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With the rapid advances of electronics/materials and manufacturing, marine sensors have made significant
progress in the field of ship and ocean engineering, which could cater to the development trend of marine
Internet of Things (MIoT) and intelligent ship. As the number of marine sensors increases and the range of
distribution expands, developing a continuous, sustainable, and ubiquitous power source is critical for ocean
sensing, but it is an unsolved scientific challenge. Marine self-powered sensing through triboelectric nano-
generators (TENGs) may be a promising approach to this emergency. TENG can efficiently convert mechanical
triggers from the surrounding environment into electrical signals. It has the advantages of highly efficient
mechanical-to-electrical energy conversion, self-sustainability, broad material availability, low cost and good
scalability. This article reviews the working principle of marine triboelectric sensors and their applications in the
field of ship and ocean engineering. They are mainly divided into five categories: tactile sensor, displacement
sensor, flow sensor, vibration sensor and velocity sensor, involving their advanced structure designs, functional
material innovations and marine application scenarios. Finally, we highlight the academic challenges and future
prospects of these technologies, as well as the key points to be considered in transforming them into commercial
applications.

1. Introduction

In recent years, relying on intelligent ocean engineering, it is very
critical to accelerate the construction of marine three-dimensional (3D)
monitoring network while promoting the development of intelligent
ships and upgrading the marine industries [1-5]. Due to the advantages
of low cost and high automation, marine sensor networks have been
widely used in hydrological information collection [6-10], ship condi-
tion monitoring [11-15], marine environmental monitoring [16-21],
maritime safety monitoring [22-25] and other fields [26-30].Through
the continuous development in recent years, the application of marine
sensor networks in the field of ship and ocean engineering has achieved
good results and has become the main means for marine information
collection [31-34]. They are gradually developing in the direction of
miniaturization, high precision, low energy consumption, and
networking to achieve rapid response and diverse scene applications
[35-38].

Marine sensor networks are widely distributed in ships [39-43],
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aquatic [44-47], underwater [48-52], offshore platforms [53-56] and
onshore buildings [57-59], including displacement sensors, tempera-
ture sensors, flow sensors, vibration sensors, speed sensors, pressure
sensors and tactile sensors. However, the biggest challenge for devel-
oping the existing marine sensor networks is that the battery life of
traditional power supply methods is limited, and batteries need to be
replaced or charged regularly, which will not only lead to inconvenience
in maintenance but also additional maintenance consumption, espe-
cially in the case of such a large distributed marine sensor network
[60-64]. In addition, most battery systems are manufactured with toxic
chemicals, which may pose potential risks to the marine environment
[65-68]. Therefore, such marine sensor networks urgently need uni-
versal, sustainable and environmentally friendly energy alternatives
[69-73].

In 2012, Professor Wang Zhonglin first proposed the triboelectric
nanogenerator ( TENG ) based on the conjunction of tribo-
electrification and electrostatic induction, which is a new energy con-
version method based on Maxwell’s theory [74-78]. TENG has the
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advantages of simple structure, light weight, low cost, wide range of
material selection and strong environmental compatibility, and has
obvious advantages in the field of self-powered sensing technology
[79-84]. TENG can directly convert different types of mechanical mo-
tion into electrical signals with high signal-to-noise ratio, perceive the
marine environment parameters and the working state parameters of
ship system and equipment, realize the self-powered sensing of motion
perception signals in the field of ship and ocean engineering, and pro-
vide strong data support for intelligent marine sensor networks [85-89].
As a new electromechanical conversion method, TENG has achieved
remarkable results in the field of ship and ocean engineering [24,
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90-93]. Professor Wang’s team from the Beijing Institute of Nanoenergy
and Systems has made great contributions to TENG-based vibration
monitoring of ship equipment, vibration positioning sensing and marine
environment perception [34,94-97]. Professor Xu’s team from Dalian
Maritime University has conducted extensive research on wave sensing
in marine environment and tactile sensing of underwater robots
[98-102]. Professor ding’s team of Tsinghua University systematically
analyzed the output characteristics of TENG under high-frequency me-
chanical gearbox vibration, and successfully realized a variety of fault
detection of mechanical gearbox [103-107]. Professor cheng’s team of
Changchun University of Technology has achieved many achievements

Triboelectric tactile sensor

Aquatic tactile sensor

Underwater tactile sensor

Triboelectric displacement sensor

Liquid level sensor

Tilt angle sensor

Triboelectric flow sensor

f Tesla turbine VTENGS

Single-phase flow rate sensor

Multiphase flow rate sensor

Triboelectric vibration sensor

Harmonic motion vibration sensor

Non-harmonic motion vibration sensor

Triboelectric velocity sensor

Motor Guide
Rear Cap

Mechanical rotational speed sensor

Fluid flow velocity sensor

Fig. 1. Classification of marine self-powered triboelectric sensors. Aquatic tactile sensor (Reproduced with permission from ref [101]. Copyright 2022 Elsevier.
Reproduced with permission from ref [138]. Copyright 2022 American Chemical Society); Underwater tactile sensor (Reproduced with permission from ref [139].
Copyright 2022 Elsevier. Reproduced with permission from ref [117]. Copyright 2022 The Nature Publishing Group); Liquid level sensor (Reproduced with
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in the research of fluid flow sensor and liquid level sensor in pipeline
[108-112]. Professor Yang’s team from Southwest Jiaotong University
demonstrated the liquid-metal based triboelectric acceleration sensor,
which can measure the vibration of mechanical equipment in real time
[14,113,114]. Specifically, the existing triboelectric marine sensors can
be classified into five types according to their application scenarios and
sensing information: triboelectric tactile sensors [11,115-117], tribo-
electric displacement sensors [118-122], triboelectric flow sensors
[123-127], triboelectric vibration sensors [128-132] and triboelectric
velocity sensors [133-137]. The specific classification is shown in Fig. 1.
In this article, the application of marine triboelectric sensor as an
emerging technology in state parameter perception in the field of ship
and ocean engineering is systematically studied and introduced for the
first time. Specifically, we focus on the structural design, working
principle, and application of marine triboelectric sensors, which are a
subset of marine triboelectric nanogenerators, but have not been sys-
tematically reviewed before. We first illustrate the working mechanism
of TENG and introduce the working principle of triboelectric sensor,
including tactile sensors, displacement sensors, flow sensors, vibration
sensors and velocity sensors. Next, we comprehensively review each
class of marine triboelectric sensors from the perspective of functional
material innovations, advanced structure designs, marine application
scenarios and the potential benefits of integrating artificial intelligence
technologies. Finally, we offer an overview of exsisting challenges that
limit the extensive application of these technologies and suggest some
future directions for mitigating them. This review will significantly drive
the development of marine self-powered triboelectric sensor, which will
soon revolutionize the upcoming intelligent and green ship and ocean
engineering in the era of Marine Internet of Things (MIoT).

2. Fundamental Mechanism of Marine Triboelectric Sensors
2.1. Theory of triboelectric nanogenerators

Since the TENG was first proposed by Professor Wang’s team in
2012, the TENG has developed four main operating modes: contact-
separation mode, lateral sliding mode, single-electrode mode and free-
standing triboelectric-layer mode [151]. As one of the most basic and
common working modes (Fig. 2i), the contact-separation mode is widely
used in various marine sensors mentioned in this paper. To better
explain the principle of TENG in moving media systems, Wang’s team
has recently successfully derived the dynamic Maxwell equations in
non-uniform moving media systems [74], which can well describe the
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evolution law of electromagnetic field when charged solid and fluid
media move at any speed [77,152]. At the same time, the addition of Pg
in the term D’ successfully introduces the contribution of electrostatic
charge caused by contact charging, indicating that the triboelectric
charge is generated by the physical contact between two different ma-
terials, independent of the presence of electric field, which effectively
explains the triboelectrification principle of moving objects in a moving
medium system.

V-D =p, —V-Ps @
V-B=0 2
VXE= J Vv |B 3)
XE=— E-ﬁ-v-
d /
V><H:Jf+(§+v~v> <P5+D) 4)

Where D’ is the electric displacement field, p; is the free charge density,
Pg is the polarization density term in the displacement vector, repre-
senting the polarization owing to the pre-existing electrostatic charges
on the medium, B is the magnetic field, E is the electromagnetic field, v is
the translation velocity, H is the magnetizing field, Jy is the local free
electric current density, which primarily expand the applications of
TENG in various fields.

The electron cloud/potential model based on electron cloud inter-
action can also further explain the microscopic process of charge
transfer between different material contacts in a moving media system
[153-156]. The electrons within an atom or molecule are bound to their
original orbitals, forming a cloud of electrons (Fig. 2ii). When driven by
different types of mechanical movements in the marine environment,
different materials contact each other, the distance between the electron
clouds decreases, and eventually, the electron clouds overlap, the
interatomic barrier decreases, and the electron jump occurs. On a macro
level, opposite charges appear on the contact surface of different ma-
terials, forming a potential difference, and then generate an electrical
signal.

2.2. Theory of marine triboelectric sensors

In the field of ship and ocean engineering, it has a variety of motion
modes such as flow, vibration, rotation, etc., which can promote

Output electrical signal

3.0 |- Unit: m/s? 35
25 F 30
20 |-

1.5 |- 15

1
1

Voltage (V)
&5
L T L]
=
=

S
&

0.0

0.00 0.02 0.04 0.06 0.08

Time(s)
d 05 Sensor 1 Sensor 2
S Seniors —— Sensor 4
= 041
© P‘
E; 0.3 ‘ i
ao03f
$o2}f
S
© 01
g A
0.0 &

Fig. 2. Flow chart of working principle of marine triboelectric sensor. Reproduced with permission from ref [154]. Copyright 2020 Elsevier. (a) Application Sce-
narios of VS-TENG. (b) Voltage signals under different accelerations. Reproduced with permission from ref [103]. Copyright 2022 Wiley-VCH. (c) Applications of the
BCWS in the marine platform. (d) The signal output characteristics of BCWS. Reproduced with permission from ref [102]. Copyright 2021 Wiley-VCH.
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alternating contact and separation between different materials through
liquid-solid contact, film flapping, tensile deformation, extrusion and
other ways [151,152,157-160]. Based on the working principle of the
TENG, a potential difference is formed between the two tribo-materials
to generate current through the external load circuit [76]. Fig. 2 depicts
the process of converting typical mechanical movements in the field of
ship and ocean engineering into electrical signals. Through the analysis
and processing of electrical signals, the motion information of excitation
source can be characterized. Therefore, it is particularly important to
design a variety of sensors. Different sensor structures are designed ac-
cording to different external excitation ways, so that the two
tribo-materials can form stable and efficient output under the excitation
of different motion modes, and realize the effective collection and
self-powered sensing of marine information. [161-163] Based on the
equivalent physical model shown in Fig. 2i, the electric field intensity of
each region obtained by Gauss theorem is given by:
Inside the air gap

Ey=—"% )

Inside the dielectric layer 1
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Here, Ey, E; and E; is the electric field strength. t is time, o) is the
surface charge density varying with time; ¢y is the permittivity in a
vacuum; Q is the amount of transferred charge; S is the surface area of
the metal electrode. e7and ¢, are the relative dielectric constant of the
dielectric layer [154].

The voltage between the two electrodes can be given by

V=E,ex+E ed +E,ed, (8)

Therefore, the V-Q-x relationship of TENG in the motion system can
be obtained as follows:

i g— (x(z)+é+@) 10 )

geS £ & £

where x is the air gap distance between two tribo-materials, x(t) is the
time-varying distance between two tribo-materials in the motion sys-
tem, dj, and d; represent the thickness of two tribo-materials [164,165].

In the theory, when TENG is used as a sensor, the output voltage
value is generally used as the sensing signal. However, faced with a
complex sensing environment, the TENG sensor with weak performance
will have a low signal-to-noise ratio, which makes it impossible to
perceive more comprehensive information. Therefore, it is necessary to
improve the performance of TENG. Through the theoretical formula 9,
we can know that changing the tribo-materials can optimize the relative
dielectric constant and surface charge density, alter the material area
and the gap of the tribo-materials, so as to promote the output perfor-
mance of TENG, obtain a higher signal-to-noise ratio for the output
signal, and better facilitate the environmental perception ability of
TENG [166-168].

3. Marine Triboelectric Sensors

Recently, researchers have made great efforts to develop marine
triboelectric sensors that can sense the marine environment as well as
the state of mechanical equipment without the need for an external
power source. Under the external excitation, the internal structure of the
TENG will produce corresponding mechanical movement, resulting in
alternating contact and separation between the two tribo-materials, thus
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converting the external excited mechanical movement into electrical
signals. Different types of mechanical excitation, such as vibration,
flapping, flow, rotation and touch, have different mechanical motion
characteristics, so the structural design and tribo-material selection of
TENG are also different. Therefore, according to the different functions
of the sensors, the marine triboelectric sensors are mainly divided into
five categories: tactile sensors, displacement sensors, flow sensors, vi-
bration sensors and speed sensors.

3.1. Triboelectric tactile sensor

The triboelectric tactile sensor is a passive sensing sensor compared
to other sensors, which is often used to detect physical parameters such
as pressure and deformation. In the field of marine engineering, it is used
in scenes such as environmental information perception [169],
human-computer interaction [170,171], underwater grasping [172] and
underwater robot collision avoidance [173,174]. By sensing the pres-
sure or deformation of the measured object, the triboelectric tactile
sensor is capable of establishing contact and separation between
different tribo-materials within the sensor, so as to generate electrical
signals and realize the tactile perception of the working state of me-
chanical equipment or the surrounding environment information. In this
paper, according to the different spatial dimensions of the application
scenario, the triboelectric tactile sensor is divided into two categories:
aquatic triboelectric tactile sensor and underwater triboelectric tactile
Sensor.

3.1.1. Aquatic tactile sensor

Aquatic tactile sensors are mainly used in the status monitoring of
marine structures such as ocean platforms and ocean environments
[169]. Prolonged exposure to periodic waves, wind and other hazardous
loads can lead to damage or even destruction of marine structures.
Marine structural health monitoring is dedicated to monitoring the
tensile, impact, bending and other mechanical deformation of structures
under the action of external forces. Therefore, the monitoring of marine
structures through tactile perception is a necessary means to ensure the
safety. Firstly, Zhao et al. proposed a highly stretchable rope-like TENG
(R-TENG) for monitoring the mechanical loads of marine structures
[101]. R-TENG has advantages of excellent stretchability, flexibility and
resistance to humidity, which reflect the potential as an attractive ma-
rine equipment monitor to prevent collision. Fig. 3a demonstrates the
utilization of R-TENG for monitoring marine structure. R-TENG can not
only reflect the mooring state of the ship by monitoring the tensile load
on the mooring cable, but also monitor the bending load of the lower
piping system of the offshore platform and the collision load of the
platform legs to monitor the offshore platform in multiple perspectives.
As shown in Fig. 3b, R-TENG is composed of a commercial steel spring, a
silicone rubber and a latex tube. When the R-TENG is exposed to
external stimulation, the latex tube and silicone rubber will alternately
contact and separate, thus forming an electric current between the steel
spring and the ground. The change of voltage under different pressing
force is shown in Fig. 3c. The output voltage exhibits a favorable linear
correlation with the pressing force.

For ocean environmental monitoring, a self-powered triboelectric
bionic coral wave sensor (BCWS) was proposed for detecting ultra-low
frequency and irregular ocean waves [102]. The data obtained by
BCWS monitoring the surrounding marine environment can provide
effective help for marine infrastructure development, marine resource
utilization, and the detection of maritime disasters. Fig. 3d shows the
potential application of the BCWS in marine platform monitoring.
Multiple BCWSs can be placed uniformly around the marine platform to
monitor the ocean waves in all directions, then provide data to the en-
gineer to ensure safe operation of the platform. The working principle of
the BCWS is shown in Fig. 3e. When the FEP film is alternately contacted
and separated from the conductive ink electrode in oscillating motion,
an electrical signal is generated in the external circuit. As shown in
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Fig. 3. The triboelectric tactile sensor: Aquatic tactile sensor. (a) R-TENG monitoring map of ocean conditions. (b) The structure and working principle of R-TENG.
(c) R-TENG output voltage curve with pressure. Reproduced with permission from ref [101]. Copyright 2022 Elsevier. (d) Application Scenarios of BCWS. (e)
Working principle of the BCWS. (f) At w = 0° and f = 0.65 Hz, the dependence of the output current of BCWS on H. Reproduced with permission from ref [102].
Copyright 2021 Wiley-VCH. (g) Application of DL Smart mats. (h) The working mechanism of DL Smart mats. (i) DL Smart mats output voltage variation with fill rate
and user. Reproduced with permission from ref [138]. Copyright 2022 American Chemical Society.

Fig. 3f, the output current signal generated by wave stimulation in-
creases with the increase of wave height and have a millimeter-level
response to the different wave height. With high precision wave
sensing ability, BCWS undoubtedly has great prospects in the field of
ocean engineering sensing.

To build the MIoT and ensure personnel safety, Wang et al. proposed
a minimalist structure triboelectric smart sensing mat system with deep
learning (DL) assistance for the comprehensive monitoring of crew
[138]. Application scenarios of the smart sensing mat system are shown
in Fig. 3g. Whether the crew is in the living cabin or the closed cabin of
the engine room, the smart sensing mat system can realize the
comprehensive monitoring of the personnel status. Working principle of
the triboelectric smart sensing module unit as shown in Fig. 3h. When a
person steps on the mat, the interaction between the fluorinated
ethylene propylene (FEP) and the conductive sponge will generate a
triboelectric signal according to the principle of contact-separation
mode. The amplitude of output signal of the smart sensing mat unit is
related to the contact area of the two materials. With the different filling
rate of the conductive sponge, the amplitude of the output signal is
different. As depicted in Fig. 3i, when users with different weights step
on the mat unit with distinct filling rates, the mat outputs a stable signal

with obvious difference. The smart sensing mat system not only provides
a high-precision recognition method, but also shows great advantages in
terms of cost, structure and scalability. It has broad application pros-
pects in the future construction of intelligent ships. On the basis of
intelligent sensing mat, Yang and Shi et al. [175,176] have carried out
structural optimization array distribution, which reduces the complexity
of output terminals and systems, and improves the accuracy to 99%
through DL. Moreover, Jin et al. [170] used the machine algorithm
training to achieve multi- target tactile perception with an accuracy rate
of more than 98%.

3.1.2. Underwater tactile sensor

Autonomous underwater vehicle (AUV) has been widely developed
and applied because of its outstanding applicability in various industries
[177-179]. While existing force/torque measuring instruments may be
suitable for the measurement of parameters in the field of marine and
ocean engineering, the quantity of tactile sensors explicitly tailored for
utilization in marine applications remains comparatively limited. Ma-
rine mammals with tactile receptors have the capability to perceive
intricate stimuli arising from the surrounding motion environment.
Inspired by these, some scholars have made efforts to explore and
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achieved some results. Wang et al. designed an underwater triboelectric
bionic whisker sensor (UBWS) [139], which can perceive the hydrody-
namic trails generated by the motion of underwater objects (Fig. 4a). As
shown in Fig. 4b, the structure of the UBWS consists of inner TENG
perceiving unit, a silicone follicle (Dragonskin 00-20), and an artificial
whisker (polydimethylsiloxane, PDMS). When the artificial whisker
deflected under the the vortex pressure difference, the alternating con-
tact and separation between the FEP film and conductive electrodes will
generate electrical signals. As shown in Fig. 4c, the ratio of the distance
between the fishtail and the UBWS to the characteristic length (D/L) of
the UBWS gradually increases from 1 to 5, the pressure difference caused
by the vortex gradually dissipates and the output voltage of the UBWS
gradually decreases. The UBWS can effectively perceive the eddy cur-
rent caused by target disturbance. In addition, it could be combined with
robotic fish to capture underwater targets, which proves the potential
application value of TENG tactile perception in hydrodynamic passive
vortex sensing. Zou et al. [180] also designed a tactile sensor that can
monitor the attitude of underwater personnel in real-time by using bi-
onic characteristics and imitating the ion channel structure of electric
eel cell membrane. Its good tensile fatigue resistance (more than 50,000
times) and underwater performance provide a new way for underwater
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soft wearable electronic devices. To further optimize the structure, Liu
et al. designed a triboelectric bio-inspired whisker sensor (BWS), [181]
which can be used as an underwater whisker sensor for underwater
robots to avoid reactive obstacles (Fig. 4d). The main components of the
BWS include a carbon fiber rod, an epoxy resin base, and four sensing
units, as shown in Fig. 4e. When BWS is stimulated by the external
environment, the carbon fiber rod will cause the octagonal prism to
impact the sensing unit, and the FEP film and the ink layer will alter-
nately contact and separate, thereby generating electrical signals. It can
be seen from Fig. 4f that as the contact frequency increases, the
short-circuit current of the sensing unit increases from 3.81 nA to
18.6 nA. BWS identifies the direction, position and frequency of the
external load by extracting the characteristics of the electrical signals
transmitted by the four sensing units, especially in the complex situation
where optical and acoustic equipment cannot be used. BWS effectively
improves the environmental perception ability of underwater vehicles.
Furthermore, Xu et al. [174] also explored deep learning (DL) and un-
derwater 3D 1 tactile perception technology, which realized
multi-directional environmental perception of underwater flow field,
and provided strong support for underwater robot to avoid collision and
maintain motion attitude.
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Fig. 4. The triboelectric tactile sensor: underwater tactile sensor.(a) Seals sense targets by the effect of eddy currents on their whiskers. (b) Schematic structure of the
UBWS. (c) Curve of UBWS output voltage with D/L value. Reproduced with permission from ref [139]. Copyright 2022 Elsevier. (d) Application Scenarios for BWS.
(e) The detailed structure of BWS. (f) Dependence of BWS short-circuit current on external load frequency. Reproduced with permission from ref [181]. Copyright
2022 Elsevier. (g) Schematic diagram of TPTS for signal grabbing. (h) TPTS structure and working principle. (i) TPTS open-circuit voltage when external load
changes from 1 N to 5 N. Reproduced with permission from ref [117]. Copyright 2022 The Nature Publishing Group.
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Inspired by marine mammals’ tactile hunting, Xu et al. developed a
self-powered triboelectric palm-like tactile sensor (TPTS) integrated
with a tactile sensing system for underwater vehicles [117], which is
capable of measuring and distinguishing normal and shear forces
generated when touching objects in real time (Fig. 4g). As shown in
Fig. 4h, the structure of TENG is made up of triboelectric sensing units, a
flexible support unit and a sealing unit. The spine-like structure on the
surface of the sensing unit can produce local and high stress concen-
tration near the sensor to enhance pressure perception. When the
sensing unit receives an external stimulus, the alternating contact and
separation of FEP thin film and ink electrode generates electric signals.
When the external load increases from 1 N to 5N, the TPTS outputs
voltage from 0.2 V to 0.7 V, as shown in Fig. 4i. The manipulator inte-
grated with TPTS has the ability to detect the hardness of the sample,
and completes a large number of underwater grasping tasks while pre-
venting damage. In addition, Qu et al. [172] have explored materials
and developed an environmentally friendly high-performance ion
hydrogel with good strain and friction electric tactile sensing capabil-
ities, which effectively improved the active sensing ability of under-
water soft robots during grasping.

In short, the triboelectric tactile sensor, as a self-powered sensor that
converts tiny mechanical movements into electrical signals using the
principle of triboelectric nanogenerators, can sense multi-dimensional
information of marine environment and structures with high preci-
sion. The sensor has the characteristics of unique structural design, good
environmental adaptability, excellent bionic ability, and has shown
great application potential in the field of ocean engineering sensing.
Compared with acoustic and optical sensors, triboelectric tactile sensors
have superior perception performance in underwater information
perception, which can realize 3D information perception and eddy
current sensing, underwater target acquisition and trajectory percep-
tion, and improve the operation capability of underwater equipment.
The development of new high-performance materials will also play a
great role in improving the active sensing ability of underwater tactile
sensors and their integration with soft robots. The introduction of arti-
ficial intelligence technology provides more innovation possibilities and
application scenarios for triboelectric tactile sensors, which can provide
data support for marine ecological protection and resource develop-
ment, and provide technical means for the early warning and prevention
of marine disasters. Through the combination of DL and machine algo-
rithms, intelligent analysis and processing of big data generated by
triboelectric tactile sensors are realized, which improves the intelligence
level of sensors and provides a way for the construction of MIoT.
Through the integration of underwater tactile sensor and underwater
robot, the intelligent recognition and tracking of underwater objects can
be realized. The safety and efficiency of marine engineering can be
ensured by the intelligent monitoring of the health state of marine
structures by triboelectric sensors.

3.2. Triboelectric displacement sensor

Triboelectric displacement sensor can sense the relative displace-
ment generated in the motion system. It is often used in the field of
marine engineering to perceive the liquid level change caused by ocean
wave motion of ships or offshore platforms [182], the inclination change
caused by ship swaying [183,184], and the relative displacement caused
by mechanical motion [185]. Since it is mainly used to sense the change
caused by relative displacement, the existing triboelectric displacement
sensor mostly works on the lateral sliding mode, which uses the relative
displacement in the moving system to drive the alternating contact and
separation between different tribo-materials to generate electrical sig-
nals and realize the displacement information perception. According to
the different information perceived by the triboelectric displacement
sensor, it is divided into two categories: triboelectric liquid level sensor
and triboelectric angle sensor.
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3.2.1. Liquid level sensor

The triboelectric liquid level sensor is mainly employed for detecting
parameters of ship draft and wave height. Compared with traditional
liquid level sensors, it possesses the merits of cost-effectiveness, easy
installation and no need for external power supply [186]. For the
operation mode of solid-liquid contact, Xu et al. first proposed a
highly-sensitive triboelectric wave sensor working on liquid-solid
interfacing mode (WS-TENG), which could be used for monitoring
real-time wave heights [187]. Fig. 5a shows the application of WS-TENG
on a marine platform. WS-TENG is fixed to the leg of the platform. When
a wave encounters the legs of the platform, WS-TENG can accurately
sense the amplitude of the wave. The structure and operational mech-
anism of WS-TENG is presented in Fig. 5b. WS-TENG is made of poly-
tetrafluoroethylene (PTFE) film covered on a copper electrode. In the
initial state, WS-TENG is in charge equilibrium. When the seawater
surface changes, the positive charge in contact with the PTFE diaphragm
changes accordingly, causing the positive charge on the copper elec-
trode to shift and form a current. Fig. 5S¢ shows a test of WS-TENG in a
water tank. WS-TENG is fixed to the legs of a 3D printed platform, when
the wave passed over the legs, the peak of the wave was presented on the
computer screen. The data obtained indicates the sensitivity of
WS-TENG for wave measurement. Detailed data on the wave heights
measured by WS-TENG is shown in Fig. 5d. The voltage increases from
0.39V to 1.98 V during the increase in level height from 10 cm to
80 cm, demonstrating the precision of the water level measurement by
WS-TENG. In addition, a self-powered water level sensor based on a
liquid-solid tubular triboelectric nanogenerator (LST-TENG) was
designed for detecting ship draft [100]. Fig. Se shows that LST-TENG is
placed on the bow of a LNG (Liquefied Natural Gas) ship, which can help
the crew to get the real-time ship draft without leaving the cabin. As
shown in Fig. 5f, the LST-TENG consists of a main individual copper
electrode and several other copper electrodes uniformly distributed
along a PTFE tube. Seawater will enter the tube periodically with the
wave fluctuations, so that the water and PTFE tube produce alternating
contact and separation, leading to the transfer of electrons between the
top and the bottom electrodes. Fig. 5g shows experimental diagram of
LST-TENG installed on a ship model in a water tank. When the water
level stabilizes at a specific position, the dVpc/dt value is almost con-
stant zero, and it changes in a stepped manner during the loading and
unloading of cargo (Fig. 5h), thus the water level is detected. The
LST-TENG has a accuracy of 10 mm, which is ten times higher than the
accuracy of conventional measurement techniques. An et al. [186]
designed a block-inserting mechatronics panel to monitor the water
level information in real time under harsh working conditions and
realize the water level monitoring of the ship system in real-time.

In addition to the solid-liquid contact mode, the output effect of
solid-solid contact mode will be more significant. Zhang et al. reported a
self-powered triboelectric ocean wave height sensor (TOSS), which is
adaptable to measure ocean surface waves in any directions [140]. The
schematic diagram of the application of TOSS on an offshore drilling
platform is shown in Fig. 5i. TOSS consists mainly of tubular triboelec-
tric nanogenerator and hollow-ball foam buoy (HFB). The working
principle of the TOSS is shown in Fig. 5j. When the HFB floats with the
waves, the PTFE layer and external copper will alternately contact and
separate, thus generating a current. Fig. 5k illustrates the performance of
TOSS in detecting wave height. When the ocean wave heights are
ranging from 2 to 12 cm, the corresponding transferred charges of TOSS
increase linearly from 25 nC to 160 nC. TOSS can monitor the marine
parameters around the platform to guarantee the safety of the platform
work. Xu and Liang et al. [188,189] also applied liquid-solid contact and
buoy structure to achieve wireless self-powered liquid level sensing with
excellent stability, excellent linearity and high sensitivity. Moreover,
Wang et al. [56] introduced an innovative magnetic field assisted
non-contact and liquid-liquid interacting TENG using a new
tribo-materials( ferrofluid), which effectively solves the problem of
possible stains on the triboelectric interface and ensures reliable
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Fig. 5. The triboelectric displacement sensor: liquid level sensor. (a) Application diagram of WS-TENG on a marine platform. (b) The structure and principle of WS-
TENG. (c) Schematic diagram of the test of WS-TENG in a water tank. (d) Output voltage of WS-TENG when the level height changes from 10 mm to 80 mm.
Reproduced with permission from ref [187]. Copyright 2018 Elsevier. (e) Schematic diagram of LST-TENG. (f) Working principle of LST-TENG. (g) Experimental
diagram of LST-TENG installed on a ship in a water tank. (h) The dV,./dt signals of LST-TENG and detected water level during the cargo loading and unloading of the
ship. Reproduced with permission from ref [100]. Copyright 2019 Wiley-VCH. (i) Structural diagram of TOSS. (j) Working mechanism of TOSS. (k) Transferred
charges of TOSS as a function of level height. Reproduced with permission from ref [140]. Copyright 2020 American Chemical Society.

operation under harsh working conditions.

3.2.2. Tilt angle sensor

Due to the high wind and wave climate at sea, ships and offshore
structures generally appear to be in a state of sway, and monitoring of all
tilt angles of sway is extremely necessary to prevent them from rolling
over accidents. The more common working methods are solid-liquid
contact type and rotary disk type. Firstly, Wang et al. proposed a tilt
sensor to monitor ship’s attitude based on liquid-solid interfacing
triboelectric nanogenerator (S-TENG) [99]. With no moving parts and
independence from the external environment, S-TENG offers advantages
of outstanding durability and resistance to moisture, which provides a
new option for intelligent ships. As is shown in Fig. 6a, S-TENG is made
up of a circular PTFE tube with many copper electrodes uniformly
aligned and some water in it. By simply fixing S-TENG to the ship’s axis
position, the real-time ship tilt angle can be monitored (Fig. 6b). More
importantly, there is no significant difference between the results of
S-TENG and those of commercial measuring instruments, as depicted in
Fig. 6¢, which illustrates the practical significance of the S-TENG in
enhancing the automation and intelligence of ships. He et al. [184] also
reporteded a Radial-Grating Pendulum-Structured Triboelectric Nano-
generator for Tilting-Angle Sensing using the characteristics of the
pendulum structure, which has high sensitivity in terms of tilt angle and
can easily perceive an angle change of more than 0.25°.

In addition to the above solid-liquid contact circular Angle sensor,
the research of rotating disk is also getting more and more attention. Wu
et al. reported a self-powered triboelectric multifunctional motion
sensor (MFMS), which exhibits the capacity to detect the direction of

both linear and rotational motions [106]. The structure of the MFMS is
demonstrated in Fig. 6d. The MFMS is composed of an acrylic shell, a
TENG module, and a magnetic regulation module. The TENG module
consists of a free-standing magnetic disk (MD) and a PTFE plate with six
copper electrodes. As schematically displayed in Fig. 6e, the MFMS
movement drives MD to slide on the PTFE plate, generating a voltage
output between the electrodes. Fig. 6f demonstrates the simulated
output voltage waveform when the MD rotates clockwise on the PTFE
plate. In a certain period of time, the East-E, South-E, West-E,North-E
reach the maximum output performance to determine the rotation
speed and direction. Similarly, Fang et al. [190] proposed a self-powered
rotating mode tilt sensor thriving on soft contact and can output an open
circuit voltage of ~12 V even when the tilt angle is 1° at ultra-low speed.
Moreover, Wu et al. introduced a quasi-static triboelectric sensor
(QS-TES) for angle detection from rotational motion [141]. Fig. 6g ex-
hibits the structure of the QS-TES. It is made up of two parts, a rotor
coated with a four-channel coded copper foil and a stator coated with a
vinyl fluoride propylene film. Fig. 6h illustrates the principle of angle
measurement. The sensor responds to the mechanical rotation of the
object mounted with the sensor. When the output voltage of each
channel reaches positive peak, it represents alignment between the
copper foil sector and the bottom electrode. On the contrary, it repre-
sents alignment between the carved sector and the bottom electrode. By
analyzing the output signals from the four channels, it is possible to
determine the position of the rotator and subsequently calculate its
angular displacement. As shown in Fig. 6i, the output voltages from the
four channels are logged and promptly displayed via indicators on a
computer monitor when a steering wheel undergoes one full
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Fig. 6. The triboelectric displacement sensor: tilt angle sensor. (a) Structural design and working principle of the TENG tilt sensor. (b) Application of the TENG tilt
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QS-TES. (h) Working mechanism of QS-TES. (i) Open-circuit voltage and codes of output signal under various rotation angles. Reproduced with permission from ref

[141]. Copyright 2015 Wiley-VCH.

counterclockwise rotation. Hou et al. [183] also designed a special
bi-directional backstop rotation structure based on the angle vector
sensor, which can realize separate measurement of angle changes in
each direction, and provides a new strategy for TENG in the field of
angle measurement.

In general, the triboelectric displacement sensor shows unique ad-
vantages over traditional liquid level sensors in detecting ship draft and
wave height. Based on the working modes of liquid-solid contact and
solid-solid contact, it achieves stable, high-sensitivity and high-precision
liquid level sensing. In addition, the development of new triboelectric
materials also promotes the development of non-contact mode and
liquid-liquid mode, which greatly improves the adaptability to harsh
working conditions. Through the fusion of triboelectric displacement
sensor and other kinds of sensors, the high-precision perception of multi-
dimensional information of ship and marine environment can be real-
ized, which provides data support for the optimal design and manage-
ment of ship and marine engineering. Through digital twin technology,
the virtual model of ship and marine environment can be established,
and the real-time monitoring and prediction of ship draft and wave
height can be realized, which provides decision support for the

operation and maintenance of ship and marine engineering. The fusion
of triboelectric tilt angle sensor and artificial intelligence is also an
effective method to improve the accuracy and robustness of the sensing
system. Through machine learning technology, a large number of elec-
trical signals generated by the triboelectric tilt angle sensor can be
processed and intelligently identified to achieve high-precision attitude
estimation, improve the accuracy, stability and reliability of the sensor,
and reduce the influence of temperature, humidity and electromagnetic
interference. Advanced machine learning algorithms such as DL and
neural networks can be combined to improve their integration with
artificial intelligence to achieve more complex perceptual tasks. In the
future, we will continue to explore the potential of the fusion of tribo-
electric tilt angle sensor and artificial intelligence in MIoT applications
such as intelligent ships and marine structure monitoring.

3.3. Triboelectric flow sensor

The triboelectric flow sensor has made a great contribution to the
flow monitoring. It could monitor the flow of fluid without an external
power source in the pipeline of ships or offshore platforms [191-193].
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When the fluid flows, there is alternating contact and separation be-
tween the different tribo-materials inside the sensor, which converts the
mechanical movement of the fluid into an electrical signal. Since various
fluids have different mechanical motion properties, the triboelectric
flow sensors are also different in structural design and material selec-
tion. According to different detection targets, the triboelectric flow
sensors are mainly divided into two categories: triboelectric
single-phase flow sensors and triboelectric multiphase flow sensors.

3.3.1. Single-phase flow rate sensor

Single-phase flow rate sensors are the most common application on
ships, and they are used for gas and liquid transportation in general
pipelines. Among the more common structures are thin film flapping
type and rotating turbine type. First of all, Chen et al. proposed a low
pressure loss gas flowmeter utilizing a membrane’s flutter driven
triboelectric nanogenerator (TENG flowmeter) for monitoring the flow
in a pipeline [142]. Fig. 7a depicts a physical view of the three TENG
flowmeters being used for fluid monitoring in the pipelines. The TENG
flowmeter is installed in the middle of the pipe, and the flow rate can be
obtained from the upper display as air passes through. Since TENG
flowmeter is well sealed, it does not cause significant pressure loss in the
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piping system. Fig. 7b shows the structure of the TENG flowmeter, which
consists of a polyvinyl chloride (PVC) pipe, two copper electrodes and a
thin film. When a sufficiently high velocity airflow flows through the
pipe, the airflow causes the film to vibrate and make contact with the
upper and lower copper electrodes, generating an alternating current
signal. Fig. 7c shows the correlation between the flow rate and the vi-
bration frequency. Regardless of the length of the diaphragm, there is a
clear linear relationship between the gas flow rate and the vibration
frequency, so the measurement accuracy of the TENG flowmeter is very
high.

For rotating turbine type, Chen et al. proposed a bladeless turbine-
based triboelectric nanogenerator (BT-TENG), which is integrated
within a fluidic system as a self-powered flow rate sensor [143]. Fig. 7d
dipicts a structural diagram of BT-TENG, which is composed of the
bladeless turbine and a rotational TENG. BT-TENG can transform the
fluid flow into rotational motion, which drives the rotational TENG.
Fig. 7e shows the working principle of BT-TENG. When the working
fluid is blown in, the turbine rotates to create alternating contact and
separation between the PTFE and the two electrodes, resulting in charge
transfer. As shown in Fig. 7f, there is a good linear relationship between
flow rate and output current. When the output current of the BT-TENG
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increases from 0.125 V to 0.35 V, the flow rate gradually increases from
11L/min to 28L/min. Wang et al. [193] also engineered a
water-liquid-driven rotating triboelectric nanogenerator that can be
mounted in any waterway system using a water meter structure. As a
smart water meter, it can monitor water flow in real time and can
perform electrostatic anti-scaling and anti-rust. Du et al. [191] proposed
a marine exhaust gas flow sensor with a new type of turbine bearing
structure suitable for harsh working conditions and the average error is
about 0.73% compared with the commercial gas flow sensor. In addi-
tion, Wang et al. designed a triboelectric flow sensor (TFS) with a
float-cone structure for flow monitoring [109]. Fig. 7g shows the
detailed structure of TFS, which is made up of an outer translucent
conical shell and an inner float. Fig. 7h illustrates the working principle
of TFS. In the starting state, the float is at its lowest position. As the air
flow alters, the buoy oscillates vertically along the electrode and a
current signal will generate between the electrode and the ground. As
shown in Fig. 7i, the linear correlation coefficient between the flow rate
and the open circuit voltage is 0.997, which characterizes the good
performance of TFS for gas flow detection. By introducing an internal
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floating system, TFS offers better measurement accuracy and flexibility,
providing a new option for industrial flow monitoring. On this basis,
Wang et al. [111] developed a magnetic flap type difunctional sensor for
pneumatic flow and liquid level detection, which can effectively detect
the fluid surface elevation of 30-130 mm. Cheng and Wang et al. [194,
195] also applied film flapping type and rotating turbine type to achieve
single-phase flow rate sensing.

3.3.2. Multiphase flow rate sensor

Multiphase flow generally refers to two-phase flow and above. Two-
phase flow system is extensively utilized in the industrial field. Two-
phase flow detection is especially critical in pneumatic pipes, and
TENG provides a new way for detecting two-phase flow systems. At
present, the research focus of two-phase flow mainly focuses on the gas-
solid and gas-liquid modes. For gas-solid mode, Wang et al. developed a
triboelectric gas-solid two-phase flow sensor (GS-TENG), which mea-
sures the mass flow and the particle concentration in a two-phase
pipeline [144]. Fig. 8a shows the application scenarios of the
GS-TENG in a pipeline system. When the industrial material flows into
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the pneumatic conveying system, the valve on the branch pipeline is
opened for continuous sampling and testing during the contact between
the industrial material and the GS-TENG surface. Fig. 8b illustrates the
structure and working principle of GS-TENG, which consists of three
parts: one PTFE film, one copper electrode, and one acrylic plate.
Alternating contact and separation of the particles with the PTFE surface
of the sensor causes an electric current to be generated between the
copper electrode and the ground. Fig. 8c shows a good linearity between
the mass flow rate of the flour and the peak output current of GS-TENG.
In addition, the GS-TENG indicates high sensitivity and high precision-
with the error less than 2.0%. The GS-TENG can be employed for
real-time monitoring and pre-warning of mass flow in industrial gas
delivery systems. Xu et al. [196] also designed a new type of gas-solid
two-phase flow sensor working on a single electrode mode, which can
be used as a solid transport rate sensor according to the output current.
Beyond that, Gu and Wang et al. [197,198] have made some explora-
tions on solid particle transport and particle identification in pipelines,
and have made some achievements in mass flow monitoring, particle
identification, and equipment fault diagnosis.

For gas-liquid mode, He first et al. reported a triboelectric non-full
pipe flow sensor (TNPFS) to accurately monitor flow rate for large
pipelines [108]. Fig. 8d exhibits the overall structure of TNPFS. It is
composed of a transparent acrylic cylinder, a water wheel rotating
structure, a liquid level sensing unit and a flow rate sensing unit. Fig. 8e
illustrates the working mechanism of the TNPFS. When the fluid in the
pipe drives the rotor to rotate, the flexible FEP blades slide between the
two copper electrodes, creating an alternating current signal. Fig. 8f
shows that the measured value of TNPFS is very close to the actual
measured flow rate, with an error rate of less than 1.95%. TNPFS offers
an innovative method for fluid flow monitoring, particularly the non-full
pipe flow of large pipelines. Moreover, Wang et al. proposed a
Venturi-type triboelectric flow sensor (VTTFS) based on a liquid-solid
contact-electrification waveform coupling method [124]. As demon-
strated in Fig. 8g, the VTTFS is mainly comprised of a commercial PTFE
U-tube, a Venturi tube, and a support frame. Fig. 8h illustrates the
working mechanism of VTTFS. As the fluid solution in the PTFE U-tube is
driven by the pressure difference in a tube, the triboelectric effect will
cause the liquid solution to have a net positive charge, while the surface
of the PTFE U-tube has an equal density of net negative charge. As the
flow rate changes through the Venturi tube, a pressure difference occurs
and a current signal will be generated between the electrodes owing to
electrostatic induction. Effective and accurate flow detection is achieved
by counting and identifying the pulses generated by VTTFS. Fig. 8i
shows the variation of the output voltage of the VTTFS when the flow
rate changes regularly, indicating that the corresponding number of
pulses has a good linearity with the increase and decrease of flow rate. In
addition, Zhang et al. [192] reported a bubble motion-based triboelec-
tric sensor, which can be used not only to detect the water flow rate in
pipeline, but also to detect blockage and leakage in the fluid pipe with an
accuracy of 10 cm.

To sum up, there are two types of triboelectric single-phase flow rate
sensors: film flapping and rotating turbine. The film flutter sensor uses
the impact force of fluid on the film to generate a triboelectric signal. A
rotating turbine sensor uses a fluid to push the turbine, causing it to spin
and generating a triboelectric signal. The single-phase flow rate sensor
can be used as a smart water meter, and can also use static electricity for
anti-scaling and anti-rust treatment. In addition, the sensor has the
characteristics of strong environmental adaptability, can automatically
adjust parameters according to the temperature, pressure and viscosity
of the fluid, and can also measure the liquid level and flow at the same
time, which has great application prospects in the transport of gases and
liquids on ships. Triboelectric multiphase flow rate sensors can be used
for mass flow rate monitoring and non-full pipe flow rate monitoring of
large pipelines. There are two main types of operation: gas-solid and gas-
liquid mixed fluid flow. Gas-solid flow rate sensor can identify the type
and amount of particles and can diagnose equipment faults. The gas-
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liquid flow rate sensor can be used for the non-uniform flow of gas-
liquid, and can monitor the blockage and leakage in the pipeline. This
sensor has the characteristics of high precision and can measure the
instantaneous and cumulative flow of the fluid, as well as the phase
distribution of the fluid. As a new technology, artificial intelligence can
greatly improve the intelligence level of triboelectric flow rate sensor
and realize the intelligent analysis and decision of fluid. Artificial in-
telligence imbues triboelectric flow rate sensors with intelligence and
high adaptability, improving their ability to perceive and process com-
plex fluid behavior through different learning and simulation tech-
niques. This integration will make the triboelectric flow rate sensor more
flexible and intelligent, which is expected to play a more important role
in the monitoring and control of the fluid field.

3.4. Triboelectric vibration sensor

The triboelectric vibration sensor uses the vibration generated dur-
ing the operation of mechanical equipment to drive the contact and
separation between different tribo-materials and generate electrical
signals, which can realize the perception of vibration signals such as
amplitude [199-202], frequency [203-205], speed [206-208] and ac-
celeration [209-211]. By monitoring the working status and marine
environmental parameters of marine machinery equipment and systems,
it realizes the functions of equipment status detection, fault diagnosis
and optimization of working conditions. It plays a very important role in
the entire marine sensor network. According to the different motion
modes of the triboelectric vibration sensor, this paper mainly divides
into two categories: harmonic triboelectric vibration sensor and
non-harmonic triboelectric vibration sensor.

3.4.1. Harmonic vibration sensor

When the vibration sensor is excited by harmonic vibration, the
moving parts inside the sensor will always move symmetrically on both
sides of the equilibrium position. Recently, great efforts have been made
in the development of triboelectric harmonic vibration sensors. Gener-
ally, springs and spring-assisted structures are used as core components
to accompany the periodic reciprocating motion of the measured object,
and the working state of the vibration system can be monitored through
the electrical signals generated by them. Using the spring as the core
component, Hu et al. designed an automatic suspended 3D-spiral
structural vibration sensor (S-TENG) for acceleration detection [212].
The structure of the S-TENG is shown in Fig. 9a. which consists of a
round aluminium (Al) plate attached to the 3D spiral structure and
another round kapton plate fixed in the center of the upper surface of the
cube’s bottom. Fig. 9b depicts the working principle of the S-TENG.
When the spiral oscillates due to external mechanical perturbations, the
Al electrode and the kapton film alternately contact and separate to
produce electrical signals. As shown in Fig. 9¢c, the output voltage signal
increases linearly with the increase of vibration acceleration. Therefore,
S-TENG can precisely determine vibration amplitude and vibration
source location. On the basis of the spring-assisted structure, Qi et al.
[213] used the paper-cut process to optimize the structure design, which
is used as a vibration acceleration sensor with a measurement range
from 1 to 9 m/s?. In addition, Li et al. proposed a fully self-powered
vibration sensing system driven by dual-mode triboelectric nano-
generator (AC/DC-TENG), which can satisfy the need of real-time
monitoring of the vibration condition [145]. Fig. 9d shows the appli-
cation scenario of AC/DC-TENG to monitor the vibration safety state of a
bridge construction, and the enlarged image is the structure of
AC/DC-TENG, which consists of a stator and a slider. Fig. 9e shows the
working mechanism of AC/DC-TENG. When the slider slides in the safe
zone, AC signal will be generated. When a part of the slider moves in the
danger zone, a DC signal will be generated and trigger the alarm light
immediately. As shown in Fig. 9f, the V4¢ and Vp¢ presents a good linear
relationship with vibration amplitude in the safe zone. Therefore,
AC/DC-TENG can offer a convenient and effective method for
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monitoring the vibration amplitude and health status of marine con-
struction structure. By reducing the size and improving the shape of the
structure, Mehamud et al. [128] made a spring-assisted vibration sensor
that can detect major mechanical faults and defects in a wide range of
0 ~ 1200 Hz.

Using the spring-assisted structure as the core component, Xu et al.
designed a soft spring based triboelectric nanogenerator (S-TENG) for
self-powered vibration acceleration and frequency sensing [146]. As
illustrated in Fig. 9g, the S-TENG is composed of silicone rubber, spring
and a conductive elastomer electrode, forming a helical structure along
a spring wire. Fig. Sh exhibits the working principle of the S-TENG. The
periodic contact and separation between the silicone rubber and the top
electrode can generate electrical signals. When the S-TENG is excited
vertically, the output voltage signal increases linearly with the vibration
acceleration, and the range of 0 m/s?> ~ 25m/s? can be detected
(Fig. 91). Under horizontal vibration excitation, the output performance
deteriorates due to insufficient contact between dielectric materials.
Therefore, it can better present the sensing advantages when used as a
vertical vibration sensor, showing great application potential in the vi-
bration state monitoring of ship machinery. Ren et al. [214] proposed a
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trapezoidal cantilever structure triboelectric nanogenerator, which can
effectively sense the low-frequency vibration of the environment.
Beyond that, Liu et al. [209] proposed a vibration sensor with a high
sensitivity of 20.4 V/(m/s?).

3.4.2. Non-harmonic vibration sensor

When the vibration sensor is excited by non-harmonic vibration, it
will not show sine-wave vibration, but reciprocating on both sides of the
equilibrium position. The moving parts inside the sensor are no longer
limited by core components such as springs, and can move freely with
the measured object. At present, the two tribo-materials inside the vi-
bration sensor are mainly plane contact and spherical contact. For plane
contact mode, Du et al. developed a silicon rubber strip-based tribo-
electric nanogenerator (SRS-TENG) for self-powered sensing vibration
frequency, amplitude and acceleration [147]. As shown in Fig. 10a,
SRS-TENG can be employed as a vibration sensor for various applica-
tions on the ships. Fig. 10b depicts the structure of SRS-TENG, which
mainly consists of two conductive Al electrodes and a non-conductive
silicone rubber strip. As shown in Fig. 10c, the silicone rubber strip
produces oscillating elastic deformation due to external excitation, and
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alternately contacts and separates the two Al electrodes to generate
electrical signals. As illustrated in Fig. 10d, the output short-circuit
current of the SRS-TENG increases linearly with the vibration ampli-
tude at a fixed vibration frequency. Therefore, SRS-TENG has potential
application prospects in self-powered vibration sensing in the field of
ship and ocean engineering. Zhang et al. [215] proposed a magnetic
levitation triboelectric nanogenerator, which can clearly detect vibra-
tion acceleration less than 30ms™ 2 and amplitude less than 7.5 mm.
For spherical contact mode, Xiao et al. first reported a honeycomb
structure-inspired triboelectric nanogenerator (HSI-TENG), which offers
a new paradigm for mechanical vibration monitoring [11]. Fig. 10e
exhibits the application of the HIS-TENG, which is installed on the ship
to monitor the working condition of the diesel engine in real time.
Fig. 10f shows the structure of the HSI-TENG, which is made up of one
honeycomb frame and two copper electrode layers with sponge bases.
When the HSI-TENG vibrates with the mechanical operation (Fig. 10g),
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the PTFE balls inside the frame move upward and downward, and
contact and separate with the upper and lower copper electrode films
alternately to generate electrical signals. Fig. 10h shows the output
current of HSI-TENG during the starting, normal operation and stopping
of the diesel engine. Zhang et al. reported a self-powered and highly
sensitive acceleration sensor based on liquid metal (LM-TENG) with a
detection range from 0 to 60 m/s? and a sensitivity of up to 0.26 V-s/m?
[14]. Fig. 10i schematically shows the structure of LM-TENG. It is
composed of a Hg droplet and nanofiber-networked polyvinylidene
fluoride (nn-PVDF) film. There is also a hemispherical pit with a diam-
eter of 10 mm cut out of the surface of an acrylic plate, coated with a
thin copper film to serve as a movement space for mercury droplets, and
the top of the pit is sealed by nn-PVDF. Fig. 10j shows the short-circuit
current of the sensor under different accelerations, presenting the
application prospect of LM-TENG in vibration monitoring and trouble-
shooting of equipment. To further increase the contact area, Zhao et al.
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developed a highly sensitive triboelectric vibration sensor (VS-TENG)
[103]. The application scenario of the VS-TENG is shown in Fig. 10k.
The output signal of VS-TENG can be transmitted to the server through
the wireless network and can be displayed on a computer or handheld
mobile device. Fig. 101 demonstrates the working principle of VS-TENG.
When externally excited by a vibration source, the alternating contact
and separation between the FEP film and the aluminum foam produces a
current. Fig. 10m illustrates the open-circuit voltage signals of VS-TENG
under different accelerations at a fixed frequency, showing a good linear
relationship. Fig. 10n shows the schematic diagram of VS-TENG me-
chanical condition monitoring. The spectrogram of the gear box in the
case of coupling failure, as shown in Fig. 100, shows that the VS-TENG
has been successfully used for monitoring the operating condition of
mechanical gear systems, as well as vibration monitoring of infrastruc-
ture in industry. Lin and Guo et al. [49,216] also further optimized the
design on the basis of spherical contact and the accuracy can reach more
than 95%. In addtion, Gao et al. [199] proposed a self-powered multi-
functional vibration sensor, which provides an effective method for vi-
bration monitoring, especially in extreme environments or unattended
situations.

In general, the triboelectric vibration sensor plays a key role in the
MIoT, and realizes the functions of equipment condition detection, fault
diagnosis and working condition optimization by monitoring the
working state of marine equipment and systems. The harmonic tribo-
electric vibration sensor is mainly based on spring and spring auxiliary
structure to realize the perception of vibration frequency and amplitude,
which provides a convenient and effective method for the health
monitoring of marine building structures and equipment. Non-harmonic
triboelectric vibration sensor, which relies on the plane contact and
spherical contact mode of two triboelectric materials, provides a new
model for real-time vibration monitoring of marine machinery and
marine engineering health assessment. The development of new struc-
tures such as the liquid-solid TENG has greatly improved the sensitivity
and detection range. At the same time, it can be transmitted to the server
through a wireless network and can be displayed on a computer or
handheld mobile device to achieve data visualization. The introduction
of artificial intelligence can more accurately extract the frequency,
amplitude, phase and other information of vibration. Through machine
learning technology, the electrical signal can be filtered, noise reduc-
tion, feature extraction, pattern recognition and other processing, so as
to realize the intelligent recognition of vibration source, vibration type,
vibration state, etc., and improve the accuracy, stability and reliability
of the sensor. Artificial intelligence can also further analyze and model
the data through DL, neural network and other technologies, so as to
realize the prediction and control of vibration, and provide decision
support for the operation and maintenance of equipment. In addition,
through machine learning, digital twin and other methods, the data of
different sensors are fused and optimized, complementary iteration, so
as to improve the perceptual accuracy and working stability.

3.5. Triboelectric velocity sensor

Triboelectric velocity sensor is a kind of velocity sensing sensor that
does not require external energy supply. It can generate electrical signals
from friction or contact-separation between different tribo-materials by
absorbing kinetic energy in the moving system to realize velocity in-
formation sensing. In the field of marine engineering, it is mainly used to
perceive the rotation speed of mechanical equipment [217-221] and the
flow speed of fluid in the marine environment [115,195,222,223], so as
to timely feedback the operating status of mechanical equipment, enrich
the flow field information, and improve the transparency of the marine
environment [224-228]. According to the different structure, the
triboelectric velocity sensor is divided into two categories: triboelectric
mechanical rotational speed sensor and triboelectric fluid velocity
sensor.
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3.5.1. Mechanical rotational speed sensor

When themechanical rotational speed sensor measures the speed of
the mechanical equipment, the moving parts of the sensor will also
rotate with the rotating shaft of the machine being measured, so that it
will alternately contact and separate with its stationary parts, thus
generating electrical signals. The common working mode mainly adopts
the freestanding triboelectric-layer mode, and the tribo-material
generally adopts the spherical contact and the plane contact mode.
For spherical contact mode, Xin et al. introduced a ring-type triboelec-
tric nanogenerator (R-TENG) a self-powered rotational speed sensor of
the rotating machinery [229]. The potential application scenarios of the
R-TENG is shown in Fig. 11a. Fig. 11b depicts the schematic structure of
the R-TENG mounted on the rotating shaft. The R-TENG is made up of a
container unit mounted a PTFE cylinder, an end cover and a pair of
aluminum strips parallelly coated to the inner and outer walls of the
workspace. Fig. 11c presents the working principle of the R-TENG. As
the R-TENG continues to rotate with the shaft, a potential difference is
formed between the two electrodes to generate alternating current in the
external circuit due to the relative motion between PTFE cylinder and
electrode. Fig. 11d shows the current signals at different rotational
speed. With the increase of the rotational speed, the current Iy, increases
steadily. Han et al. [230] also proposed a intelligent rolling bearing
based on spherical contact mode, and the current has a linear relation-
ship with the rotational speed in a wide range.

For plane contact mode, a self-powered triboelectric smart roller-
bearing was proposed for measuring rotational movement [148]. The
electrical signals generated by the smart bearing enables continuous
monitoring of the rotational speed and the operating conditions of the
components. A schematic diagram of the completed assembly of all
component parts is shown in Fig. 11e. The detailed components of the
triboelectric sensor are depicted in Fig. 11f. The triboelectric sensor
mainly consists of an inner ring, an outer ring, several rollers, and the
electrodes. The inner and outer bearing rings and the 12 rollers inside
them are used to carry the load of the bearing. The inner rollers come
into contact with two different electrodes during rotation, causing the
generation of electrical signals. Fig. 11g shows the effect of rotation
speed on the output performance. As the rotation speed increases from
50 r/min to 600 r/min, the open circuit voltage correspondingly in-
creases from 8 V to 60 V, showing a highly linear relationship between
rotation speed and open circuit voltage. This work makes full use of the
waste energy generated by the bearing operation, and realizes the ac-
curate monitoring of the bearing working state while reducing the en-
ergy consumption. Zhang et al. [231] proposed a multi-electrode
mechanical motion sensor using gear-like meshing, realizing the veloc-
ity measurement of linear motion and rotational motion. The error rate
is less than 3%, and the actual monitoring performance is superior in 9
motion modes. Integrating triboelectric speed sensors into bearings is
the first step towards commercial applications [232-234]. Xie et al.
proposed a triboelectric rotational speed sensor (TRSS), which can
measure the range of 10-1000 rpm with error less than 0.3% [233].
Fig. 11h illustrates the detailed structure of TRSS, which is mainly made
up of a rotor, a stator, a bearing seat, a bearing, and an adjusting ring.
When mounted on a bearing, the stator and rotor of the TRSS rotate
relatively in response to the rotation of the bearing, working on the
freestanding-mode and generating current signal. The industrial appli-
cation of TRSS to measure rotational speed of the mechanical compo-
nent is shown in Fig. 11i. TRSS does not interfere with the normal
operation of the bearing, and the real-time speed of the bearing can be
self-powered to monitor after the bearing is installed with TRSS. Fig. 11j
shows the speed sensing ability of TRSS. There is a good linear rela-
tionship between frequency and speed, and it is in good agreement with
the theoretical reference line. This work demonstrates the important
progress of triboelectric velocity sensors for industrial applications.
Based on planar contact and spherical contact, Jing and Zhang et al.
[235] designed a speed sensor integrated into industrial bearings, which
can detect rotary and linear velocities with high stability and accuracy.
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In addition, Wang et al. [217] developed a non-contact sensor and the
maximum error of speed measurement is only 0.2% in the range of
0-2000 RPM speed.

3.5.2. Fluid flow velocity sensor

The fluid flow velocity sensor is mainly used to measure the flow
state of gas and liquid in the pipeline. There are two main modes of
operation: film flapping and turbine-driven rotation. Among them, the
membrane flapping structure is relatively simple, and the turbine
rotating type is the most widely used. It can use the fluid to drive the
turbine to rotate and make the TENG work passively to generate elec-
trical signals. Firstly, Wang et al. invented a humidity-proof and wind-
adapted flag-type TENG (F-TENG), which offers an alternative for
sensing wind speed and direction [134]. As shown in Fig. 12a, F-TENG
can convert the wind energy into electrical signals and accurately sense
the wind speed in a stormy environment. Fig. 12b shows the structure
and the working principle of F-TENG. F-TENG mainly consists of two
carbon-coated PET films and one strip of PTFE film pasted together.
When the F-TENG is excited by wind, the PTFE film alternately contacts
and separates from the carbon electrode layer at both ends, thereby
generating current between the two electrodes. F-TENG performs well in
wind speed monitoring because the measurement results of it are not
much different from those of commercial wind speed sensors, as shown
in Fig. 12c. Li et al. [236] designed a wind speed sensor based on inte-
grated wind turbine, which can detect wind speed in all directions on the
plane, with a response time of 0.15 s. Moreover, Wang et al. [225] re-
ported a new membrane flapping structure to achieve the wireless flow
velocity sensing using a silver-coated polymer network liquid crystal.

For turbine-driven mode, He et al. proposed a dual-mode
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triboelectric nanogenerator that can be used to both collect wind en-
ergy and monitor wind speed [149]. Fig. 12d illustrates the application
of dual-mode triboelectric nanogenerators, which consists of two
TENGs. Two TENGs share the same stator and rotor, which can be driven
by a windmill. Fig. 12e shows the 3D structural schematic of the
DC-TENG. Based on the principle of electrostatic induction and elec-
trostatic breakdown of the DC-TENG, a single-direction current is
generated between the charge-collecting electrode and the triboelectric
layer. Fig. 12f shows the relative linear correlation coefficient between
the frequency of the output current and the wind speed, which is as high
as 0.9998, indicating that the wind speed sensing performance is
excellent. Rui et al. [224] proposed a self-powered active wind speed
sensor that can derive wind speed from the electrical output frequency
of the sensor and can detect wind speed as low as 1 m-s~ *. In addition,
Wang et al. introduced a highly adaptive hybrid nanogenerator (TEHN)
[150]. The 3D explosion diagram of the TEHN is shown in Fig. 12g.
TEHN mainly consists of turbine, shaft, and hybrid nanogenerator. The
turbine rotates under the excitation of the fluid, and then the hybrid
nanogenerator rotates with the movement of the turbine through the
same shaft to convert the marine flow movement into electrical signal.
Fig. 12h exhibits the potential application of TEHN. Fig. 12i shows that
the correlation coefficient between the frequency of the output signal
and the flow velocity is 0.98, showing a good linear relationship and
indicating that the hybrid nanogenerator can be used as a flow velocity
sensor. Zhang and Xi et al. [133,223] also proposed multifunctional
velocity sensors that can measure wind and water flow.

To enhance the output, Cheng et al. developed a fully enclosed self-
powered active spherical triboelectric sensor (SASTS) to detect the fluid
velocity [116]. Fig. 12j exhibits the schematic illustration of the SASTS.
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It is made up of a spherical part, an electric brush and an outer frame,
and obtains output signal by driving the blades of frame. The working
principle of the SASTS is shown in Fig. 12k. Under the excitation of fluid,
the internal soft ball and the electrode produce relative motion due to
the rotation of the shell. The potential difference is formed between the
electrodes and a current is generated in external circuit. As shown in
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Fig. 121, the linear relationship of the flow velocity and the rotation
speed can be adjusted by changing the parameter (like mass of sphere) of
the SASTS to match various ambient environments. Therefore, SASTA
can be applied to measure fluid flow velocity, and potentially even other
rotational movements, such as environment monitoring. Other than
that, Zhang et al. [237,238] used bionics and nano-soft materials to
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develop a velocity sensor suitable for underwater low velocity according
to the vortex effect of the fluid.

In conclusion, the triboelectric velocity sensor, as a sensor that can
sense the rotational speed of mechanical equipment and the flow rate of
fluid, can timely feedback the operating state of the equipment, enrich
the information of the flow field, and improve the transparency of the
marine environment. The triboelectric rotational speed sensor generally
adopts the working mode of spherical contact or plane contact, which
can be applied to industrial intelligent bearings to realize real-time and
accurate monitoring. In addition, it can also be applied to smart ships,
achieve the health monitoring of mechanical equipment, and improve
the safety and reliability of equipment. Artificial intelligence and
triboelectric rotational speed sensors are two innovative and forward-
looking technologies in the field of industry 4.0 and intelligent
manufacturing, and their combination will provide strong support for
the further development of smart bearings. As a bearing unit with self-
sensing, self-decision-making and self-regulation functions, intelligent
bearings will be the future development direction of high-end bearings.
The triboelectric flow velocity sensor generally adopts the structure of
film flapping or turbine rotating, which has good sensing ability at low
flow velocity and is suitable for monitoring wind speed and fluid flow
velocity. The combination of artificial intelligence and triboelectric flow
velocity sensors can also enable real-time monitoring and prediction of
flow rates, hydrological monitoring and control of the marine environ-
ment, improve the performance and reliability of smart ships, and open
up new marine resources and services. The triboelectric flow velocity
sensor can also develop new sensors such as underwater low-velocity
sensors through excellent bionic design and the application of soft
nanomaterials, improve the perception of the underwater environment,
and create an intelligent MIoT system.

4. Summary and perspectives
4.1. Summary

With the upgrading of intelligent devices and sensor networks,
intelligent sensors have become the key to the competition in the high-
tech field of ships. Over the past decade, TENGs have received extensive
and in-depth research attention, and have been rapidly developed and
applied in the field of ship and ocean engineering. This article reviews
the research progress of triboelectric marine sensors in recent years,
including displacement sensor, flow sensor, velocity sensor, vibration
sensor and tactile sensor. Each type of marine triboelectric sensor is
compared and discussed in terms of advanced structural design, material
innovation, application effects and future development thinking. The
representative structural design and sensing characteristics are sum-
marized in Table 1. In view of the latest progress made by TENGs, we
outline the design of a marine intelligent sensor network system to build
the next generation of MIoT paradigm, as shown in Fig. 13. This intel-
ligent sensing system includes high-performance marine triboelectric
sensors, which can detect various parameters in the field of ship and
ocean engineering, such as environmental information, ship attitude
information, operation status information of system and equipment, etc.
These sensing signals can be directly transmitted to the shore-based
control center through the 5 G network. With the help of Artificial In-
telligence technologies such as Digital Twins, Machine Learning, and
Neural Networks, the shore-based experts can conduct sufficient anal-
ysis and modeling of the data, and provide more accurate and timely
decision support for the operation and maintenance of the targeted
nodes, and even remotely control through the terminals of the corre-
sponding nodes, thereby achieving a closed-loop Internet of marine
Things. It is expected that MIoT will completely change the existing
working mode of the shipping industry, comprehensively improve the
working efficiency of the shipping industry, and open a new era of
shipping reform for us.
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4.2. Perspectives

Despite recent advances in triboelectric marine sensor, there are still
many challenges and opportunities that need to be addressed to achieve
the intelligent sensing system. The future development of marine
triboelectric sensors is a key area to be considered by academia and
industry. In academia, this involves device structure, material innova-
tion, sensitivity, reliability, waterproof, Digital Twins and Artificial In-
telligence. In the industry, this involves product standardization,
manufacturing, and the creation of industrial chains.

4.2.1. Academic considerations

4.2.1.1. Device structure. Through the advanced structural design, the
effective contact area between tribo-materials is larger, so that the
marine triboelectric sensor can accurately and effectively perceive the
marine environment and ship condition information. The structural
design of the sensor must first consider the motion characteristics of the
detected object, through which the mode, frequency and amplitude of
motion can be obtained, and then design the structure of the sensor that
meets the above requirements. Then, the installation method of the
sensor should be considered, and different installation methods will
involve the movement mode of the internal microstructure of the sensor
and the determination of the movement space range [239]. In addition,
the use of 3D printing technology can turn the 3D configuration diagram
designed in the computer into a physical object, and the printed
configuration is relatively accurate, suitable for the assembly between
miniature accessories [240].

4.2.1.2. Material innovation. The electromechanical conversion effi-
ciency of marine triboelectric sensors depends largely on the difference
of triboelectric series of triboelectric materials. Nowadays, polymer
materials or compounds are commonly used as dielectric materials.
However, the inherent electronic affinity of existing tribo-materials
hinders further improvement of electromechanical conversion effi-
ciency. Therefore, the use of new raw materials and the development of
new composite materials are crucial to solve the problems of high
electronegativity and strong charge capture and retention capabilities
[241-243]. The use of environmentally unfriendly and non-recyclable
new materials should be avoided, and emphasis should be placed on
the development of new triboelectric materials that are resistant to high
temperature and corrosion [244-246].

4.2.1.3. Sensitivity. Marine triboelectric sensor can accurately capture
marine information and be used to monitor and identify the real-time
status of marine equipment and marine environment. Increasing the
sensitivity requires increasing the surface charge density of the tribo-
electric material or expanding the detection range. In order to increase
the charge density, physical, chemical and biological modifications can
be introduced into the material to improve the effect of electrome-
chanical conversion. For physical modifications, surface micro-
nanostructures, such as nanocolumns, nanowires, pyramid arrays,
folds, laser etching, etc., can enhance surface charge and promote close
contact of dielectric materials [247]. For chemical modification, the
surface charge of the triboelectric material can be adjusted and
enhanced by injecting, doping or coating with foreign chemical sub-
stances [248,249]. For biological modifications, novel biological mate-
rials, such as spider silk proteins, can be mined to create a new type of
triboelectric layer to enhance the sensing signal [250].

4.2.1.4. Reliability. With the increasing application of marine tribo-
electric sensors in the maritime field, its reliability has also attracted the
attention of researchers. The reliability of the sensor refers to the
probability that the components and devices have specified functions
within the specified time and under the specified conditions. Reliability
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Table 1
A summary of structure characteristics and sensing property of the representative triboelectric marine sensors.
Sensor type Tribo- Sensing Measuring Sensitivity Accuracy  Durability Individual Advantages Classification Refs.
materials index range Disadvantages
Triboelectric Silicone Force 1-50 N 0.038 V/N 99.60% 5000 humidity resistance, high susceptible to [101]
tactile sensor rubber /Latex cycles strain, flexibility environmental factors,
conductive Amplitude 25-125 mm / 99.06% / bionic coral, three- signal drift [102]
ink/ FEP dimensional perception,
millimeter accuracy
conductive Force 50, 65, 70, / 94.44% / stable, privacy, high [138]
sponge/FEP 75 kg precision
conductive Force 0.1-0.45N / 99.41% / bionic seal tentacles, [139]
ink /FEP perception of hydrodynamic
trajectory, high integration
conductive Amplitude 1-5 mm / 99.56% 300 cycles bionic beard, underwater [181]
ink/ FEP robot obstacle avoidance,
high sensitivity
conductive Force 1-5N / 99% / bionic sea otter palm, [117]
ink /FEP underwater high-frequency
work, multidimensional
perception
Triboelectric PTFE/Water Amplitude 10-80 mm 23.5mV/ / 3 Days humidity resistance, susceptible to [187]
displacement mm millimeter accuracy, high environmental factors,
sensor sensitivity signal drift
PTFE/Water Amplitude 1-7 cm 10 mm / 2000 robust, humidity resistance, [100]
cycles millimeter accuracy
PTFE/Cu Amplitude 2-12 cm 2530 mV/ 99.90% / multi-parameter perception, [140]
mm strong environmental
adaptability
PTFE/Water Angle 2.9°-25.8° 1.72° / 5 Days maintenance-free, durable, [99]
high sensitivity
Magnetic Angle 0°-360° / / / multi-parameter perception [106]
disk/PTFE
FEP/Cu Angle 0° - 360° / / / cost-effective, simple [141]
manufacturing, multi-
parameter perception
Triboelectric PTFE/Cu Flow 5-30 m%/h / 2.80% / low pressure loss, high susceptible to [142]
flow sensor sensitivity, high precision environmental factors,
PTFE/Cu Flow 11-28L/ / / / self-powered prone to corrosion, [143]
min signal drift
PTFE/Cu Flow 30-300 L/ >5 L/min 99.70% / strong environmental [109]
min adaptability, high
resolution, accurate and
flexible
PTFE/Particle  Flow 3-68 g/s / >98% 17 cycles simple manufacturing, low [144]
cost, multi-parameter
perception
FEP/Cu and Flow 94-264 L/ / >98.05% 4h multi-parameter perception, [108]
PTFE/Water min strong environmental
adaptability
PTFE/Water Flow 95 -215L/ / 99.90% / stable, reliable [124]
min
Triboelectric Kapton/Al Acceleration 1-9.8 m/s? / >94% / strong environmental susceptible to [212]
vibration adaptability, integrated environmental factors,
sensor array signal drift
FE/TEL Amplitude 0-30 mm / 99% 10000 real-time detection, [145]
cycles intelligent early warning
Silicone Acceleration 0-23 m/s? / / 30000 multi-direction perception, [146]
rubber cycles multi-parameter perception
/carbon
Silicone Acceleration 0.5- / / 14 days broadband vibration [147]
rubber 319.8 m/s? perception, multi-parameter
/Aluminum perception
PTFE/Cu Amplitude 1-4.5 mm / / 7 days large-scale manufacturing, [11]
stable
Cu/Hg/PVDF Acceleration  0-60 m/s> 0.26 V-s/ / 200000 high sensitivity, durable, [14]
m? cycles robust
FEP/Al Acceleration 1-2000 Hz / 99.78% 1000000 broadband vibration [103]
cycles monitoring, high sensitivity
Triboelectric PTFE/Al Rotate speed  0-400 rpm / / 15000 self-powered, strong susceptible to [229]
velocity sensor cycles environmental adaptability environmental factors,
PTFE/Al Rotate speed  0-550 r/ 15° / 28000 simple manufacturing, cost- signal drift [148]
min rounds effective, multi-parameter
perception
PTFE/Cu Rotate speed  10- / >99.7% / high precision, high [233]
1000 rpm reliability, high integration
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Sensor type Tribo- Sensing Measuring Sensitivity Accuracy  Durability Individual Advantages Classification Refs.
materials index range Disadvantages
Carbon/PTFE Speed 2.0-7.5m/s / / / humidity resistance, [134]
adaptive wind direction,
multi-parameter perception
PVC/Cu Speed 3.77- / 99.90% 1500000 real-time monitoring, self- [149]
11.91 m/s cycles powered, durable
PVC/Nylon Speed 0.13-0.3m/ / 98% / self-powered, integrated [150]
s array, strong adaptability
silicone Speed 2-16 m/s / / 6 months high precision, wide [116]
rubber /Cu working range, durable
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Fig. 13. Vision for the next generation of Marine Internet of Things paradigm.

is crucial for sensor applications. In the monitoring of marine environ-
ment and ship equipment condition, low reliability may lead to the
failure to accurately obtain ship navigation information and the failure
of ship equipment to work normally. Reliability can be determined by
zero error, range, resolution, accuracy, sensitivity, precision, linearity,
response time, lag, and transmission loss. For resolution, the resolution
can be improved by selecting or developing tribo-materials with higher
electrical sensitivity [251]. In terms of zero error, it can be avoided by
measuring the response of the output signal, and during the calculation
of the response, the read value after detection is subtracted from the read
value before detection, thus cancelling out the zero error [252]. The
improvement of accuracy, resolution and stability will all play a positive
role.

4.2.1.5. Waterproof. Current marine triboelectric sensors also face
serious waterproof challenges, as salt, humidity and pressure in
seawater can affect the structure and performance of the TENG.
Therefore, the design and implementation of effective waterproofing
strategy is the key to ensure the normal operation of marine sensors. We
summarize the following strategies: (1) Encapsulation. It is to wrap the
marine sensor in a waterproof material to prevent seawater infiltration
and corrosion. (2) Coating method. It is done by coating the surface of
the TENG with a waterproof film to increase its water resistance and
corrosion resistance. (3) Self-healing method. It uses some polymers or
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hydrogels with self-healing ability as waterproof materials for TENG, so
that the TENG can automatically restore its function after major defor-
mation or damage, reducing maintenance costs and risks. (4) Bionic
method. It is to use bionic thinking, for example, by imitating the super
hydrophobic waterproof properties of the lotus leaf surface, and by
optimizing the material or surface treatment to make the surface of the
triboelectric material have good hydrophobic properties, so that the
TENG can achieve a natural waterproof effect.

4.2.1.6. Digital Twins. The application of digital twin technology in
marine triboelectric sensors provides powerful data support for the
perception, transmission and computing applications of marine infor-
mation. By reading and fusing the real-time data of the sensor, the 3D
image of the ocean is constructed, and a visual remote monitoring
platform is established, which can analyze the status of the monitoring
target and give timely warning and corresponding coping strategies.
Through the integration of big data, cloud computing and other tech-
nologies, the data of the sensor is processed and optimized to improve
the accuracy and stability of the sensor, achieve a wider range of high-
precision information perception, adapt to more complex environmental
changes, and provide powerful data support for various applications of
marine triboelectric sensors.

4.2.1.7. Artificial Intelligence. Artificial intelligence technology can use
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machine learning, deep learning, neural network to analyze and model
data, so as to realize the perception and control of machinery and
environmental conditions. Artificial intelligence technology can be
combined with marine triboelectric sensors, which provides a powerful
tool for information extraction and analysis of large-scale data. Artificial
intelligence technology is used to mine and analyze the data of marine
triboelectric sensors to find the rules and anomalies in marine infor-
mation,providing decision support for marine scientific research and
engineering applications. In addition, artificial intelligence technology
can fuse and predict the data obtained by marine triboelectric sensors in
real time, and realize the inversion of marine environmental hydrolog-
ical information and the intelligent operation and maintenance of ma-
rine equipment.

4.2.2. Industrial considerations

4.2.2.1. Product standardization. Sensor standardization refers to the
specification formulated in the aspects of technology, performance,
quality, production and testing, which plays an important role in the
design, production, testing and application of sensors. The new sensor
standard is mainly used to ensure the performance and quality of new
sensors, improve reliability, stability and interoperability, and
strengthen the compatibility and interchangeability between sensors.
The sensor standard includes many aspects, such as the structure, the
working principle, the technical specification, the performance re-
quirements, the test method and the application range of the sensor, and
so on. The formulation of sensor standards should be based on the actual
needs of countries, regions and industries to improve the technical level
of sensors and promote the wide application of sensors in production
and applications. With the increasing demand for marine triboelectric
sensors, the standardization and internationalization of this new type of
sensor will also become increasingly important to promote the devel-
opment of new sensor technology and application innovation.

4.2.2.2. Manufacturing. To solve the problem of scaling up production,
we propose to consider three economies-of-scale factors, including lower
raw material costs and supply, a unified design production model and
adaptation to existing production equipment and established agree-
ments. Cheaper strong electrosensitive materials (PTFE or PVDF) will
provide easier scalability. The manufacturing method should adopt
micro-nano manufacturing technology, which takes micron or nano-
meter scale as the working scale, and uses micro-machining, micro-
electronics, micro-mechanical systems and other technologies to
manufacture micro- and nano-level devices, structures and systems,
such as electrospinning, etching and so on [253,254]. In addition, the
existing production equipment should also be upgraded on the basis of
the existing technical level to accurately manufacture the triboelectric
sensor that meets the requirements of the ship [255,256].

4.2.2.3. Creation of industrial chains. Sensors are the main source of
equipment and systems to perceive the external environment informa-
tion, and are an important support for the development of intelligent
manufacturing, robotics, industrial Internet, vehicle networking, un-
manned driving, and smart cities. The sensor industry has the charac-
teristics of small batch, multiple varieties, large structural differences,
and close integration with application scenarios. Marine triboelectric
sensor is a multi-component integrated circuit with functions of infor-
mation acquisition, information processing, information exchange, in-
formation storage, etc. It is used to send measurement, status
information, receive and process external commands. The technology of
marine triboelectric sensor is developing towards embedded, miniatur-
ized, modular, intelligent, integrated and networked [257,258]. At the
same time, the industry should present a development pattern
combining group monopoly and fine division of labor. Large companies
can gradually form a monopoly position through merger and
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reorganization, occupy the high-end market and expand to the middle
and low-end market, control technical standards and patents, and lead
the direction of industrial development. Small enterprises can develop in
the direction of "small, fine, specialized and strong", and improve the
market competitiveness of products and services through outstanding
advantages in market segments and cooperation at the industrial chain
level.
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