BS, (3)

ISC =
VOC

R
, (4)

where Φ represents the magnetic flux inside the coil, B is the magnetic flux density, S
denotes the area of the coil, N stands for the number of turns of the coil, and R is the
internal resistance of the coil. This trend is primarily due to the fact that as α decreases, the
overall height of the elastic skeleton increases, the movement distance between the magnet
and the coil increases, the change in B increases, the change in Φ within the coil increases,
and the open-circuit voltage and short-circuit current of the EMG increase accordingly.
This is different from the trend of output performance changes in the TENG, mainly due
to the differences in the working principles of the TENG and EMG. Considering that the
TENG plays a key role in energy collection, to achieve the maximum performance output,
an elastic skeleton with α of 110◦ is finally chosen as the support for the ES-HNG.

Next, the effect of the tilt angle θ of the ES-HNG on the output performance of the
EMG is investigated by adjusting the angle platform. The results show that as the angle θ

gradually increases, both open-circuit voltage and short-circuit current decrease, albeit to a
minor extent. This phenomenon is primarily attributed to the fact that the adjustment of
the tilt angle θ does not significantly change the distance between the copper coil and the
magnet, resulting in minimal changes in the magnetic flux within the coil. Therefore, there
is no significant change in the output performance of the EMG, as shown in Figure 3d,e.
In addition, acceleration may also have a significant impact on the output performance
of the EMG. Therefore, the displacement of the linear motor is also fixed at 70 mm, and
the acceleration of the linear motor is increased from 5 m/s2 to 8 m/s2. Both the short-
circuit current and the open-circuit voltage show an upward trend with the increase in
acceleration, as shown in Figure S10. The increase in motor acceleration raises the frequency
of magnet movement, thereby enhancing output performance. Subsequently, the effect
of the combined effect of tilt angle θ and acceleration on the performance output of the
EMG open-circuit voltage and short-circuit current is investigated, as shown in Figure 3f,g.
The results show that the output performance trend of the EMG rises with the decrease in
the tilt angle θ and the increase in the acceleration, and the output performance is the best
when the tilt angle θ is 0◦ and the acceleration is 8 m/s2. Finally, under the optimal motor
driving conditions, the impedance matching and power of the EMG are evaluated. The
peak power reaches 4.40 mW under a load resistance of 40 kΩ, as shown in Figure 3h. The
average power reaches 31.78 µW under the same resistance, as shown in Figure S11.

To evaluate the output performance of the ES-HNG under real water wave conditions,
the packaged device is measured in a wave-making pool. First, the wave height is set to
8 cm, and by adjusting the parameters of the wave-making motor, the water wave frequency
is gradually increased from 0.8 Hz to 1.1 Hz. With the increase in water wave frequency,
the transferred charge, short-circuit current, and open-circuit voltage of the TENG all show
an upward trend, increasing from 0.78 µC, 64.30 µA, and 355.68 V to 1.19 µC, 103.98 µA,
and 693.60 V, respectively. The transferred charge and short-circuit current are shown in
Figure 4a, and the specific waveforms of the transferred charge, short-circuit current, and
open-circuit voltage changes are shown in Figure S12a–c. The acceleration in water wave
frequency leads to a corresponding increase in the movement speed of the magnet, thereby
augmenting the separation speed of the TENG friction layer and subsequently enhancing
the output performance. Then, the frequency of the water wave is fixed at 1.1 Hz, and
the height of the water wave is gradually increased. As the wave height increases from
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5 cm to 8 cm, the transferred charge, short-circuit current, and open-circuit voltage of
the TENG all show an upward trend, increasing from 0.82 µC, 65.28 µA, and 425.47 V to
1.04 µC, 105.10 µA, and 690.28 V, as shown in Figure 4b, and the specific waveforms are
shown in Figure S12d–f. The increase in wave height means an increase in the force acting
on the ES-HNG, thereby driving an increase in the movement of the magnet and further
enhancing the output performance of the TENG. Finally, under the conditions of a water
wave frequency of 1.1 Hz and a wave height of 8 cm, the matching impedance and power
of the TENG are explored, as shown in Figure 4c. Under a load resistance of 4 MΩ, the
TENG can output a peak power of up to 7.44 mW. With a load resistance of 50 MΩ, the
TENG could generate an average power of 0.43 mW, as shown in Figure S13.
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Figure 4. The output performance of ES-HNG under water wave conditions: the output transferred
charge and short-circuit current of the TENG under different (a) water wave frequencies and (b) water
wave heights; (c) the output short-circuit current and power-resistance change curve of the TENG
under water wave conditions. The output open-circuit voltage and short-circuit current of the EMG
under different (d) water wave frequencies and (e) water wave heights; (f) the output current and
power-resistance change curve of the EMG under water wave conditions.

The output performance of the EMG in the actual water wave environment is also
evaluated under the same conditions. When the wave height is fixed at 8 cm, the open-
circuit voltage and short-circuit current of the EMG progressively increase with rising
frequency (0.8 Hz–1.1 Hz), rising from 2.54 V and 38.82 µA to 3.82 V and 96.70 µA, as
shown in Figure 4d, and the specific waveforms are shown in Figure S14a,b. Next, the
frequency of the wave is set to 1.1 Hz, and the height of the wave is gradually increased
from 5 cm to 8 cm. The results show that the output performance of the EMG gradually
enhances, with the best outputs being open-circuit voltage reaching 3.76 V and short-circuit
current reaching 96.73 µA, as shown in Figure 4e, and the specific waveforms are shown in
Figure S14c,d. Then, under the most ideal water wave conditions, different specifications of
load resistors are used to test the impedance matching and output power of the EMG. The
test results show that under a load resistance of 40 kΩ, the EMG reaches a peak power of
0.10 mW, as shown in Figure 4f, and at the same load resistance, the average output power
reaches 7.81 µW, as shown in Figure S15.

To achieve the maximization of energy conversion of the ES-HNG, a suitable PMC is
introduced, as shown in Figure 5a. The charging curve of a 1 mF capacitor under actual
water wave conditions via ES-HNG is shown in Figure 5b. Without using the PMC, the
TENG can charge the capacitor voltage to 0.63 V within 180 s. However, with the PMC
connected, it can charge the capacitor voltage to 3.44 V at the same time, improving the
charging efficiency by 5.46 times. This demonstrates the significant role of the PMC in
charging efficiency. Moreover, when the EMG charges the 1 mF capacitor independently, it
achieves a voltage of 0.50 V in 180 s. Notably, when the TENG charges the 1 mF capacitor
in conjunction with the EMG through the PMC, it can charge the capacitor to 3.60 V at the
same time, significantly enhancing the charging effect compared to when the EMG operates
independently. This result fully demonstrates the advantages of the hybrid generator in
improving energy collection efficiency. To demonstrate the application of the ES-HNG in
powering electronic devices, a self-powered wireless meteorological monitoring system is
designed and implemented, as shown in Figure 5c. The output energy from the ES-HNG
is stored in a 1 mF capacitor after going through the PMC. Subsequently, the phone and
the transmitter are connected through a Wi-fi network to achieve remote transmission of



Sensors 2024, 24, 3770 10 of 13

meteorological signals. Following approximately 300 s of charging, the accumulated voltage
in the capacitor reaches 4.70 V, enabling the temperature/humidity sensor to operate for
the first time. Subsequently, at intervals of about 110 s, the phone receives a meteorological
signal from the system, as shown in Video S1. The specific curve of the voltage change over
time is shown in Figure 5d. Further, a self-powered wireless warning system is constructed,
as shown in Figure 5e. After the ES-HNG charges a 1 mF capacitor for 150 s using the PMC,
and the voltage reaches 3.13 V, the switch is closed, the transmitter is powered on and
sends a signal. This triggers the remote signal receiver, making the alarm emit an auditory
warning and the alarm signal light flash. The voltage change curve during this process is
shown in Figure 5f and is shown in Video S2. Finally, the ES-HNG is combined with the
PMC to power a water quality monitoring pen. After charging a 1 mF capacitor for about
226 s, the voltage reaches 4.13 V. At this point, closing the switch starts the water quality
monitoring pen, which is shown in Video S3, and the curve of voltage changes over time is
shown in Figure 5g.
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4. Conclusions

In summary, the ES-HNG is proposed for water wave energy harvesting and marine
environmental monitoring. The skeleton of the ES-HNG is manufactured using the elastic
material TPU through 3D printing technology as support, which makes large-scale pro-
duction of the ES-HNG possible. By combining the TENG module and the EMG module,
the advantages of both can be utilized, thereby maximizing space efficiency and achieving
efficient harvesting of water wave energy. After optimizing the basic parameters of the
ES-HNG, the peak power generated by the ES-HNG module reaches 42.68 mW, while the
peak power of the EMG module reaches 4.40 mW. In addition, the output performance
of the ES-HNG is explored under different water wave conditions, with the TENG and
EMG generating peak powers of 7.44 mW and 0.10 mW, respectively. Furthermore, it
demonstrates that the ES-HNG powers a self-powered wireless meteorological monitoring
system, a wireless alarm system, and a wireless water quality monitoring pen. This research
provides a practical solution for marine wave energy harvesting and represents a promising
distributed power generation technology for future marine self-powered environmental
monitoring and forecasting systems.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/s24123770/s1: Figure S1: Physical drawing of the ES-HNG; Figure
S2: Working principle diagram of the ES-HNG; Figure S3. Comparison of the output performance
of ES-HNG with the previous classic works; Figure S4: The effect of different counterweight on
the open-circuit voltage output performance of the TENG; Figure S5: Diagram of the relationship
between the angle and height of the ES-HNG elastic skeleton; Figure S6: The impact of the tilt angle θ

on the output performance of the TENG; Figure S7: The impact of the accelerations on the output
performance of the TENG; Figure S8: The output current and average power–resistance change curve
of the TENG; Figure S9: The durability test of the TENG under the operating time of nearly 9100 s.
Figure S10: The impact of the accelerations on the output performance of the EMG; Figure S11: The
output current and average power–resistance change curve of the EMG; Figure S12: The specific
waveform of the TENG’s output performance under water wave conditions; Figure S13: The output
current and average power–resistance change curve of the TENG in water; Figure S14: The specific
waveform of the EMG’s output performance under water wave conditions; Figure S15: The output
current and average power–resistance change curve of the EMG in water; Video S1: Demonstration
of a self-powered temperature and humidity sensor; Video S2: Demonstration of a self-powered
emergency alarm system; Video S3: Demonstration of a water quality test.

Author Contributions: Conceptualization, Q.W. and J.Z.; methodology, Q.W. and G.Y.; validation, Q.W.,
G.Y. and Y.L.; formal analysis, Q.W., M.L. and J.H.; investigation, Q.W., J.L. and W.C.; writing—original
draft preparation, Q.W. and Y.L.; writing—review and editing, A.Y. and J.Z.; supervision, A.Y. and
J.Z.; project administration, J.Z.; funding acquisition, J.Z. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Key R&D Project from Ministry of Science and
Technology, China (2021YFA1201603); the National Natural Science Foundation of China (52073032
and 52192611); and the Fundamental Research Funds for the Central Universities.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, Z.L. Catch wave power in floating nets. Nature 2017, 542, 159–160. [CrossRef] [PubMed]
2. Liang, X.; Jiang, T.; Liu, G.X.; Feng, Y.W.; Zhang, C.; Wang, Z.L. Spherical triboelectric nanogenerator integrated with power

management module for harvesting multidirectional water wave energy. Energ. Environ. Sci. 2020, 13, 277–285. [CrossRef]

https://www.mdpi.com/article/10.3390/s24123770/s1
https://www.mdpi.com/article/10.3390/s24123770/s1
https://doi.org/10.1038/542159a
https://www.ncbi.nlm.nih.gov/pubmed/28179678
https://doi.org/10.1039/C9EE03258D


Sensors 2024, 24, 3770 12 of 13

3. Kaidarova, A.; Geraldi, N.R.; Wilson, R.P.; Kosel, J.; Meekan, M.G.; Eguiluz, V.M.; Hussain, M.M.; Shamim, A.; Liao, H.G.;
Srivastava, M.; et al. Wearable sensors for monitoring marine environments and their inhabitants. Nat. Biotechnol. 2023,
41, 1208–1220. [CrossRef] [PubMed]

4. Yuan, S.Y.; Li, Y.; Bao, F.W.; Xu, H.X.; Yang, Y.P.; Yan, Q.S.; Zhong, S.Q.; Yin, H.Y.; Xu, J.J.; Huang, Z.W.; et al. Marine environmental
monitoring with unmanned vehicle platforms: Present applications and future prospects. Sci. Total Environ. 2023, 858, 159741.
[CrossRef] [PubMed]

5. Erichsen, A.C.; Middelboe, A.L. Introduction to the special series, “The future of marine environmental monitoring and
assessment”. Integr. Environ. Asses. 2022, 18, 888–891. [CrossRef] [PubMed]

6. Lou, Y.; Li, M.F.; Hu, J.X.; Zhao, Y.L.; Cui, W.Q.; Wang, Y.L.; Yu, A.F.; Zhai, J.Y. Maximizing the energy conversion of triboelectric
nanogenerator through the synergistic effect of high coupling and dual-track circuit for marine monitoring. Nano Energy 2024,
121, 109240. [CrossRef]

7. Albaladejo, C.; Sánchez, P.; Iborra, A.; Soto, F.; López, J.A.; Torres, R. Wireless Sensor Networks for Oceanographic Monitoring:
A Systematic Review. Sensors 2010, 10, 6948–6968. [CrossRef] [PubMed]

8. Xu, G.B.; Shen, W.M.; Wang, X.B. Applications of Wireless Sensor Networks in Marine Environment Monitoring: A Survey.
Sensors 2014, 14, 16932–16954. [CrossRef]

9. Liang, S.; Cheng, S.; Zhang, H.; Yang, W.; Yi, Z.; Zeng, Q.; Tang, B.; Wu, P.; Ahmad, S.; Sun, T. Structural color tunable intelligent
mid-infrared thermal control emitter. Ceram. Int. 2024, 50, 23611–23620. [CrossRef]

10. Li, Y.; Liu, K.L.; Foley, A.M.; Zülke, A.; Berecibar, M.; Nanini-Maury, E.; Van Mierlo, J.; Hoster, H.E. Data-driven health estimation
and lifetime prediction of lithium-ion batteries: A review. Renew. Sust. Energ. Rev. 2019, 113, 109254. [CrossRef]

11. Li, H.F.; Berbille, A.; Zhao, X.; Wang, Z.M.; Tang, W.; Wang, Z.L. A contact-electro-catalytic cathode recycling method for spent
lithium-ion batteries. Nat. Energy 2023, 8, 1137–1144. [CrossRef]

12. Niu, S.M.; Wang, X.F.; Yi, F.; Zhou, Y.S.; Wang, Z.L. A universal self-charging system driven by random biomechanical energy for
sustainable operation of mobile electronics. Nat. Commun. 2015, 6, 8975. [CrossRef] [PubMed]

13. Wang, Z.L. Triboelectric nanogenerators as new energy technology and self-powered sensors-Principles, problems and perspec-
tives. Faraday Discuss. 2014, 176, 447–458. [CrossRef] [PubMed]

14. Liang, S.R.; Xu, F.; Li, W.X.; Yang, W.X.; Cheng, S.B.; Yang, H.; Chen, J.; Yi, Z.; Jiang, P.P. Tunable smart mid infrared thermal
control emitter based on phase change material VO2 thin film. Appl. Therm. Eng. 2023, 232, 121074. [CrossRef]

15. Fan, F.R.; Tian, Z.Q.; Wang, Z.L. Flexible triboelectric generator. Nano Energy 2012, 1, 328–334. [CrossRef]
16. Wang, Z.L. On Maxwell’s displacement current for energy and sensors: The origin of nanogenerators. Mater. Today 2017, 20, 74–82.

[CrossRef]
17. Yu, G.; Wen, J.; Li, H.; Shang, Y.R.; Wang, Z.L.; Chen, B.D. Vibration-coupled TENGs from weak to ultra-strong induced by vortex

for harvesting low-grade airflow energy. Nano Energy 2024, 119, 109062. [CrossRef]
18. Wu, C.S.; Wang, A.C.; Ding, W.B.; Guo, H.Y.; Wang, Z.L. Triboelectric Nanogenerator: A Foundation of the Energy for the New

Era. Adv. Energy Mater. 2019, 9, 1802906. [CrossRef]
19. Miao, X.; Yang, H.X.; Li, Z.K.; Cheng, M.F.; Zhao, Y.L.; Wan, L.Y.; Yu, A.F.; Zhai, J.Y. A columnar multi-layer sliding triboelectric

nanogenerator for water wave energy harvesting independent of wave height and direction. Nano Res. 2024, 17, 3029–3034.
[CrossRef]

20. Liu, L.Q.; Yang, X.Y.; Zhao, L.L.; Hong, H.X.; Cui, H.; Duan, J.L.; Yang, Q.M.; Tang, Q.W. Nodding Duck Structure Multi-track
Directional Freestanding Triboelectric Nanogenerator toward Low-Frequency Ocean Wave Energy Harvesting. ACS Nano 2021,
15, 9412–9421. [CrossRef]

21. Babu, A.; Bochu, L.; Potu, S.; Kaja, R.; Madathil, N.; Velpula, M.; Kulandaivel, A.; Khanapuram, U.K.; Rajaboina, R.K.; Divi, H.;
et al. Facile Direct Growth of ZIF-67 Metal-Organic Framework for Triboelectric Nanogenerators and Their Application in the
Internet of Vehicles. ACS Sustain. Chem. Eng. 2023, 11, 16806–16817. [CrossRef]

22. Wang, Z.; Liu, W.L.; He, W.C.; Guo, H.Y.; Long, L.; Xi, Y.; Wang, X.; Liu, A.P.; Hu, C.G. Ultrahigh Electricity Generation from
Low-Frequency Mechanical Energy by Efficient Energy Management. Joule 2021, 5, 441–455. [CrossRef]

23. Zi, Y.; Guo, H.; Wen, Z.; Yeh, M.-H.; Hu, C.; Wang, Z.L. Harvesting Low-Frequency (<5 Hz) Irregular Mechanical Energy:
A Possible Killer Application of Triboelectric Nanogenerator. ACS Nano 2016, 10, 4797–4805.

24. Jiang, T.; Pang, H.; An, J.; Lu, P.J.; Feng, Y.W.; Liang, X.; Zhong, W.; Wang, Z.L. Robust Swing-Structured Triboelectric Nanogener-
ator for Efficient Blue Energy Harvesting. Adv. Energy Mater. 2020, 10, 2000064. [CrossRef]

25. Pang, L.; Li, Z.; Zhao, Y.; Zhang, X.; Du, W.; Chen, L.; Yu, A.; Zhai, J. Triboelectric Nanogenerator Based on Polyimide/Boron
Nitride Nanosheets/Polyimide Nanocomposite Film with Enhanced Electrical Performance. ACS Appl. Electron. Mater. 2022,
4, 3027–3035. [CrossRef]

26. Yang, H.M.; Deng, M.M.; Tang, Q.; He, W.C.; Hu, C.G.; Xi, Y.; Liu, R.C.; Wang, Z.L. A Nonencapsulative Pendulum-Like
Paper-Based Hybrid Nanogenerator for Energy Harvesting. Adv. Energy Mater. 2019, 9, 1901149. [CrossRef]

27. Lin, Z.M.; Zhang, B.B.; Guo, H.Y.; Wu, Z.Y.; Zou, H.Y.; Yang, J.; Wang, Z.L. Super-robust and frequency-multiplied triboelectric
nanogenerator for efficient harvesting water and wind energy. Nano Energy 2019, 64, 103908. [CrossRef]

28. Chen, X.; Gao, L.X.; Chen, J.F.; Lu, S.; Zhou, H.; Wang, T.T.; Wang, A.B.; Zhang, Z.F.; Guo, S.F.; Mu, X.J.; et al. A chaotic pendulum
triboelectric-electromagnetic hybridized nanogenerator for wave energy scavenging and self-powered wireless sensing system.
Nano Energy 2020, 69, 104440. [CrossRef]

https://doi.org/10.1038/s41587-023-01827-3
https://www.ncbi.nlm.nih.gov/pubmed/37365259
https://doi.org/10.1016/j.scitotenv.2022.159741
https://www.ncbi.nlm.nih.gov/pubmed/36349622
https://doi.org/10.1002/ieam.4640
https://www.ncbi.nlm.nih.gov/pubmed/35610555
https://doi.org/10.1016/j.nanoen.2023.109240
https://doi.org/10.3390/s100706948
https://www.ncbi.nlm.nih.gov/pubmed/22163583
https://doi.org/10.3390/s140916932
https://doi.org/10.1016/j.ceramint.2024.04.085
https://doi.org/10.1016/j.rser.2019.109254
https://doi.org/10.1038/s41560-023-01348-y
https://doi.org/10.1038/ncomms9975
https://www.ncbi.nlm.nih.gov/pubmed/26656252
https://doi.org/10.1039/C4FD00159A
https://www.ncbi.nlm.nih.gov/pubmed/25406406
https://doi.org/10.1016/j.applthermaleng.2023.121074
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.mattod.2016.12.001
https://doi.org/10.1016/j.nanoen.2023.109062
https://doi.org/10.1002/aenm.201802906
https://doi.org/10.1007/s12274-023-6100-5
https://doi.org/10.1021/acsnano.1c00345
https://doi.org/10.1021/acssuschemeng.3c05198
https://doi.org/10.1016/j.joule.2020.12.023
https://doi.org/10.1002/aenm.202000064
https://doi.org/10.1021/acsaelm.2c00442
https://doi.org/10.1002/aenm.201901149
https://doi.org/10.1016/j.nanoen.2019.103908
https://doi.org/10.1016/j.nanoen.2019.104440


Sensors 2024, 24, 3770 13 of 13

29. Rui, P.S.; Zhang, W.; Zhong, Y.M.; Wei, X.X.; Guo, Y.C.; Shi, S.W.; Liao, Y.L.; Cheng, J.; Wang, P.H. High-performance cylindrical
pendulum shaped triboelectric nanogenerators driven by water wave energy for full-automatic and self-powered wireless
hydrological monitoring system. Nano Energy 2020, 74, 104937. [CrossRef]

30. Tan, D.J.; Zeng, Q.X.; Wang, X.; Yuan, S.L.; Luo, Y.L.; Zhang, X.F.; Tan, L.M.; Hu, C.G.; Liu, G.L. Anti-Overturning Fully
Symmetrical Triboelectric Nanogenerator Based on an Elliptic Cylindrical Structure for All-Weather Blue Energy Harvesting.
Nano-Micro Lett. 2022, 14, 124. [CrossRef]

31. Feng, Y.W.; Liang, X.; An, J.; Jiang, T.; Wang, Z.L. Soft-contact cylindrical triboelectric-electromagnetic hybrid nanogenerator
based on swing structure for ultra-low frequency water wave energy harvesting. Nano Energy 2021, 81, 105625. [CrossRef]

32. He, G.F.; Luo, Y.J.; Zhai, Y.; Wu, Y.; You, J.; Lu, R.; Zeng, S.K.; Wang, Z.L. Regulating random mechanical motion using the
principle of auto-winding mechanical watch for driving TENG with constant AC output-An approach for efficient usage of high
entropy energy. Nano Energy 2021, 87, 106195. [CrossRef]

33. Cao, B.; Wang, P.H.; Rui, P.S.; Wei, X.X.; Wang, Z.X.; Yang, Y.W.; Tu, X.B.; Chen, C.; Wang, Z.Z.; Yang, Z.Q.; et al. Broadband and
Output-Controllable Triboelectric Nanogenerator Enabled by Coupling Swing-Rotation Switching Mechanism with Potential
Energy Storage/Release Strategy for Low-Frequency Mechanical Energy Harvesting. Adv. Energy Mater. 2022, 12, 2202627.
[CrossRef]

34. Xu, Y.H.; Yang, W.X.; Lu, X.H.; Yang, Y.F.; Li, J.P.; Wen, J.M.; Cheng, T.H.; Wang, Z.L. Triboelectric Nanogenerator for Ocean Wave
Graded Energy Harvesting and Condition Monitoring. ACS Nano 2021, 15, 16368–16375. [CrossRef] [PubMed]

35. Xiao, T.X.; Jiang, T.; Zhu, J.X.; Liang, X.; Xu, L.; Shao, J.J.; Zhang, C.L.; Wang, J.; Wang, Z.L. Silicone-Based Triboelectric
Nanogenerator for Water Wave Energy Harvesting. ACS Appl. Mater. Inter. 2018, 10, 3616–3623. [CrossRef]

36. Xiao, T.X.; Liang, X.; Jiang, T.; Xu, L.; Shao, J.J.; Nie, J.H.; Bai, Y.; Zhong, W.; Wang, Z.L. Spherical Triboelectric Nanogenerators
Based on Spring-Assisted Multilayered Structure for Efficient Water Wave Energy Harvesting. Adv. Funct. Mater. 2018, 28, 1802634.
[CrossRef]

37. Xi, F.B.; Pang, Y.K.; Liu, G.X.; Wang, S.W.; Li, W.; Zhang, C.; Wang, Z.L. Self-powered intelligent buoy system by water wave
energy for sustainable and autonomous wireless sensing and data transmission. Nano Energy 2019, 61, 1–9. [CrossRef]

38. Hong, H.X.; Yang, X.Y.; Cui, H.; Zheng, D.; Wen, H.Y.; Huang, R.Y.; Liu, L.Q.; Duan, J.L.; Tang, Q.W. Self-powered seesaw
structured spherical buoys based on a hybrid triboelectric-electromagnetic nanogenerator for sea surface wireless positioning.
Energy Environ. Sci. 2022, 15, 621–632. [CrossRef]

39. Shao, H.Y.; Cheng, P.; Chen, R.X.; Xie, L.J.; Sun, N.; Shen, Q.Q.; Chen, X.P.; Zhu, Q.Q.; Zhang, Y.; Liu, Y.N.; et al. Triboelectric
Electromagnetic Hybrid Generator for Harvesting Blue Energy. Nano-Micro Lett. 2018, 10, 54. [CrossRef]

40. Sun, Y.G.; Zheng, F.Y.; Wei, X.L.; Shi, Y.P.; Li, R.N.; Wang, B.C.; Wang, L.F.; Wu, Z.Y.; Wang, Z.L. Pendular-Translational Hybrid
Nanogenerator Harvesting Water Wave Energy. ACS Appl. Mater. Inter. 2022, 14, 15187–15194. [CrossRef]

41. Panda, S.; Hajra, S.; Oh, Y.; Oh, W.; Lee, J.H.Y.; Shin, H.; Vivekananthan, V.; Yang, Y.; Mishra, Y.K.; Kim, H.J. Hybrid Nanogenera-
tors for Ocean Energy Harvesting: Mechanisms, Designs, and Applications. Small 2023, 19, 2300847. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.nanoen.2020.104937
https://doi.org/10.1007/s40820-022-00866-w
https://doi.org/10.1016/j.nanoen.2020.105625
https://doi.org/10.1016/j.nanoen.2021.106195
https://doi.org/10.1002/aenm.202202627
https://doi.org/10.1021/acsnano.1c05685
https://www.ncbi.nlm.nih.gov/pubmed/34553904
https://doi.org/10.1021/acsami.7b17239
https://doi.org/10.1002/adfm.201802634
https://doi.org/10.1016/j.nanoen.2019.04.026
https://doi.org/10.1039/D1EE02549J
https://doi.org/10.1007/s40820-018-0207-3
https://doi.org/10.1021/acsami.1c25004
https://doi.org/10.1002/smll.202300847
https://www.ncbi.nlm.nih.gov/pubmed/36929123

	Introduction 
	Materials and Methods 
	Manufacturing of ES-HNG 
	Characterization and Measurement 

	Results and Discussion 
	Conclusions 
	References

