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Abstract: With the rapid development of advanced electronics/materials and manufacturing, marine
vibration sensors have made great progress in the field of ship and ocean engineering, which could
cater to the development trend of marine Internet of Things (IoT) and smart shipping. However, the
use of conventional power supply models requires periodic recharging or replacement of batteries due
to limited battery life, which greatly causes too much inconvenience and maintenance consumption,
and may also pose a potential risk to the marine environment. By using the coupling effect of contact
electrification and electrostatic induction, triboelectric nanogenerators (TENGs) were demonstrated
to efficiently convert mechanical vibration movements into electrical signals for sensing the vibration
amplitude, direction, frequency, velocity, and acceleration. In this article, according to the two work-
ing modes of harmonic vibration and non-harmonic vibration, the latest representative achievements
of TENG-based vibration sensors for sensing mechanical vibration signals are comprehensively
reviewed. This review not only covers the fundamental working mechanism, rational structural
design, and analysis of practical application scenarios, but also investigates the characteristics of
harmonic vibration and non-harmonic vibration. Finally, perspectives and challenges regarding
TENG-based marine self-powered vibration sensors at present are discussed.

Keywords: triboelectric nanogenerators; energy conversion; self-powered vibration sensor; marine
Internet of things

1. Introduction

With the vigorous development of the Internet of Things technology, the sensor
manufacturing technology and networking technology required in sensor networks have
gradually developed and matured, making sensor networks widely used in many indus-
trial and social fields [1–5]. Recently, with the development of information technology,
artificial intelligence and big data, the marine transportation industry based on intelligent
ships/smart shipping has become a new development trend [6–8]. Relying on smart ocean
engineering, it is particularly important to accelerate the construction of marine stereo
monitoring network while promoting the optimization and upgrading of marine industry
and the development of intelligent ships [9,10]. As an information collection method with
low cost and high degree of automation, sensor networks have been applied in the marine
industry and a variety of marine activities, such as ship condition monitoring, marine envi-
ronment monitoring, maritime security, and hydrological information collection [11–15].
Through continuous development in recent years, the application of sensor networks in the
field of ship and ocean engineering has been continuously improved and achieved good
results, and gradually become the main means of marine information collection.

The whole ocean sensor network is widely distributed in ships, ocean surface, un-
derwater, offshore platforms and shore-based buildings, including displacement sensors,
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velocity sensors, flow sensors, temperature sensors, pressure sensors, vibration sensors and
tactile sensors [16–19]. The vibration sensor can sense the amplitude, frequency, velocity
and acceleration of vibration to judge the working condition of mechanical equipment on
the ship and the parameters of marine environment, which plays a very important role in
the whole marine sensor network [20–22]. However, one of the main challenges facing the
development of existing vibration sensors is the limited battery life of the traditional power
supply mode, which requires periodic charging or battery replacement, and which greatly
causes much inconvenience and maintenance consumption, especially in the case of a large
number of distributed marine sensor networks [23–26]. Furthermore, most battery systems
are built with toxic chemicals, which may pose potential marine environmental risks. There-
fore, these vibration sensors urgently need sustainable, universal and environmentally
energy solutions.

At present, the advanced vibration sensing technology commonly used in ships in-
cludes eddy current, electromagnetic, piezoelectric and triboelectric effect [27–31]. The
eddy current vibration sensing technology has the advantages of simple structure, wide
frequency range and strong anti-interference ability, but the surface cracks of the mea-
sured equipment and the conductivity and permeability of the material have an impact
on the sensitivity [32–36]. An electromagnetic vibration sensor is mainly used to measure
vibration velocity, which is less affected by ship temperature and humidity. Its structure is
simple, but its structure size and weight are large, which is greatly affected by magnetic
field. If the permanent magnet is used, the attenuation of the magnetic field will reduce its
sensitivity [37–40]. The above two wired connection vibration monitoring systems have the
disadvantages of high deployment cost, poor fault tolerance and maintainability, and lack
of mobility flexibility [41–45]. Especially in some special and extreme cases, such as the
vibration monitoring of equipment transmission parts in some sealing environment and
mechanical rotation environment, it is difficult to realize the external power supply [46–49].
Piezoelectric vibration sensing technology has the advantages of high sensitivity, wide fre-
quency range and self-powered supply, but it is greatly affected by the ambient temperature
and humidity of the ship [50–56].

Recently, Wang’s team invented the triboelectric nanogenerator (TENG) in 2012, which is
a new energy conversion method based on Maxwell displacement current principle [57–60].
Combining the triboelectrification and electrostatic induction, the triboelectric nanogenera-
tor can directly convert the mechanical movements with wide frequency distribution into
electrical signals with high output voltage and high signal-to-noise ratio [61–68]. TENG
has the advantages of low cost, light weight, simple structure, strong environmental com-
patibility and a wide range of material selection, and presents obvious advantages in the
field of self-powered vibration sensing technology [69–78]. As a new research field, TENGs
have achieved remarkable results in the application scenario of ship and ocean engineer-
ing [30,79–83]. It is used to convert marine mechanical vibration into reliable and obvious
electrical signals to characterize the working condition of marine equipment or marine
environmental parameters, which lays the foundation for the development of intelligent
marine sensor network [84–89]. Some teams have been engaged in related research and
have achieved some results. Wang’s team of Beijing Institute of Nano-Energy and Systems
has made great contributions to marine environmental monitoring based on TENG [90–93].
Xu’s team of Dalian Maritime University has done some research on ship equipment condi-
tion monitoring based on vibration sensors [85,94–96]. Wu’s team of China University of
Geosciences has done extensive research on self-powered downhole TENG-based vibration
sensors [97,98]. Specifically, the existing TENG-based marine self-powered vibration sen-
sors can be mainly divided into harmonic vibration and non-harmonic vibration, and the
specific classification is shown in Figure 1.

To provide a comprehensive and systematic review of marine self-powered vibration
sensors based on TENG for the first time, the obvious advantages of TENGs in marine
vibration monitoring are analyzed. Subsequently, the recent progress in practical marine ap-
plications of harmonic vibration sensors and non-harmonic vibration sensors is particularly
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emphasized. In addition, the future development of marine self-powered vibration sensors
based on TENG is prospected and challenged. This review will greatly accelerate the
development of smart ocean and intelligent ship sensor networks, and have implications
for providing ubiquitous and sustainable energy solutions for smart ocean sensor systems
in the coming era of the marine Internet of Things.
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2. TENG-Based Harmonic Vibration Sensor

When a vibration sensor is subjected to harmonic vibration, the physical force is
proportional to the displacement and always points to the equilibrium position [99,100].
It is a periodic motion (such as spring oscillator motion) that is determined by the prop-
erty of its own system. Recently, tremendous efforts have been made in developing
harmonic vibration sensors based on TENG, which can use springs [90,93,98,101–103],
elastomers [104–108] and spring-assisted structures [91,95,109,110] as core components to
accompany the measured object to do regular reciprocating motion and realize the working
condition monitoring of the vibration system through the electrical signals generated by
them. If the harmonic vibration sensor is to be applied in the field of ship and ocean
engineering, it is required to have unique structure design, stable working characteristics
and high sensitivity. With this concern, this part makes statements according to the different
core elastic components of the TENG-based harmonic vibration sensor.

2.1. Spring-Based Vibration Sensor

Spring-based vibration sensor uses spring as the core moving component, and spring
is the most used core component of harmonic vibration. When the spring-based vibration
sensor moves with the measured object, it mainly relies on the reciprocating action of
the spring to cause alternating contact and separation of the triboelectric materials, thus
generating electrical signals that can monitor the vibration state. To begin with, Zhao et al.
reported a low-frequency self-powered triboelectric nano vibration accelerometer (TEVA)
with high sensitivity, which provides a simple and cost-effective means for monitoring
mechanical vibration [102]. The structure of TEVA is schemed in Figure 2a. The TEVA, with
a multi-layered structure, is made up of polymethyl methacrylate (PMMA), Aluminum
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(Al), and Kapton. The two PMMA substrates are connected by four springs installed
at the corners of the substrates, leaving a narrow gap between the Aluminum and the
Kapton, which are all modified with nanostructures. The working principle of the TEVA
is shown in Figure 2b. The TEVA can achieve periodic contact and separation between
two triboelectric layers at different speeds or accelerations to generate output signals.
As shown in Figure 2c, the peak voltage increases almost linearly with the increase of
acceleration when the frequency is 4 Hz and 6 Hz. The TEVA can measure mechanical
vibration acceleration and provide guidance for marine equipment condition monitoring
and fault diagnosis. Wang and Chen et al. also designed contact-separation TENGs in the
form of four-corner spring supports to monitor vibration frequency [111,112]. In addition,
some scholars have developed multiple sliding-mode TENGs to sense vibration signals
using the tension of four springs [113–115].
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Figure 2. A spring-based vibration sensor: Part One. (a) Schematic illustration of the self-powered
TEVA. (b) Working principle of the TEVA. (c) Relationship between peak voltage and acceleration
when frequencies are 4 Hz and 6 Hz respectively. Reproduced with permission [102]. Copyright
2017, Elsevier. (d) Schematic structure of the AC/DC-TENG. (e) Working mechanism of the AC/DC-
TENG. (f) Curve of AC/DC-TENG output voltage as a function of amplitude. Reproduced with
permission [90]. Copyright 2020, American Chemical Society. (g) Schematic structure of the vibration
sensor. (h) Schematic diagram of working process of the vibration sensor. (i) Dependence of the
output voltage of the vibration sensor on the vibration frequency. Reproduced with permission [98].
Copyright 2020, SAGE Publications Ltd.

Using two springs, Li et al. developed a dual-mode triboelectric nanogenerator
(AC/DC-TENG), which can realize real-time monitoring of vibration safety state without
external power supply or software (Figure 2d) [90]. The structure of the AC/DC-TENG
is made up of a slider and a stator, as shown in Figure 2e. The stator is composed of two
friction electrodes (FEs), a charge collecting electrode (CCE), and an acrylic layer as a sup-
porting substrate. Two FEs of equal size are pasted side by side on the supporting substrate,
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with a gap of 0.5 mm, and a CCE is placed on the bottom edge of the supporting substrate.
Fluorinated ethylene propylene (FEP) film is attached to the slider as a triboelectric layer.
AC signals are generated when the slider slides reciprocally between the two FEs but does
not exceed the edge of the acrylic substrate—that is, in the safe area. When a part of the
slider moves in the danger zone, which is the part beyond supporting substrate, it will
generate DC signal. Whether the vibration amplitude exceeds the vibration threshold can
be judged by monitoring the change of signal type. As shown in Figure 2f, the VAC of
the AC/DC-TENG within the safety zone is well linearly proportional to the vibration
amplitude, and so does the VDC of the AC/DC-TENG within the safety zone. This AC/DC-
TENG can continuously monitor the vibration amplitude and the health of the construction
structure. Beyond that, a self-powered 3D acceleration sensor with a detection ranges from
about 13.0 to 40.0 m/s2 and a sensitivity of 0.289 V·s2/m was proposed to characterize the
acceleration in the axis direction in a mass-spring-damper mechanical system [116].

For TENGs with a single compressed spring, Wu et al. proposed a self-powered
downhole vibration sensor based on a triboelectric nanogenerator [98]. As shown in
Figure 2g, the vibrational sensor is mainly composed of an external friction ring, an internal
friction ring, a buffer layer, a spring, and a pedestal, but the core components are the
external friction ring and the internal friction ring. The internal friction ring is made by
Kapton, and the external friction ring is made by Cu. The buffer layer made by expanding
aple poly ephylene (EPE) is affixed to the inner wall of the internal friction ring, and the
support layer made of polylactic acid (PLA) is stuck inside the buffer layer to keep the
shape unchanged. The working principle of the sensor is shown in Figure 2h. Under the
vibration excitation, the inner friction electric ring and the outer friction ring alternately
contact and separate to make simple up and down harmonic motion, generating voltage
and current pulse signals. As shown in Figure 2i, the output voltage decreases almost
linearly with the vibration frequency from 1 Hz to 5 Hz. The output voltage signals are
proportional to the vibration frequency. In addition, Seol et al. introduced an all-printed
TENG (AP-TENG) working in sliding-mode [101]. As shown in Figure 3a, the AP-TENG
is assembled from the structural framework of 3D printing and the functional contact
layer of 2D printing. The 3D-printed part is composed of two springs, two cases, and
the core oscillator. The two cases form a closed rectangular shell. The 2D-printed part
consists of a PMMA layer with a grating pattern attached along the outer sidewall of
the core oscillator and Ag electrode layer attached along the inner sidewall of the case.
The working principle of the AP-TENG is shown in Figure 3b. The sliding contact and
separation between the 2D-printed functional layers generate electrical signals. Figure 3c
shows that the output open-circuit voltage increases linearly at different vibration speeds
of 60 cm/s to 110 cm/s, which demonstrates that the AP-TENG can easily monitor the
vibration speeds of the machinery. Wu et al. also employed a spring-based resonance
coupling for sensing vibration frequency [117].

For TENGs with a single tensile spring, Hu et al. designed a suspended 3D spiral
structure triboelectric nanogenerator (S-TENG) as a self-powered vibration sensor for
monitoring vibration acceleration [93]. A schematic diagram of the S-TENG is shown in
Figure 3d. The working parts that generate the signals are made up of two round plates,
which are facing with each other. One is centered and fixed on the upper side of the cube.
The other is pasted at the bottom of the spiral structure. The upper contact surface is an Al
film as an electrode coated on anodic aluminum oxide (AAO) template. The lower contact
surface is a Kapton film coated on the Cu electrode. Figure 3e depicts the working principle
of the S-TENG. The alternating contact and separation between Al electrode and Kapton
film can generate electrical signals as the spiral oscillates. Figure 3f shows the voltage signals
at different accelerations. As the vibration acceleration increases, the measured voltage
signal increases linearly. By integrating the S-TENG inside a buoy ball, wave fluctuation
acceleration can be monitored through the generated output voltage signals, which shows
great potential application value in marine science and environmental monitoring. In
addition, Yuan et al. proposed a spring-oscillator based triboelectric nanogenerator (S-
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TENG) to monitor the vibration frequency [118]. The basic structure of the S-TENG is
depicted in Figure 3g. It is made up of the inner sidewall of the Poly tetra fluoroethylene
(PTFE) tube and the nickel layer of the magnet which acts as both the positive triboelectric
material and the sole electrode. Figure 3h illustrates the working principle of the single-
electrode S-TENG. Driven by a steel spring, the magnet oscillates alternately up and down,
and alternating sliding friction between the inside wall of PTFE tube and the magnet
produces an output electric signal. Figure 3i shows the relationship between the output
voltage and current of the S-TENG with the vibration frequency. When the frequency
is bigger than 4 Hz, the output voltage and current both decrease with the increase of
frequency and both of them maintain a good linear relationship.
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S-TENG. (h) Working mechanism of the S-TENG. (i) The VOC and ISC of the S-TENG at different
operation frequencies. Reproduced with permission [118]. Copyright 2018, IOP Publishing Ltd.

2.2. Elastomer-Based Vibration Sensor

Elastomer-based vibration sensors mainly use elastomers as core components, such as
elastic steel [105,119,120] and polymer elastic sheet [108,121–123]. Elastomers can directly
or indirectly make triboelectric materials produce alternating contact and separation, re-
sulting in electrical signals. Firstly, Wang et al. reported a sort of self-powered vibration
sensor based on triboelectric nanogenerator (B-TENG), which presents the characteristics of
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convenient production, remote monitoring, no energy consumption, high precision, large
detection range [105]. The schematic structure of the B-TENG is shown in Figure 4a. The B-
TENG was mainly composed of an Al (or Fe) plate and a PTFE film on a glass slide. The Al
plate served as the contact electrode and contact surface and was connected to the vibration
beam. A thin Au film was adhered onto the PTFE film as the back electrode. An Au-coated
PTFE film was pasted onto a piece of glass slide to flatten the surface. The glass slide was
fixed on a stationary stage. As depicted in Figure 4b, the working mechanism of the sensor
is the periodic contact and separation between Al electrode and PTFE film to generate
electrical signals. As shown in Figure 4c, the output voltage of the B-TENG increases almost
linearly with the increase of the vibration amplitude. The vibration sensor possessed great
potential in marine machinery operation monitoring, process control and safety applica-
tions in inaccessible environments. Similarly, the cantilever beam structural TENGs with
one contact surface also uses polymer materials as elastic components [120,124].
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Figure 4. The elastomer-based vibration sensor. (a) Schematic structure of the B-TENG. (b) Working
mechanism of the B-TENG. (c) Output voltage curve under different vibration amplitude. Reproduced
with permission [105]. Copyright 2014, Elsevier. (d) Schematic structure and materials design of the
C-TENG. (e) Working principle of the C-TENG. (f) Output voltage of the C-TENG when the frequency
changes from 1 to 22 Hz. Reproduced with permission [121]. Copyright 2022, American Chemical
Society. (g) Structure design of the self-powered acceleration sensor. (h) Working mechanism of the
self-powered acceleration sensor. (i) Output voltage of the sensor when the acceleration changes
from 1 to 9 m/s2. Reproduced with permission [106]. Copyright 2019, Elsevier.

For the multi-layer cantilever structure, Ren et. al. firstly demonstrated a trape-
zoidal cantilever-structure triboelectric nanogenerator (C-TENG) that can monitor the
low-frequency vibration [121]. As shown in Figure 4d, the C-TENG consists of two nega-
tive tribo-layers of FEP attached on two trapezoidal substrates and flexible Al electrodes
attached on the Polyethylene terephthalate (PET) substrate sandwiched in the frameworks.
The trapezoidal elastic film electrode is made into a cantilever structure, with the narrow
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side of the trapezoidal fixed. The working principle of the C-TENG is demonstrated in
Figure 4e. Under ambient vibration, the flexible vibration electrode moves between the
upper and lower FEP triboelectric layers to generate electrical signals. Figure 4f depicts the
output voltage signals of the C-TENG at frequencies from 3 to 15 Hz. The output voltage
value also increases steadily with increasing frequency. The output voltage signals are
well linearly proportional to the vibration frequency. The output voltage signals are well
linearly proportional to the vibration frequency. Another triple-cantilever based TENG
with the nanowire arrays fabricated onto the surfaces of beryllium–copper alloy foils show
better output effect [123].

In addition, there are also multilayer structures using polymer elastic sheets. A self-
powered and high sensitivity acceleration sensor based on triboelectric nanogenerator
was reported by Wang et al. [106] The structure of the self-powered acceleration sensor is
shown in Figure 4g. The sensor consists of a bottom shell, a TENG, an insulating layer,
a mass, and a top shell. The triboelectric layers consist of silk-fibroin layer deposited
on the PET layer and PET layer, which are all attached on the Indium Tin Oxides (ITO)
electrodes. The TENG with an arch-shape supports the mass. The working principle of the
sensor is schematically shown in Figure 4h. The output voltage signals of the sensor are
generated by the contact-separation motion between the triboelectric layers of the TENG.
The acceleration sensor is fixed on the top platform of the shaker, which supplies a vibration
excitation with adjustable acceleration. As shown in Figure 4i, the open-circuit voltage has
been measured under different vibration acceleration from 1 m/s2 to 9 m/s2. The output
voltage of the sensor increases linearly with the increase of vibration accelerations. This
acceleration sensor has potential application value in some vibration monitoring systems
and provides better guidance for the development of self-powered sensors. li and wang
et al. also used the structure of multilayer polymer elastic plates to perceive vibration
signals [108,125]. Beyond that, the sponge and a porous all-carbon material that is like a real
metallic spring are also innovatively used as the elastomer to design the TENG [107,126].

2.3. Spring-Assisted Vibration Sensor

The spring-assisted vibration sensor adopts the spring-assisted structure as the core
component, mainly including the combination of spring and polymer bullet and the
combination of spring and silica gel. Firstly, Tian et al. proposed a kind of spherical TENG
(S-TENG) with spring-assisted multilayered structure working in a contact-separation
mode [91]. The S-TENG can monitor the amplitude of water fluctuation. The schematic
structure of the S-TENG is shown in Figure 5a. The S-TENG is mainly composed of a thick
Kapton film shaped to a zigzag structure deformed at evenly spaced intervals, serving as the
substrate, and a spherical multilayered TENG with spring assistance. The S-TENG has five
TENG units. Each unit is made up of Al foil and FEP film as the effective triboelectric layers.
The working principle of each TENG unit is demonstrated in Figure 5b. The alternating
contact and separation between the Al electrode and FEP film generate electrical signals.
Figure 5c illustrates the output voltage of the S-TENG under different output voltage
amplitudes of the function generator, which can simulate the different amplitudes of wave
fluctuation. When the water fluctuation amplitude increases from 1.2 to 2.5 V, the electrical
signal increases linearly. The S-TENG could monitor wave fluctuation amplitude employing
the generated output voltage signals, which is a giant leap toward the dream of combining
blue energy with self-powered vibration sensors compared with previous studies.
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Copyright 2022, Wiley-VCH.

In addition to the above multi-layer structures, spiral structures are more widely
used. Xu et al. first designed a TENG integrated with elastomer and spring (S-TENG) to
form a helical structure along a spring wire [95]. The spring-based TENG can be used to
sense the acceleration and frequency of vibration as a self-powered vibration sensor. As
illustrated in Figure 5d, the S-TENG is made up of spring, silicone rubber, and a conductive
elastomer electrode. The elastomeric electrode consists of well-mixed silicone rubber and
carbon nanofiber. Along the cut surface of the elastomer-spring helical structure, a layer of
conductive electrode is placed at the lower surface of the helical structure covered by a layer
of silicon rubber, and another layer of electrode is placed at the top surface of the helical
structure. The periodic contact and separation between the silicone rubber and the top
electrode can generate electrical signals. As shown in Figure 5e, the output voltage signal
increases with the increase of vertical vibration acceleration, and the S-TENG is proper to
measure vertical vibration acceleration in the range of 0 m/s2 to 25 m/s2. Under vertical
vibration excitation, the surface of the tribo-materials can achieve full contact, but only
partial contact under horizontal vibration excitation. Under the vertical vibration excitation,
the output voltage of S-TENG is larger, and the linear regression coefficient of determination
(R2) is 0.9938, which shows a good linear relationship between the output voltage and the
amplitude. Therefore, it should be used as a vertical vibration sensor to better exploit its
sensitivity advantage. As a self-powered vibration sensor, the newly designed S-TENG has
great potential in monitoring the working condition of the machinery on ships. In addition,
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another spring-mass based helical TENG (S-TENG) was developed for online vibration
monitoring, which presents superior sensing capability and measurement accuracy [109].
As illustrated in Figure 5f, the S-TENG employed the spring-mass as the framework with a
six-layered helical structure. The Cu foils are attached to the upper and lower surfaces of
the helical layer as the electrodes, and the PTFE film is covered on the surface of the bottom
Cu electrodes to act as the triboelectric layers with the top Cu electrodes. With the external
vibration excitation, the alternating contact and separation of the PTFE film and top Cu
electrode generate electrical signals. Meanwhile, the vibration frequency can be obtained
by fast Fourier transform of output voltage, and the calculated frequency corresponds to
that of the laser sensor in Figure 5g. As shown in Figure 5h, the S-TENG was designed into
different overall vibration spaces of 25, 30 and 35 mm. In different vibration spaces, the
Voc increases linearly with the vibration amplitude in the low amplitude area (0.2~3 mm).
Therefore, the S-TENG could monitor the vibration amplitude. This feedback signal proves
the excellent sensing capability of the S-TENG as a vibration amplitude detection sensor.
In addition, a self-powered wireless acceleration sensor monitoring system is developed
using a similar spiral structure as above to measure the acceleration signal of the vibration
source [110].

In conclusion, applying the TENG-based harmonic vibration sensor to monitor vi-
bration signals has made excellent progress in the field of ship and ocean engineering. To
achieve long-term tracking of the condition of ship equipment and marine environment,
these harmonic vibration sensors based on TENG should be robust and durable. In addi-
tion, reliable sensitivity is also very important for harmonic vibration sensors to perceive
vibration signals. The harmonic vibration sensor mainly relies on the deformation of spring
or spring assisted structure to sense the external vibration excitation, and the elasticity and
stiffness of the core elastic body have a relatively large impact on the output signal. Further
research opportunities lie in the selection of springs or other elastomers with appropriate
elasticity and stiffness for application objectives and scenarios, based on the reasonable
structure design.

3. TENG-Based Non-Harmonic Vibration Sensor

When the vibration sensor is subjected to the non-harmonic vibration, it also does
reciprocate motion on both sides of the equilibrium position but does not follow the
sinusoidal vibration. The moving parts in TENG are no longer limited by spring and elastic
stiffness and can be forced to vibrate with the measured object freely. This may lead to the
output signal of TENG not being synchronized with the vibration of the measured object,
but it can be unified through the later data processing. When TENG is in vibration motion,
the internal motion mechanism as one of the triboelectric materials will alternately contact
and separate with another triboelectric material in the process of motion, and the contact
form can be a point contact, plane contact and curve surface contact. According to the
different contact forms of the two triboelectric materials, the TENG-based non-harmonic
vibration sensors are described respectively below.

3.1. Point Contact Vibration Sensor

The point contact vibration sensor refers to two kinds of triboelectric materials that
are contacted to generate electricity in the form of points. Generally, one of the triboelectric
materials uses powder or particles, and the number is relatively large. Although the
power generation in this way is not high and the output signal is relatively weak, it is
more suitable as a sensing signal. To begin with, Liu et al. proposed a high-frequency
vibration sensor (HVS) with layer-powder-layer structure, presenting excellent vibration
perception ability [127]. Figure 6a shows the structure of HVS. The HVS is composed
of two round graphite-coated alumina ceramic sheets, the mixed powder of PTFE and
Ag, and an acrylic gasket. The working principle of HVS is shown in Figure 6b. Under
external stimulation, the alternative contact and separation between the mixed powder
and the graphite electrodes generate electrical signals. The HVS shows a wide frequency
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response range of 3–133 kHz. Figure 6c demonstrated that the output voltage signal of
HVS decreases with the increase of the distance from the vibration source to the HVS. HVS
has also been demonstrated in engine vibration monitoring. The voltage signal of the HVS
is basically 0 when it is not started and gets larger when it is started (Figure 6d). The facile
and effective vibration monitoring system based on the HVS can provide a platform for
various vibration monitoring scenarios. The self-powered high-frequency vibration sensor
is an ideal choice for a next-generation vibration sensor.

In addition, Lu et al. reported a biocompatible sugar based triboelectric nanogenerator
(S-TENG) with outstanding vibration sensing ability [128]. Figure 6e shows the structure
of the S-TENG, which is made up of sugar particles and two hemispheric spherical shells
with conductive metal layers on the inner surface as conductive layers. Figure 6f depicts
the working principle of the S-TENG. Under the stimulation of external vibration, sugar
particles alternately contact and separate with the conductive layers back and forth, and
thus generate the electrical signals. The S-TENG is capable of monitoring vibration in
multiple directions. As shown in Figure 6g, the open-circuit voltage of the S-TENG increases
with the increase of vibration frequency under the same vibration angle. When the vibration
direction is perpendicular to the two electrodes, the voltage is the highest, but the curve is
the steepest, and the frequency can be perceived more accurately. It is worth mentioning
that even if the vibration direction is parallel to the two electrodes, the voltage can reach
58.1V at the vibration frequency of 4 Hz, which is an obvious electrical signal output,
making it of great value in vibration monitoring.
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In addition, iron oxide nanoparticles are widely used in point contact TENG, especially
in combination with electromagnetic induction. Vivekananthan et al. developed a magnetic
nanoparticle derived cylindrical hybrid generator (MP-HG) with full packed structure,
which can not only monitor the working condition of the marine equipment such as
compressors but also can be used to warn people against possible natural disasters caused
by waves [129]. MP-HG works on the free-standing mode. Figure 6h demonstrates the
structure of MP-HG. It consists of a cylindrical PET, a rolled Kapton film, Cu wires, Al
electrodes and Fe2O3 particles. Kapton film acts as the negative triboelectric layer while
Fe2O3 particles act as positive triboelectric material. When subjected to external vibrations,
Fe2O3 particles move upward and down, and alternately contact and separate with the
upper and lower Kapton film, thus generating electrical signals. To demonstrate the
application value of the MP-HG, we applied it to the vibration monitoring of the marine
air compressor. Figure 6i shows the voltage output under different vibration accelerations.
When the vibration acceleration is less than 1 m/s2, the output voltage signal is basically 0,
and the voltage increases with the increase of vibration acceleration when the vibration
acceleration reaches 1 m/s2. The MP-HG may pave the way for the practical application
of self-powered vibration sensors in the future. A surface functionalized ferric oxide
nanoparticle, which has strong ferromagnetism and high triboelectricity, shows better
output effect [130]. In addition, Lai et al. adopted nanoporous SiO2 particles for detecting
vibrations and movement, which has a great potential in the underwater environment
monitoring [131].

3.2. Planar Contact Vibration Sensor

Planar contact vibration sensor refers to the contact electricity generation of two
triboelectric materials in the form of plane, and the electrical signal generated in this way is
more obvious than that of point contact. Among them, the planar contact vibration sensor
with axial motion of internal moving parts is the most common [96,97,132–134]. Firstly,
Zhang et al. proposed a magnetically levitated triboelectric nanogenerator (ML-TENG)
with the characteristics of high efficiency, advanced sensitivity and good stability [135]. The
ML-TENG is composed of two TENGs and one electro-magnetic generator (Figure 7a). The
TENG is made up of a one-piece membrane structure formed of polyamide, Al electrode,
silicone and PET. PET serves as the support layer and the substrate layer. The working
mechanism of the TENG is shown in Figure 7b. When external amplitude is greater
than 5 mm, the arc gel pad moves upward and down, causing the nylon microfiltration
membrane to alternately contact and separate from the silicone membrane, thus generating
electrical signals. The sensitivity of the TENG is so high that even slight vibrations caused
by flapping can be monitored when the ball lands. There is also a good correlation between
TENG’s output current and vibration acceleration. As shown in Figure 7c, the short-circuit
current of TENG is from 50 nA to 1.1 µA when the acceleration is from 2 m/s2 to 30 m/s2

with the vibration amplitude of 7.5 mm. This work not only provides a new approach to
the field of mechanical vibration perception, but also represents a solid step forward in
the development of self-powered monitoring technology. Using the same axially moving
contact-separation mode, another triboelectric accelerometer shows good linearity with
a sensitivity of 15 V/g in 0–1.5 g with an optimized gap of 1.5 mm [133]. In addition,
The V-TENG working in axial sliding mode, can synchronously measure the drill string
vibration frequency and amplitude, which is more suitable for downhole conditions [97].
In addition to the above axial motion, the rotating motion of the core component can also
directly sense the vibration signal [136,137].

In addition to the axial and rotational motion above, the non-directional motion of
the core component can also be used to sense vibration information [138–141]. Du et al.
proposed a robust silicone rubber strip-based triboelectric nanogenerator (SRS-TENG),
which has the advantages of strong robustness, high stability, and broadband vibration
range [142]. As shown in Figure 7d, the SRS-TENG can be used as a universal vibration
sensing device in a variety of applications including ships and hydroelectric power plants.
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The SRS-TENG is composed of two conductive aluminum electrodes supported by the
PLA and a silicone rubber strip in the rectangular prism. Figure 7e shows the working
principle of the SRS-TENG. Under the external vibration excitation, the periodic contact
and separation between the silicone rubber strip and the aluminum electrodes generate
electrical signals. Figure 7f demonstrated that the output short-circuit current of the SRS-
TENG increases linearly with the increase of the vibration amplitude. Therefore, the
SRS-TENG has potential applications in self-powered vibration sensing in the field of
ships and oceans. Beyond that, Xia et al. developed a multiple-frequency high-elasticity
triboelectric nanogenerator based on the water balloon (WB-TENG), which can monitor
slight wave vibration [143]. The WB-TENG consists of two parts, a square box, and a
water balloon (Figure 7g). The square box is composed of six identical acrylic substrates,
covered with conductive copper foil tape and a nylon film. The water balloon includes
PVC film and the sodium chloride solution. A conductive copper wire is inserted into the
sodium chloride solution. Figure 7h demonstrates the working principle of WB-TENG.
When the balloon swings close to or away from the nylon surface, the external circuit
will produce opposite current signals. During the continuous swing of the water balloon
inside the box, WB-TENG can continuously generate alternating current signals. Due to
its sensitive response to external mechanical vibration, WB-TENG can also be employed
to measure wave height. As shown in Figure 7i, the output voltage has an obvious linear
relationship with wave height, and the output voltage increases from 46 V to 213 V when
the wave height increases from 0.5 cm to 3.0 cm. The unique operating mechanism makes
it a potentially new application for vibration monitoring in the marine field.

3.3. Curved Surface Contact Vibration Sensor

Curved surface contact vibration sensor refers to the contact electricity generation of
two triboelectric materials in the form of curved surface. In this way, the contact area is the
largest, and the generated electrical signal is the most obvious, so it is also the most widely
used. Many scholars have done a lot of research on the curved surface contact mode, and
the spherical contact structure is the most widely studied because it is easier to design and
process [144–146]. Firstly, Zhang et al. reported a spherical three-dimensional triboelectric
nanogenerator (3D-TENG) with a single electrode, which can monitor signals uniformly
and stably, promoting the development of self-powered sensor systems [92]. The structure
of the 3D-TENG is illustrated in Figure 8a and is composed of two spheres and a thin Al
foil. One of the spheres is a Polyfluoroalkoxy (PFA) ball formed by an etched PFA film on
an ordinary rubber ball, the other sphere is a transparent shell. The Al foil is attached to
the inner surface of the outer sphere. Under the stimulation of external vibration, the PFA
ball moves upward and down, alternately contacting and separating with the Al electrode,
and thus generates periodic electrical signals. The 3D-TENG is utilized as a self-powered
acceleration sensor with detection sensitivity of 15.56 V/g. As shown in Figure 8b, the
apparent linear relationship between output voltage and vibration acceleration is revealed
by fitting the data. As the vibration acceleration increases from 1.01 g to 1.99 g, the output
voltage increases linearly from 4.5 V to 30.8 V. The output voltage of 3D-TENG is uniform
and stable, which is beneficial to the practical application of the sensor. The 3D-TENG
can monitor vibration effectively and opens many potential applications in self-powered
vibration sensor systems. Using a similar structure, Wu et al. proposed a spherical TENG
with a measurement range of 0~8 Hz and a test error of less than 2% [147]. In addition,
Xiao et al. proposed a honeycomb structure inspired triboelectric nanogenerator (HSI-
TENG), which can work in any vibration frequency and direction and monitor the starting
state of marine diesel engine (Figure 8c) [94]. The structure of the HSI-TENG is shown
in Figure 8d and is composed of two copper electrode layers with sponge bases and one
honeycomb frame. The honeycomb frame with PTFE ball is fixed between two parallel
copper electrode layers and encapsulated on two acrylic plates. The sponge bases are
filled between the copper films and the acrylic plates. Figure 8e demonstrates the working
principle of the HSI-TENG. When HSI-TENG is subjected to external vibration, the PTFE
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ball moves upward and down, and alternately contacts and separates with the upper and
bottom copper film, thus generating the electrical signals. When the HSI-TENG is installed
on a diesel engine (Figure 8e), the output current of HSI-TENG can be obtained as the
diesel engine starts and stops (Figure 8f). The short-circuit current can get to 2 µA during
normal operation of the diesel engine, proving that the HSI-TENG can be used as an active
self-powered sensor to monitor the engine working condition effectively. The excellent
performance of HSI-TENG makes it have great potential in mechanical monitoring and
provides a novel strategy for self-powered machinery monitoring. Similarly, Du et al. also
demonstrated the bouncing-ball triboelectric sensor (BB-TENG) with a high signal-to-noise
ratio of 34.5 dB at the vibration frequency of 10 Hz to 50 Hz by using the same structure of
single ball forced vibration [85,148].
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Figure 7. A planar contact vibration sensor. (a) Structural diagram of hybrid generator. (b) Schematic
diagram of electricity generation process with amplitude greater than 5 mm. (c) Short-circuit current
of the TENG at different accelerations. Reproduced with permission [135]. Copyright 2017, Elsevier.
(d) Application scenarios of the SRS-TENG. (e) Schematic showing the full cycle of the electricity
generation process of the SRS-TENG. (f) The relation between short-circuit current of SRS-TENG
and different vibration amplitude. Reproduced with permission [142]. Copyright 2022, MDPI.
(g) Schematic structure of the WB-TENG floating on the sea. (h) Schematic diagram of the electricity
generation process of the WB-TENG. (i) Output voltage of WB-TENG at different wave vibration
heights. Reproduced with permission [143]. Copyright 2020, Wiley-VCH.

For an aspheric contact vibration sensor, Zhao et al. proposed tumbler-shaped hybrid
triboelectric nanogenerators (TH-TENG), which is composed of an external liquid TENG
and an internal rolling-ball TENG [149]. The TH-TENG has characteristics of high novel
structure, high efficiency, and good stability. Figure 8g shows the structure of TH-TENG, it
is composed of a conical shape of the upper three-layer film and a hemispherical shape of
the lower five-layer structure. The application scenario is explored as shown in Figure 8h.
The working principle is shown in Figure 8i. When waves flow randomly, TH-TENG makes
alternating tilting motions, and the outer wall alternately contacts and separates from the
water surface, generating a current signal. The output performance of TH-TENG varies with
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wave height as shown in Figure 8j. The output current increases from 0.2 µA to 0.6 µA as
the wave height increases from 6 cm to 18 cm. TH-TENG can monitor wave vibration height
and wave frequency simultaneously in an amphibious environment. Besides, Rui et al.
reported a high-performance cylindrical pendulum shaped triboelectric nanogenerator
(CP-TENG) with innovative arched film structure, possessing the advantages of large
contact area, small friction, and multi-direction vibration signal monitoring [150]. Figure 9a
depicts the construction of the CP-TENG, which includes an internal rotor, an external
stator, two bearings in the center and a mass block with arched FEP films on the inner
wall. The stator and rotor are mostly made of acrylic cylinder, with two caps on each end.
There are several Al electrodes in the stator and many arched FEP films in the rotor. The
working mechanism of CP-TENG is shown in Figure 9b. Under the external vibration, the
mass with arched FEP film swings back and forth to the left and right, and the arched FEP
film alternately contacts and separates with electrode-I and electrode-II, thus generating
electrical signals. Figure 9c shows that the Isc of the CP-TENG decreases gradually with θ

from 0◦ to 90◦. The θ is defined as the angle between the vertical motion of the wave and
the axial direction of the CP-TENG. Figure 9d demonstrates the outstanding performance
of CP-TENG for vibration direction sensing.
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Copyright 2014, Wiley-VCH. (c) Schematic illustration of the HSI-TENG for vibration sensing.
(d) Schematic structure of the HSI-TENG. (e) Photograph of HSI-TENG used for monitoring the
working condition of the diesel engine on the ship. (f) The output short-circuit current of HSI-TENG
after the diesel engine starts and stops. Reproduced with permission [94]. Copyright 2019, Wiley-
VCH. (g) Schematic illustration of the TH-TENG unit. (h) A schematic of movement on the sea.
(i) Working mechanism of the TH-TENG from tilt to neutral in the sea. (j) Output current at different
wave vibration heights. Reproduced with permission [149]. Copyright 2020, Elsevier.

More distinctively, Zhang et al. proposed a self-powered acceleration sensor based
on liquid metal(LM-TENG) with the advantages of high sensitivity and stability [151].
Figure 9e demonstrates the structure of the LM-TENG, which consists of an inner Hg
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droplet and an outer acrylic. The acrylic surface has a thin copper film and a layer of
Cu-coated Poly (vinylidene fluoride) (PVDF). Besides, the acceleration sensor can be fixed
on the air compressor to monitor vibration condition (Figure 9f). The working principle
of LM-TENG is shown in Figure 9g. When the acceleration sensor is subjected to external
vibration, the mercury droplet moves upward and down, resulting in the electrical potential
imbalance, thus producing electrical signals. Figure 9h shows the relationship between the
output signal of the acceleration sensor and the start-stop state of the air compressor. As the
air compressor started, the open circuit voltage quickly rose to 0.6 V and then slowly rose to
0.75 V until it stopped, which illustrates the sensitivity of the LM-TENG. The LM-TENG can
measure the vibration of mechanical equipment in real time and has potential application
prospect in vibration monitoring and troubleshooting of ship equipment. In addition,
Deng et al. also developed a liquid-metal-based freestanding triboelectric generator (LM-
FTENG) for vibration sensing, which provides an effective method for low-frequency and
multidirectional vibration sensing [152].
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In summary, the application of TENG-based non-harmonic vibration sensor can sense
vibration signals in the field of ship and ocean engineering and has achieved some research
results. To achieve continuous monitoring of ship equipment and marine environment, this
TENG-based non-harmonic vibration sensor should be stable and synchronous. The non-
harmonic vibration does not rely on elastic bodies such as springs to achieve contact and
separation of triboelectric materials, but on forced vibration at work to generate electrical
signals that may not be synchronized with the vibration of the measured object. Therefore,
future research can focus on how to synchronize the vibration state of the measured object
with the sensing signal by means of data processing or system parameter adjustment. In
addition, the intensity of the output signal is also very crucial for non-harmonic vibration
sensors. The output signal of particle or powder contact vibration sensor is relatively weak,
and the sensing signal will be very unclear in the case of large noise. Therefore, the next
research direction should be how to increase the effective contact area between triboelectric
materials through novel structural design to enhance the strength of the output vibration
sensing signal.

4. Concluding Remarks and Future Perspectives

As the world marches into the era of Internet of Things, vibration sensors play an
increasingly important role in the field of ship and ocean engineering and powering these
distributed vibration sensors in the marine network is beyond the capability of traditional
central power supply systems. It is time to develop a pervasive energy solution for smart
and versatile sensors in the marine Internet of Things. Since the invention of the TENG
in 2012, it has undergone tremendous development in sensing the vibration amplitude,
direction, frequency, velocity, and acceleration in various forms. In this review article, the
latest achievements of TENGs for sensing the vibration information in the field of ship
and ocean engineering were systematically summarized, as shown in Table 1. With the
emergence of new materials and new structures, to meet various application scenarios,
different forms of marine TENG-based vibration sensors were developed and achieved
more accurate vibration signal perception. For future field development, research directions
can be implemented in the following aspects (Figure 10):

Table 1. A summary of structure characteristic and sensing property of various TENG-based vibration sensor.

Sensor
Type

Structure
Characteristic

Triboelectric
Materials

Acceleration
(m/s2)

Amplitude
(mm)

Velocity
(m/s)

Frequency
(Hz) Sensitivity Durability Ref.

H
arm

onic
vibration

Spring-assisted
Silicone rubber

and carbon
nanofiber

0~23 / / 0~30 / 30,000 [95]

Spring-assisted PTFE and Cu / 0.7~5 / 5~50 / 500,000 [109]
Spring-based Kapton and Al 1.07~1.25 / / / / / [102]
Spring-based PMMA and Ag / 1~6 0.6~1.1 30~60 / / [101]
Spring-based FE and TEL / 0~40 / 0.5~2 / 10,000 [90]

Elastomer-
based FEP-Al / / / 1~22 / 200,000 [121]

Elastomer-
based

Silk-fibroin
and PET 1~11 / / / 20.4

V/(m/s2) 108,000 [106]

N
on-harm

onic
vibration

Point contact PTTEE and Ag / / / 3~133 K 0.22
V/m/s / [127]

Point contact Ni and sugar / 50~100 / 2.5~5.0 / 2000 [128]
Curve contact Cu and Hg and

PVDF 0~60 / / / 0.26 V
s/m2 200,000 [151]

Curve contact PTFE and Cu / 1~4.5 / 10~60 / 2000 [94]
Curve contact PP and SiO2 / 60~180 0~10 0.7~1.2 / / [149]

Planar contact Polyamide
and Silicone 0–30 0~7.5 / / / 6000 [135]

Planar contact PVC and nylon / 40~120 / 0.5~2.5 / 1500 [143]
Planar contact Silicone rubber

and Aluminum 0.5~319.8 0.5~9 / 5~90 94.95
W/m3 / [142]
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Signal-to-noise ratio refers to the ratio of normal vibration signal intensity to noise
intensity. When the signal-to-noise ratio is low, such as triboelectric nanogenerator, the
output signal is relatively weak, and the noise is easy to drown the normal signal, so it
cannot be used to detect the vibration signal. Therefore, it is greatly significant to improve
the signal-to-noise ratio of vibration signal. To our best knowledge, there are two ways
to help solve this problem. (1) Use the new digital filtering technology to filter out the noise
interference. The time-domain method of digital filtering is a method of filtering discrete
vibration data signals by substituting them into difference equations. (2) Improve the output
signal intensity of the triboelectric nanogenerator. As we all know, when the output signal
intensity is relatively large, the signal-to-noise ratio will be relatively large. Physical
structure modification [153], chemical methods [154] and bioengineering techniques [155]
can be employed to enhance the output signal intensity of the triboelectric nanogenerator,
thus improving the vibration signal-to-noise ratio.

Most of the existing micro/nano structures on the surfaces of triboelective materials
are not strong enough after long periods of operation, especially in lateral sliding mode.
For example, nanostructures obtained by etching method are relatively easy to damage
triboelective materials, while those obtained by coating or electrospinning are easy to fall
off. Therefore, it is necessary to study new technologies to improve the robustness and
stability of triboelective materials. One of the most effective approaches is to develop
new triboelective materials with the appropriate modulus, hardness and elasticity, since
almost all triboelectric materials undergo continuous working cycle under elastic conditions.
Another effective approach is to explore new surface treatment techniques. The use of
the latest surface treatment technology ensures that the nanostructures on the surface of
the triboelective material are robust enough to remain stable after undergoing periodic
mechanical stimulation.

Sensitivity is one of the most important parameters of vibration sensor, which refers to
the response degree of a method to the change of unit quantity of substance to be measured.
Increasing the sensitivity requires increasing the amplitude of the applied pulse or selecting
more electro-sensitive triboelectric layer materials with higher charge density. Extending
the detection range to a wider range is also important to improve sensitivity. According to
the principle of TENG, the maximum and minimum values of sensor detection range are
determined by the maximum and minimum output signals of TENG. Since the amount of
initial charge affects the change in response, and the strength of contact or friction is critical
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to the initial value of charge, so increasing the initial charge or friction strength will help
raise the upper limit. Therefore, electro-sensitive and high charge density triboelectric layer
materials can be selected to improve the initial charge increase, which can help improve
the sensitivity [156]. In addition, micro/nano structures can also be used to increase the
contact area of triboelectric materials and improve the sensitivity of vibration sensor.

Environmental factors such as temperature, humidity and salinity in the ocean and
ships can negatively affect the accuracy and stability of TENG-based marine vibration
sensors. Therefore, it is very important to package them efficiently. To overcome this, the
following three things should be finished. (1) Mechanical stability of encapsulation materi-
als. Encapsulation materials are required to have a certain high temperature resistance
and can effectively overcome the mechanical wear between the encapsulation material
and the equipment in the working process. (2) Waterproofing of encapsulation materials.
Pipe leakage is easy to occur in the engine room of ships, and the high humidity in the
engine room may affect the charge transfer of TENG-based vibration sensor, which will
affect its normal operation. Therefore, it is urgent to study waterproof and moisture-
proof encapsulation materials to resist the threat brought by water and moisture [157,158].
(3) Chemical stability of encapsulation materials. Vibration sensors applied in the field of ship
and ocean engineering will inevitably encounter seawater, which is highly corrosive and
will corrode encapsulation materials, so corrosion-resistant encapsulation materials should
be selected to ensure their chemical stability.

Most TENG structures discussed above are produced considering functionality rather
than device productivity. However, in order to make vibration sensing technology widely
used in the field of ships, it must be easy to manufacture in an industrial environment. Sev-
eral studies have taken advantage of existing manufacturing methods based on traditional
machines to address this problem. However, techniques that provide nanomaterials with
nanoscale properties, such as photolithography and nano etching, are also expensive and
difficult to replicate in large quantities. This requires more research to develop cheaper
and more efficient manufacturing processes suitable for large-scale production, especially
induced surface properties to improve the output performance of TENG [159–161]. Mean-
while, in order to maximize the commercial value of TENG as a marine vibration sensor,
another factor that must be investigated is the selection and development of new and inex-
pensive triboelectric materials that are easy to process, all of which are expected to facilitate
the widespread use of TENG-based marine vibration sensing technology in the future.

Along with the booming development of Internet of Things and 5G wireless network,
marine self-powered sensor network technology based on TENG is an inevitable devel-
opment trend. TENG-based self-powered vibration sensor is an important part of ship
sensor network. If progress is to be made, three issues must be thoroughly addressed.
(1) Communication between node sensors. The data interaction and sharing of node sensors
in the network is very important for the long-term development of the network, because
it can not only perceive each other’s working status, but also carry out multiple TENG
cooperative operations to improve the working efficiency. (2) Reaction to the Internet. If
TENG is connected to the Internet, all its performance parameters will be collected and
transmitted to the shore-based Internet terminal. Shore-based experts can not only monitor
the operating status of the equipment in real time, but also adjust the employment of
TENG-based vibration sensors on the network according to the actual requirements of the
equipment condition monitoring [162]. (3) Modularization. If the TENG-based vibration
sensor is designed to be modular, it can be replaced by plug and pull in order to facilitate
the daily maintenance of the crew.
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