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Abstract

To meet the requirements of power grid operation control, constructing an

extensive sensor network in the power grid is a future development trend.

However, due to the high cost, the difficulty of continuous power supply for a

long time, the large amount of energy consumption, and the environmental

problems caused by abandoned batteries, the traditional power supply mode

based on batteries for sensors is inconsistent with China's goal of carbon peak

and carbon neutrality. It cannot meet the needs of the future grid. Therefore, it

is significant to solve the energy supply problem of numerous sensors to promote

the construction of new power grid and improve the utilization rate of renewable

energy. As an emerging energy harvesting device, triboelectric nanogenerators

(TENG) are suitable for developing self-powered sensors and powering low-

power sensors due to their mall size, high efficiency, low cost, and environmen-

tal friendliness. At the same time, due to the abundant, stable, and widely dis-

tributed magnetic field around the equipment in the grid, it can provide

continuous excitation for the TENG. Therefore, applying magnetic field energy-

harvesting TENG in the future power grid has a broad development prospect.

This paper analyzes the development trend and the crucial problems facing the

power grid in the future. We review the research and application of TENG based

on the magnetic field in recent years and explain the mechanism of TENG in

detail. Finally, the application prospect of TENG in the future power grid has
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been prospected. This paper can provide a reference for applying magnetic field

energy harvesting triboelectric nanogenerators in future power grids.

KEYWORD S

micro/nano-power sources, new power system, self-powered sensors, smart grid, triboelectric
nanogenerator

1 | INTRODUCTION

From the beginning of the 21st century, new energy
power access grids have become the primary measures
for energy consumption as well as environmental pollu-
tion which resulted from the high-speed development of
society.1–4 To solve profound changes in a power grid
structure and operation characteristics brought about by
the progress of large-scale new energy access and trans-
mission technology,5–7 and realize the transformation to
a new power system characterized by safety and effi-
ciency, clean and low-carbon, flexible and intelligent
integration, interconnection technologies such as the dig-
ital twin and Internet of Things have been widely
applied.8,9 The construction and operation of the new
power system require monitoring and analysis of the run-
ning state of each node in the power grid, so as to realize
the efficient coordination and coordination control of vari-
ous power sources, power grids, loads, and energy storage
in the new power system. However, many nodes need to
collect data in the power grid, and many data collection
nodes are located in high-cold, high-altitude, and high-
humidity areas. The numerous sensors' power consump-
tion and energy supply issues are increasingly prominent.
Suppose traditional batteries continue to be used to power
these above sensors, in this case, it will not only bring
about the issues of massive energy consumption, the need
for regular maintenance, difficulty disposing of waste bat-
teries, high cost of low-temperature batteries, but also the
charging and discharging capacity as well as the service
life of batteries in the cold areas will be significantly
reduced.10–13 This is will inevitable and limits the develop-
ment of the new power grid to a large extent.

With the low-power electronic devices evolving, the
power consumption of sensors has continued to decrease,
which has attracted widespread attention from researchers
for small-scale energy collection technology.14–17 Over the
past decade, researchers have been actively developing
devices that can continuously collect energy from the sur-
roundings to realize self-powered sensor devices.18–20 To
solve the power supply problem of data acquisition sensors
and special demand in the power grid, researchers have
extensively researched self-powered systems composed of
electromagnetic and piezoelectric devices that collect

transmission lines' magnetic and vibration energy.21 How-
ever, due to its poor adaptability to low-frequency charac-
teristics, low energy capture efficiency, high cost, difficult
maintenance, and sometimes may even affect the trans-
mission line, the application, and development of its
energy collection are further limited.22–24 In 2012, TENG
as proposed by Wang and his team was the first to apply
the triboelectric effect in the field of energy harvesting by
coupling the triboelectric effect with the electrostatic
induction effect.25 Due to its simple structure, low cost,
comprehensive source of materials, high energy conver-
sion efficiency, and effective collect stray energy from the
surrounding, TENG has broad application potential in the
field of self-powered sensors and micro/nano sources.26

Many studies have found that the emergence of TENG
makes it possible to drive sensor devices by collecting the
mixed magnetic fields around the transmission line and in
the environment.27–31 TENG has good output performance
and can still operate stably under low-temperature
conditions,32 which can solve the energy supply problem
of data acquisition sensors in the power grid, and provide
a feasible scheme for sensor power supply in special envi-
ronments, which has a broad application prospect.

This article reviews the current application of TENG
in magnetic field use. Firstly, the potential application
scenarios of TENG in future power grids were intro-
duced. Then we present the principles and applications
of magnetic energy trapping. Finally, the prospect of
TENG in magnetic energy trapping and the prospect of
future new power systems were discussed.

2 | FUTURE POWER GRID
TRANSFORMATION AND
POTENTIAL APPLICATIONS
OF TENG

2.1 | Future grid transformation
direction and needs

The pollution problems caused by the heavy use of fossil
fuels have brought broad public concerns worldwide.33

Although the power industry is the focus of priority
development in the economic development strategy of
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various countries, it is also one of the primary sources
of carbon emissions.34 With the rapid development of
human society, the use of electric energy has surged, and
the requirements for electricity quality are gradually
increasing. At the same time, problems such as decreased
operating efficiency of power grid equipment, resource
decay, and environmental pollution are also growing.
Considering the requirements of ensuring the security of
the energy supply, protecting the environment, and
improving the economic benefit of the power grid, the
research, and application of renewable energy have gradu-
ally become the trend of energy policy-making in major
countries.35 Traditional power networks and control mea-
sures have proven ineffective to support many development
requirements.5,36 To address these challenges in power sys-
tem development, new power system networks that utilize
new energy sources efficiently and safely and the applica-
tion of emerging energy harvesting technologies are consid-
ered effective solutions, as shown in Figure 1.

To build a new power system with new energy as the
main source, a large number of new energy utilization
strategies and technologies have emerged and gained wide-
spread attention and flourished. Distributed power genera-
tion has attracted widespread attention from people. A
large number of new energy power generation and other
distributed power generation forms have gradually become
connected to the public power grid. Promoted progress of
distributed energy resources (DER) and energy storage
technology (EST) has reduced the power loss of the trans-
mission and distribution grid. To some extent, it improves

the stability and environmental friendliness of the system.37

At the same time, the advancement of power electronics
technology has improved the reliability of power grid con-
struction.38 Ultra-high voltage direct current (UHVDC)
transmission technology also has great advantages in new
energy power transmission, giving it excellent development
prospects.39 In order to improve the grid connection rate of
DER, Microgrid technology comes into being.40

Furthermore, to reduce the multiple conversions of
AC-DC, a hybrid microgrid with the advantages of both
AC and DC microgrids is proposed, which will be one of
the important development trends of the microgrid in the
future. On the other front, smart distribution networks
further promote the use of clean energy. It supports the
parallel operation of a large number of distributed power
sources, energy storage devices, and renewable energy
power sources in the distribution network, which pro-
vides solid energy storage and power supply capabilities
for the grid.41 In the distribution network security sys-
tem, the self-healing technology of the smart distribution
network is the core technology representative of its secu-
rity guarantee system. Intelligent early warning and auto-
matic control can accurately identify the type of fault and
determine the fault position to achieve control and timely
repair of the fault, thus ensuring the normal operation of
the power grid.42 At the same time, due to the great
advantages of electric vehicles in energy saving and emis-
sion reduction, the encouragement of relevant policies,
and the rapid decrease in the cost of pure electric vehi-
cles, their number is snowballing, so the load change of
the power system will appear new rules.

With the development and scale of the power system,
the demand for data measurement accuracy and conve-
nience is also increasing. Internet of Things (IoT) tech-
nology can solve the problem of power system planning
and interact with multiple energy management goals. It
is foreseeable that the IoT technology will not only grad-
ually develop in support of the power grid but will also
further promote the optimization of the power grid to
make it modern. Combining the IoT and smart grid will
greatly enhance the new power grid's information and
communication support capability.43 The interactivity of
the IoT will improve user satisfaction and efficiency and
provide consumers with greater rights to communicate
and choose, which will help build a more connected, eco-
nomical, and efficient new power grid.44

The technical progress of the smart grid energy sys-
tem (SGES) and Blockchain (BC) technology is expected
to realize functions such as optimizing the energy net-
work, energy transactions, and power grid automation in
the future.45–47 As a high tech that is currently develop-
ing rapidly, artificial intelligence is one of the core tech-
nologies to realize smart grids. It is an effective means for

FIGURE 1 Impact of new power grids and energy collection

technology on the energy industry.
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new power grids to overcome existing difficulties and
achieve long-term development.48

Driven by the needs of economic development, the
world power grid is gradually moving towards a new type
of power grid characterized by safety, efficiency, clean
and low-carbon, flexibility, and intelligent integration.
The smart grid will run through every link of the new
power system and is the key to the formation of energy
Internet.49 Smart grid can rely on different types of tech-
nologies, enhance the “defense force” of power grid oper-
ation, timely avoid the damage of various factors to the
power grid and power system, increase the proportion of
new energy generation, collect very comprehensive
power grid operation parameters, will play a very critical
role in the process of new power grid planning and con-
struction. It is foreseeable that smart grids with open
interconnection, multi-source collaboration, multi-energy
complementarity, and deep coupling of energy and infor-
mation will be the main morphological characteristics of
the future energy power system. As shown in Table 1,
new power grids have significant advantages in self-
healing, reliability, compatibility, high efficiency, and
interactivity compared with the traditional grid.

2.2 | The critical issues faced in the
future and the potential application
prospects of TENG

With the changes in the energy structure, new challenges
have been put forward to the operation of the power grid.

First, new energy power generation will form a distrib-
uted power generation structure. Suppose the capacity or
location of the new energy power supply access to the
distribution grid is not appropriate. In that case,
the power grid's loss will increase, triggering voltage fluc-
tuations and even the misoperation of protective equip-
ment.36 At the same time, with distributed energy
connected to the grid, the topology of the infrastructure
of the power system will change, and the new power grid
must handle unstable power generation from renewable
energy and other distributed power supply. How to inte-
grate new energy power into the distribution network
efficiently is the main problem we are facing at present.

There are some critical problems when the microgrid
is connected to the distribution grid, such as the adjust-
ment of the power supply strategy during the operation
of “island operation” and the increase of difficulty in
power flow prediction.50 Meanwhile, the expansion of
smart distribution networks also has the problems of
deployment strategy of advanced grid technology and
integrated technology, coordinated development of
microgrid and large grid, as well as complex and diverse
coordination control and diverse power consumption and
power demand.49 Electric vehicle access will also bring
many challenges to the power system. As the charging
pile increases, the power distribution transformer may be
overloaded, resulting in a decline in nearby electric
energy quality, increasing the possibility of power out-
ages, and making the life of the distribution line and
transformer significantly reduced.51 At the same time,
the application of these emerging technologies is still in

TABLE 1 Difference between traditional grids and future new power grids.

Features Traditional power grid New power grid

Self-healing Cannot position the location of the failure in time;
power supply recovery depends on the manual

Real-time monitoring of the power grid to reduce the
incidence of failure; Quickly locate the fault location
and automatically isolate it to avoid a large-scale
power outage

Reliability Poor reliability, prone to widespread power outages Real-time monitoring and evaluation of power grid
operation status can significantly improve the ability
to withstand natural disasters and cyber attacks

Compatibility Large-scale centralized power generation cannot
adapt to the access of small, distributed power
sources

With new energy as the main power supply, a large
number of small power generation equipment and
energy storage equipment can be allowed to access

High efficiency The operation efficiency of the power grid is affected
by many factors, such as the labor force and system

Using digital information technology to realize optimal
dynamic allocation of power resources and improve
the efficiency of power grid operation

Interactivity The end user is only a single consumer, and the user
has little information interaction with the power
company

Users can know the change in electricity price in real-
time, use electricity reasonably, and make use of the
difference in electricity price in different periods for
electricity trading, transforming from a single
consumer to a participant in electricity trading
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its infancy. Forming a complete and mature systemic
technology system takes a long time, and further research
is needed.

At present, the monitoring of the power system
depends mainly on the Supervisory Control and Data
Acquisition (SCADA) system. Predictably, smarter net-
working technologies will play a more critical role in
enabling joint monitoring on a larger scale.44 Applying
artificial intelligence (AI) technology and increased com-
munication between the IoTs infrastructure may also
bring obvious network security challenges to the new
power grid. In addition, the Internet of Things applica-
tions in new power grids are generally distributed on a
large scale, so its modeling and simulation will be an
essential and challenging task. Self-healing is a vital attri-
bute of a new power grid. For the complexity and intelli-
gent needs of the distribution network, the self-healing
control system needs to have high intelligence and com-
puting technologies to support it.

The core of the construction of new power grids is to
break through the research and technological innovation
of key technologies of electrical information, such as
smart grid scheduling optimization, smart grid load pre-
diction, intelligent monitoring, and fault analysis of
power systems. It is necessary to promote AI to be more
efficient and accurate in solving complex problems in
new power grids and improve the research and develop-
ment quality of cutting-edge technology of smart grids.51

In addition, the control of the new power grid system will
become more complicated. In addition to the substation,
it is necessary to establish a monitoring system along the
feeder.52 From a computing perspective, the new power
grid is a computer and power infrastructure network that
aims to monitor and control the efficient use of all types
of energy.53

In summary, in new power grids, intelligent monitor-
ing, intelligent scheduling, and rapid provision of solu-
tions in the power system's operating state are the three
urgent issues currently urgently needed. However,
whether it is the innovation of the power grid structure,
the invention of control methods, or the application of
network technology, it is necessary to analyze the power
grid data in detail, compare it with the stored informa-
tion, and finally make decisions. In these processes, an
extensive and widely arranged large-scale sensing net-
work cannot be separated. However, the defects of the
traditional battery-powered power supply, such as high
cost, large energy consumption, long-term maintenance,
environmental pollution caused by waste batteries, and
inapplicability in some areas, limit the development of
the new power grid and related technologies to a certain
extent.10–13 Therefore, overcoming the problems faced by
sensors and equipment in special environments used in

traditional power grids will undoubtedly greatly promote
the rapid development of new power systems and related
fields.

As an emerging energy collection technology in
recent years, TENG has the advantages of comprehensive
material sources, low-cost, high-energy conversion effi-
ciency, simple structure, and can effectively collect low-
frequency energy in the environment.54 As an emerging
energy harvesting technology in recent years, TENG has
shown unique advantages over other environmental
energy harvesting technologies, as shown in Table 2. It
also has advantages such as wide material sources, low-
cost, simple structure, etc., and can effectively collect
low-frequency energy in the environment [55]. TENG
has shown great development prospects and has been ini-
tially applied in the condition detection of electrical
equipment [56]. It provides a very promising solution to
solve the above problems. It shows excellent development
prospects and has reached the preliminary application in
monitoring electrical equipment status.55 TENG provides
a promising solution to this problem.

3 | TENG'S THEORETICAL
FOUNDATION AND OUTPUT
CHARACTERISTICS

TENG is another critical application of Maxwell displace-
ment current. To some extent, TENG affects the future
development of the new power grid, the Internet of
things, sensing technology, blue energy, big data, and
other technical fields.56 TENG has shown immense
development potential in different areas. Understanding
TENG's basic theory is essential for further improving
TENG's output performance and finding a suitable appli-
cation scenario. This chapter briefly introduces the theo-
retical foundation of TENG, as well as the working
principles and control equations of four models of TENG,
to help us choose the appropriate TENG structure and
energy collection system, reduce the cost of the experi-
ment, and avoid the output performance loss caused by
design problems.

3.1 | TENG's theoretical foundation

People have always tried to propose a unified theoretical
model to explain electromagnetic phenomena, such as
action at a distance, molecular vortex models, etc. None-
theless, they could not fully explain all the electromag-
netic phenomena observed at that time. It was not until
Maxwell proposed the displacement current theory in
1861.57 On this basis, the unity of the electric and
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magnetic fields was achieved by the Equation of
20 descriptions of the electrical field and magnetic field
behavior.58 20 years after Professor Maxwell's death, Brit-
ish scientist Oliver Heaviside and German scientist Hein-
rich Hertz organized the 20 equations proposed by
Maxwell into four equations.59 However, they referred to
it as Maxwell's equations. Maxwell's equations concen-
trated on Gauss's Law, Gauss's Law of Magnetism,
Maxwell-Ampere's Law, and Faraday's electromagnetic
induction law. It is one of the most important equations
in physics. The expression is as follows:

r�D¼ ρ

r�B¼ 0

r�E¼� ∂B
∂t

r�H¼ Jþ ∂D
∂t

ð1Þ

It should be pointed out that the Equation (1) can be
established on the condition that the medium's volume,
surface, and spatial distribution do not change with time.
Among them D¼ ε0EþP represents polarization field
density. ∂D

∂t represents the displacement current generated
by the time-varying electric field and electric field-
induced electrical polarization. The displacement current
is not the current generated by free charge motion but
the electric field (vacuum or medium) that changes over

time, the tiny movement of electric charge bound in an
atom, and the polarization of the electrical medium in
the material. The Maxwell Formula Group was hailed as
another outstanding achievement after Newtonian
mechanics. It has laid a solid foundation for the rapid
development of society.

With the emergence of TENG and the further devel-
opment of related fields, researchers have found that
Maxwell's positioning current theory applies to TENG.60

Benefit from the coupling effect of contact electrification
and electrostatic induction, the triboelectric charge gen-
erated by the two different media surfaces during physi-
cal contact. When the two surfaces are separated, the
contact-induced triboelectric charge creates a potential
difference that drives electrons between the two elec-
trodes. To facilitate the output performance analysis and
actual engineering application of TENG, Wang Zhong
Lin in 2017, used the Galilean transformation to process
the expression of displacement current in Maxwell's
equations under conditions far below the speed of light.62

An additional polarization term Ps is introduced into the
electric displacement vector D:

D¼ ε0EþPþPs ð2Þ

Among them, the first polarization vector P was due
to the existence of the external electric field, and the sur-
face charge and external mechanical disturbance process

TABLE 2 TENG compared with other environmental energy collecting devices.

Type Advantage Deficiency

Small Wind Turbines and Solar Cells High-output power High cost
Large volume
Still need batteries
Strong output fluctuation

Electric Field Energy Harvesting Device Continuous energy output Low-output power
Difficult installation
Large volume required

Electromagnetic/RF Energy
Harvesting Devices

Continuous energy output Low-output power
Susceptible to interference
Work narrow frequency band

Electromagnetic Generator High-output power Continuous
energy output

Fire hazard
Installation difficulty
High-temperature hazard

Pyroelectric Nanogenerator Continuous energy output Low-output power
Material fragility

Piezoelectric Nanogenerator Simple structure
Continuous energy output
Harvesting multiple energies

The mechanical durability of
piezoelectric crystal is insufficient

Triboelectric Nanogenerator Strong durability
Continuous energy output
Harvesting multiple energies

Triboelectrification materials are
susceptible to contamination

Output power needs to be further improved
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of the exposure of the electrical effect mainly caused the
additional item Ps. Bring Equation (2) into the Maxwell
Formula Group, and define it at the same time:

D0 ¼ ε0EþP ð3Þ

At this time, the processed Maxwell equations are61:

r�D0 ¼ ρ0

r �B¼ 0

r�E¼� ∂B
∂t

r�H¼ J 0 þ ∂D0

∂t

ð4Þ

Among them, the volume charge density and current
density are redefined as:

ρ0 ¼ ρ�r�Ps

J 0 ¼ Jþ ∂Ps

∂t

ð5Þ

It meets the law of conservation and continuous
Equation:

r� J 0 þ ∂ρ0

∂t
¼ 0 ð6Þ

In Equations (4) and (5), the conduction current is J,
and the general displacement current is:

JD ¼ ∂D0

∂t
þ ∂Ps

∂t
ð7Þ

Among them, ∂Ps
∂t is the current generated by the

boundary change of the medium, which is the theoretical
source of the nanogenerator. In addition to its contribu-
tion to capacitors, the processed Maxwell equations
further promote the development of new energy technol-
ogies and self-powered sensors. It has widely used items
in the Internet of Things sensor network, energy harvest-
ing, and equipment condition monitoring. It is another
important application of Maxwell's equations in energy
and sensors after electromagnetic field.14,56

3.2 | TENG's four basic working modes
and their output performance

In recent years, with the continuous deepening of TENG
research, many researchers have successfully constructed
TENG with various new structures. According to differ-
ent structures and movement patterns, TENG can be

divided into vertical contact-separation mode, in-plane
sliding mode, single-electrode mode, and free-standing
triboelectric-layer mode. This article classifies TENG
according to its different electrostatic induction pro-
cesses and analyzes its essential output characteristics
(opening voltage (VOC), short-circuit transfer charge
(QSC), and inherent capacitor (C)). Due to the wide selec-
tion of friction materials for TENG, different materials
have different characteristics, so we mainly analyze the
widely used dielectric–dielectric and metal–dielectric
types here.

Based on the theory of electromagnetic fields, TENG
can be regarded as a combination of multiple capacitors.
So fundamentally, TENG has capacitive behavior charac-
teristics. We can simplify any structure into a pair of fric-
tion layers that move under the action of external forces
and the electrodes on their backs. When a couple of tribo-
electric layers are in contact, the same number of differ-
ent charges will be generated on the surface of the two
triboelectric layers. The voltage generated by the tribo-
electric charge between the two electrodes (VOC)depends
on the separation distance (x) between the triboelectric
layers. At the same time, the action of VOC , the two elec-
trodes connected by the external circuit will generate a
certain amount of transferred charge (þQ=�Q). The
voltage generated by these transferred charges between
the two electrodes is � Q

C xð Þ, where C represents the capac-
itance between electrodes. Therefore, the voltage between
two electrodes of TENG is:

V ¼� Q
C xð ÞþVOC xð Þ ð8Þ

The Equation (8) is known as the governing equation
for TENG and the V �Q� x relation for TENG.

3.2.1 | Vertical contact-separation mode

As the earliest proposed working mode for TENG, the
Vertical contact-separation mode structure is simple and
suitable for most types of motion. It is made by stacking
two dielectric materials with the thickness of d1 and d2,
with the relative dielectric constant of εr1 and εr2, respec-
tively, and the metal electrodes on the back. Its model is
shown in Figure 2.63 When the triboelectric layers are in
contact under mechanical disturbances, the surface of
the two triboelectric layers will be contacted to generate
the electrostatic charge (triboelectric charge) of density σ.
We assume that the attenuation of the surface charge of
the triboelectric material can be ignored, and it is evenly
distributed on the surface of the dielectric.64 Since the
size of the metal electrode (S) is much larger than the
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separation distance between them (d1þd2þ x), Since the
separation distance between electrodes (d1þd2þx) is far
less than its area size (S), we use a plate capacitor model
for analysis.

Based on the above models and basic assumptions,
the V �Q� x relation and basic output characteristics
can be deduced by electrodynamics:

V ¼� Q
Sε0

d0þx tð Þð Þþσx tð Þ
ε0

VOC ¼ σx tð Þ
ε0

QSC ¼
Sσx tð Þ
d0þx tð Þ

C¼ ε0S
d0þx tð Þ

ð9Þ

where d0 is the effective dielectric thickness, which is the
sum of all the dielectric thickness di between two metal
electrodes divided by their relative dielectric constant εri,
as shown below:

d0 ¼
Xn
i¼1

di
εri

ð10Þ

Through the above derivation, it can be seen that VOC

is proportional to x and Cis inversely proportional to x.
Because the triboelectric material is usually thin, to
achieve a high charge transfer efficiency, the triboelectric
layers must be in close contact. In addition, when x
increases enough to be comparable to the area size (S) of
the friction layer, the electrode cannot be regarded as
infinite, and the edge effect will affect the linear relation-
ship between the open-circuit voltage (VOC) and the sepa-
ration distance x.

3.2.2 | In-plane sliding mode

The output performance of the in-plane sliding mode
TENG is better than vertical-contact separation
mode TENG, but the wear of the triboelectric layer is more
serious. The length of the two dielectric materials is l, the
width is w, the thickness is di(i= 1, 2), and the metal
layer of the back of the two dielectric materials is used as
an electrode, as shown in Figure 3.65 The top dielectric
layer can slide along the transverse, and the transverse
sliding distance is x. After sliding, the surface of dielec-
trics will appear with equal amounts of heterogeneous
charges in the non-overlapping region. We also assume
that the dielectric surface charge attenuation is ignored
and is evenly distributed on the surface of the dielectric.63

Since the centers of positive and negative triboelectric
charge are at the atomic level, the total density of the
charge on the overlapping surface can be viewed as 0.

Under normal circumstances, the V �Q�x relation
of the approximate analytic equation can be obtained by
ignoring the edge effect. As long as the two triboelectric
layers are not completely separated, the capacitors
between the overlapping areas are the main part of the
total capacitance. Therefore, the entire capacitor can be
obtained from the following formula:

C¼ ε0w l�xð Þ
d0

ð11Þ

In the ideal case, non-overlapping regions have sur-
face charge density is σ. The charge density is still uni-
form for the overlapped area. The charge distribution
under open circuit conditions can be approximated by
the following formula:

For non-overlapping areas of the bottom electrode:

ρ¼ σ ð12Þ

For the overlap area of the bottom electrode:

ρ¼� σx
l� x

ð13Þ

FIGURE 3 Dielectric–dielectric in-plane model TENG.

FIGURE 2 Dielectric–dielectric vertical contact-
separation TENG.
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For non-overlapping areas of top electrodes:

ρ¼�σ ð14Þ

For the overlapping area of the top electrode:

ρ¼ σx
l�x

ð15Þ

Using the charge distribution above and Gauss's Law
VOC can be estimated as:

VOC ¼ σxd0
ε0 l� xð Þ ð16Þ

Therefore, when the edge effect is ignored, the V �
Q�x relation of the in-plane sliding mode TENG can be
expressed as:

V ¼� 1
C
QþVOC ¼� d0

wε0 l� xð ÞQþ σd0x
ε0 l� xð Þs ð17Þ

Therefore, QSC is positively correlated with x, and
C xð Þ is negatively correlated with (l�x). As x approaches
l, C decreases sharply resulting in a sharp increase in
VOC . Moreover, the distance between triboelectric layers
will greatly affect the output performance.

3.2.3 | Single-electrode mode TENG

For the TENG of the above two modes, the moving part
needs to be connected with a wire to output electrical
energy, which limits its applicability in some aspects. To
overcome this limitation, the researchers proposed a
single-electrode mode TENG and a free-standing
triboelectric-layer mode TENG. Only one dielectric mate-
rial has a back electrode in the single-electrode mode
TENG, while the reference electrode can be placed in any
position and does not need to be connected with the
dielectric material. To simplify numerical calculations,
we use a two-dimensional model for analysis without los-
ing the inherent physical characteristics, as shown in
Figure 4A.66 The length of the triboelectric layer is l and
the width is w. The thickness of dielectric 1 is d0 and the
thickness of the main electrode is dm, and the reference
electrode of the same size is located below the main elec-
trode, spaced g apart. The two electrodes are fixed, and
the distance between the triboelectric layers is x. Due to
triboelectrification with the main electrode, the bottom
surface of dielectric 1 is σ. We also assume that the
dielectric surface charge is evenly distributed on
the dielectric surface and its attenuation is negligible, so

there will be an equal amount of positive charge (σωl)
distributed on the main electrode. Due to the fixed elec-
trode, the inherent capacitance C of the single-electrode
mode TENG almost does not change with the increase of
separation distance x. When dielectric 1 is far from the
electrode, it has little influence on the electric field distri-
bution around it. Therefore, the open-circuit voltage VOC

reaches saturation quickly with the increase of the x,
while the short-circuit transfer charge QSC reaches satu-
ration slowly. In theory, when dielectric 1 is infinitely far
away from the main electrode, the potential of the two
electrodes is the same, and the induced charge generated
is evenly distributed between the two electrodes, so the
maximum short-circuit charge transfer rateηCT can only
reach 50%. Therefore, compared with the TENG of other
modes, the single-electrode mode TENG output perfor-
mance is lower.

We analyze it in the electrostatic system to fully dis-
play its inherent physical properties and output charac-
teristics. In the above system, under the open-circuit
condition, the electric potential of the whole bottom sur-
face of dielectric 1 is almost unchanged, so we assume it
is a Node (Node 1). Similarly, the main and reference
electrodes are recorded as nodes 2 (Node 2) and 3 (Node 3).
Each of the two nodes is equivalent to a capacitor, as
shown in Figure 4B.66 The capacitors C1, C2, and C3only
represent the capacitance effect generated directly by the
electric field connection between the two nodes (without
the electrostatic shielding effect), so they do not reflect
the actual capacitance between the two nodes. For exam-
ple, the actual capacitance (Cb) is:

Cb ¼C2þ C1C3

C1þC3
ð18Þ

Similarly, the actual capacitors between Nodes 1, 2,
and 3 are:

FIGURE 4 Single-electrode mode TENG. Copyright 2014,

John Wiley and Sons.66 (A) Mental-Dielectric Single-Electrode

mode TENG. (B) Single-electrode TENG equivalent circuit model

containing three capacitors under open-circuit conditions.
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Ca ¼C1þ C2C3

C2þC3
ð19Þ

C0 ¼C3þ C1C2

C1þC2
ð20Þ

Under the open-circuit condition, the total charge on
Nodes 1, 2, and 3 is �σωl, σωl and 0, respectively., QSC,
and ηCTcan be given by the following formula:

QSC ¼
σωl

1þ C1 xð Þ=C2 xð Þð Þ�
σωl

1þ C1 x¼ 0ð Þ=C2 x¼ 0ð Þð Þ
¼ σωl
1þ C1 xð Þ=C2 xð Þð Þ

ð21Þ

ηCT ¼
QSC

σωl
¼ 1
1þ C1 xð Þ=C2 xð Þð Þ ð22Þ

VOC ¼ σωlC2

C1C2þC2C3þC3C1
ð23Þ

where C1 x¼ 0ð Þ approaches infinity.
When x¼ 0, C1=C2 is infinite, and no charge transfer

occurs. As x goes to infinity, C1=C2 approaches 1. In this
case, ηCT is only 50%. We can observe that the capacitor
C2 is critical to VOC and QSC . C2 represents the capaci-
tance effect formed when an electric field directly connects
Node 1 and Node 3 without being affected by the electro-
static shielding of Node 2. If consider the electrostatic
shielding of the main electrode, C2 will be equal to 0 (the
main electrode shields the electrostatic field), resulting in
no output from the single-electrode mode TENG.

3.2.4 | Free-standing triboelectric-layer
mode TENG

Due to the electrostatic shielding of the main electrode,
the ηCT of the single-electrode mode TENG can only

reach 50%. The researchers designed free-standing
triboelectric-layer-based nanogenerators (FTENGs) to
overcome this defect. According to their structural char-
acteristics, FTENGs can divide into contact-mode
FTENGs and sliding-node FTENGs. We first analyzed
contact-mode FTENGs; their typical structure is shown
in Figure 5A.67 The dielectric layer (thickness: d1, relative
dielectric constant: εr1) is stacked with two metal layers.
The metal layer simultaneously serves as the triboelectric
material and electrode, forming two pairs of
triboelectric layers. The distance between the two metal
layers is g. Under the action of external force, when the
two metal layers contact the dielectric layer, the surfaces
of the metal layer will generate triboelectric charges. To
simplify the analysis, we assume that the triboelectric
charge density (�σ) generated by the surfaces of the
metal layer is the same, so the total number of positive
charges carried by the two metals is the same. As shown
in Figure 5B, we also analyze it in the electrostatic sys-
tem.67 Based on the above assumptions, we can regard
the potential of the metal layer 1, the metal layer 2, and
the surfaces of the dielectric layer as a constant and use it
as four nodes in the electrostatic system. Because Node
2 completely blocks the electrical connection between
Nodes 1 and 3, there are only three equivalent capacitors
in this model. The relationship between them is:

C¼ 1
1
C1
þ 1

C2
þ 1

C3

¼ ε0
d0þg

ð24Þ

Under short-circuit conditions, we assume that the total
charge on metal layer 1 is Q1, and the total charge on
metal layer 2 is Q2 (Q2 ¼ 2σS�Q1). Meanwhile, C2 can
be regarded as infinite since the d0 is much less than g in
practical applications. According to electrodynamics and
the law of conservation of charge, we can get the
following:

Q1 ≈ σS
2
C3

1
C1
þ 1

C3

¼ 2σS

1þC3
C1

ð25Þ

FIGURE 5 Free-standing

triboelectric-layer mode TENG.

Copyright 2015, Elsevier.67 (A) Metal-

dielectric contact-mode FTENGs. (B)

FTENGs equivalent circuit model

containing three capacitors under the

open-circuit conditions. (C) Metal-

dielectric sliding-mode FTENGs.
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Q2 ≈
2σS

1þ C1
C3

ð26Þ

Therefore, when the dielectric vibrates in the air gap,
the charge will flow alternately between the metal
layer 1 and the metal layer 2 to form a current because
of the change of C1=C3, which is the basic working
principle of contact-mode FTENGs. Its V �Q�x rela-
tion is:

V ¼� 1
C
QþVOC ¼�d0þg

ε0S
Qþ2σx

ε0
ð27Þ

Sliding-mode FTENG is shown in Figure 5C.67 Metal
electrodes 1 and 2 with a gap g are placed in the same
horizontal plane. A free-standing triboelectric layer con-
taining only one layer of dielectric of the same size as the
metal electrode is placed at a height h from the top of the
metal electrode with a width w. We also use nodes to
analyze it in the electrostatic system. Since the potential
of the bottom surface of the electrical substance is not
constant and the principle of superposition of the poten-
tial is needed to analyze. First, we take a small part of a
region with a distance of k from the left edge of the bot-
tom surface of the dielectric, its area is dk, the surface tri-
boelectric charge density is �σ, and the total charge on
the corresponding metal electrodes 1 and 2 is σωdk. The
dielectric charges (dQ1 and dQ2) of metal electrodes 1
and 2 under short circuit, the following formula can give
conditions:

dQ1 ¼
σwdk

1þ C2 kð Þ=C1 kð Þð Þ ð28Þ

dQ2 ¼
σwdk

1þ C1 kð Þ=C2 kð Þð Þ ð29Þ

where Ci kð Þ represents the capacitance between this
small surface and the metal electrode i.

According to the electrostatic field superposition prin-
ciple, considering all the charges on the surface of the
dielectric, the total charge on metal electrodes 1 and 2 is
the integral of each small region of triboelectric charge,
which can be expressed as:

Q1 ¼ σw
Z l

0

dk
1þ C2 kð Þ=C1 kð Þð Þ ð30Þ

Q2 ¼ σw
Z l

0

dk
1þ C1 kð Þ=C2 kð Þð Þ ð31Þ

Therefore, QSC,final can be expressed as:

QSC,final ¼
Z l

0

σwdk
1þ C2 kð Þ=C1 kð Þð Þx¼gþl

�
Z l

0

σwdk
1þ C2 kð Þ=C1 kð Þð Þx¼0

ð32Þ

When x¼ 0, the lower surface of the dielectric is
closer to metal electrode 1 than metal electrode 2. So for
all values of k, C2 kð Þ=C1 kð Þ is close to 0, so Q1 is approxi-
mately σwl and Q2 is approximately 0. And at x¼ gþ l,
for all k values, C2 kð Þ=C1 kð Þ is going to be close to infin-
ity. So Q1 is close to 0 and Q2 is close to σwl. Therefore,
QSC,final can reach σwl, in which case the ηCT can
reach 100%.

In summary, to adapt to different working environ-
ments, researchers have developed different modes to
meet the needs. However, in essence, TENG of different
modes is the coupling effect of triboelectrification and
electrostatic induction. By triboelectrification, the dielec-
tric surface generates triboelectric charges, and the equiv-
alent capacitance is formed between the charged
dielectric and the metal electrode. Under the short-circuit
condition, when the position of the dielectric changes,
the size of each equivalent capacitance will also change,
and then promote the movement of electrons between
the electrodes so that the potential between the elec-
trodes can be re-balanced, and this process generates
current.

4 | TENG APPLICATIONS IN
MAGNETIC FIELD UTILIZATION

With the Industrial Revolution 4.0, wireless internet tech-
nology has developed rapidly. Smart grid, the Internet of
Things, and other fields based on this technology show
excellent prospects for development. Large-scale sensor
networks need to be constructed to promote further the
practical application of research results in these fields. To
obtain the necessary operating data for the control sys-
tem, how to supply power to these enormous amounts of
sensors is the first problem we must consider. In recent
years, TENG has been used for power supply for small
electronic devices because of its efficiency, economy, and
pollution-free advantages. It has achieved a certain
degree of development.14

As the most commonly used transmission equipment,
overhead lines are widely distributed, and with the con-
tinuous development of transmission technology and
scheduling strategy, they can maintain stable and contin-
uous operation most of the time, especially the
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transmission lines with higher voltage levels. Transmis-
sion lines with higher voltage levels can run at hundreds
or even thousands of amperes, and the alternating mag-
netic field energy generated around them will be
extremely rich. In addition, the physical nodes that need
to be monitored in the power system and the Internet of
Things are usually some electrical equipment with large
capacity, and rich alternating magnetic fields are gener-
ated around it when it is running. Therefore, alternating
magnetic field is a widely distributed, stable, and easy to
obtain Energy source in the surrounding environment of
power system, and magnetic field energy Harvesting
(MEHTENG) has been further developed.27-31 As shown
in Figure 6, TENG can collect not only stray AC magnetic
energy widely used in daily life and convert it into elec-
tric energy to power various sensor devices, but also use
the magnetic field as a driving force to reflect changes in
the magnetic field through its output electrical signals,
further realizing the design of self-powered sensor for
monitoring magnetic field. In addition, when the tradi-
tional TENG is directly coupled with external mechanical
coupling to obtain the driving force, the material wear
causes the use of the service life and output performance
of the material.68-70 The researchers solved this problem
using magnetic fields as an intermediate medium.71-75

Therefore, we introduce some applications of the mag-
netic field-based TENG in self-powered sensors and
micro/nano-power supply for sensor devices, which will
provide a reference for the subsequent research on mag-
netic energy acquisition for transmission lines.

4.1 | Self-powered sensors

Magnetic field exploration is of great significance for
environmental monitoring, mineral exploration, medical
application, and other areas.78-81 Many magnetic field
measurement technologies exist, such as the Hall effect,
magnetic flux, superconducting quantum interference
meter (SQUID), magnetic resistance, magnetic diode, or
other semiconductor effects.82 Some are used to detect
changes in the strength of the magnetic field, while
others are used to detect the direction of the magnetic
field. However, all of these instruments need to be con-
nected to the external power source. Due to the complex
structure and essential nature of the power supply, the
current detection equipment is not only bulky and lacks
the necessary mobility. Therefore, the development of
self-powered electromagnetic field monitoring sensors is
imminent.

In 2012, Yang et al. proposed a TENG-based self-
powered electromagnetic field sensor. Under the condi-
tion that the external power supply was not used, it could

be used to monitor the changes in the magnetic field over
time.18 The structure is shown in Figure 7A-i. The TENG
uses indium tin oxide (ITO) as the electrode, PET, and
polydimethylsiloxane (PDMS) micro/nano-arrays as tri-
boelectric materials, and a cantilever beam with metal
(Fe) disc attached at one end as a magnetic field sensitive
unit. When the strength of the external magnetic field
changes, the magnetic force of the metal disc changes,
which causes the TENG triboelectric layer to produce rela-
tive motion, and then outputs the electrical signal to moni-
tor the magnetic field. As shown in Figure 7A-ii,
exponential increase in sensor output voltage with increas-
ing intensity of magnetic field variation, and the detection
sensitivity of magnetic field change and magnetic field
change rate is 0.0363 ln mVð ÞG�1 and 0.0497 ln mVð ÞG�1,
respectively. By fitting the curve in Figure 7A-iii, the sen-
sor's response time is about 0.13 s, and the reset time is
about 0.34 s. Compared with the traditional magnetic
sensor, it has a certain improvement. The self-powered
electromagnetic field sensor designed by the author is the
first application of TENG in magnetic field monitoring,
which proves the feasibility and excellent performance of
TENG in the field of magnetic field exploration.

However, sometimes we need to monitor both the
strength and direction of the magnetic field. Although

FIGURE 6 TENG using magnetic fields. Magnetic field

monitoring self-powered sensor.19 power grid monitoring sensor

micro/nano-powered source. Copyright 2021, Elsevier.77 Wireless

energy transmission. Copyright 2019, John Wiley and Sons.74 tire

pressure monitoring sensor micro/nano-powered source.73 health

monitoring sensor micro/nano-powered source. Copyright 2017,

Elsevier.72 exercise detection self-powered sensor.76
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Yang et al. can accurately measure the change of the
magnetic field through the sensor's output voltage and
have high detection sensitivity, However, there are still
deficiencies in monitoring the strength and direction of
the uniform magnetic field (UMF).18 Like TENG, magne-
torheological elastomer (MRE) has also received a lot of
attention in recent years.83-86 MER has excellent mag-
netic properties, and its deformation depends entirely on
the external magnetic field.20 Therefore, combining this
with TENG's sensitivity to deformation can provide an
effective measurement of UMFs monitoring.

In 2018, Qi et al. designed a TENG-based magnetic
field sensor (TMFS) based on MRE and TENG, which
can be used for both time-varying and time-invariant
magnetic field monitoring.19 The structure is shown in
Figure 7B-i. The lower part is a deformed component
composed of MRE containing 60 wt%CIPs (Carbonyl iron
particles) and latex film with its surface as the positive
triboelectric material. The top part is a TENG compo-
nent. At the same time, to increase the deformation
degree of MRE and to improve the performance of the
sensor, the author completely fixes the other MRE thin
film on the acrylic board of the TENG component. When
applying an external magnetic field for TMFS, MRE's
magnetic deformation will cause TENG to generate

different output signals. Figure 7B-ii reflects the relation-
ship between its output electrical signal and local mag-
netic field strength. These results are very similar to the
performance of the sensor proposed by Yang et al., indi-
cating that TMFS can be used to measure time-varying
magnetic fields.18 The action and reset time of TMFS are
further improved to about 20ms and 30ms respectively,
and the sensitivity of 16 mVmT�1 can be reached in the
magnetic field of 40-100mT. Figure 7B-iii shows the
response capacity of TMFS to the different directions of
the magnetic field. The amplitude output electrical signal
increases with the angle increase. The intensity and
direction of the UMF can be obtained by comparing the
output performance of the TENG under different condi-
tions. In addition, TMFS also shows the stability of con-
tinuous work for a long time. Based on MRE's excellent
magnetic-deformation characteristics and the irreplace-
ability of TENG perceived displacement changes, TMFS
shows stability and high sensitivity in magnetic field
detection. These results suggest that TMFS has consider-
able development potential in terms of self-powered elec-
tromagnetic field measurement. A new method for
detecting UMF is proposed.

In 2021, Wan et al. selected styrene ethylene butylene
styrene (SEBS) powder,20 liquid paraffin, and magnetic

FIGURE 7 Magnetic field monitoring self-powered sensor of TENG is utilized. (A) A TENG self-powered sensor for monitoring

changing magnetic fields. Copyright 2012, American Chemical Society.18 (B) A self-supplying electromagnetic field sensor for time-varying

and uniform magnetic field monitoring.19 (C) A TENG self-powered sensor for magnetic field monitoring.20
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fluid in a 1:3:1 co-blending ratio of MRE film to construct
an MRE-based TENG self-powered electromagnetic sen-
sor, whose structural design is shown in Figure 7C-i.
With the assistance of the LabView program, the author
designed a TENG -based pointer 4-channel magnetic field
sensor. A PTFE-covered MRE is mounted on the base to
indicate the direction of the magnetic field. Figure 7C-ii
shows the signal output when the magnet approaches
channel 1, which shows the apparent rise of peak voltage,
and its sensitivity is significantly improved. In less than
60 mT under the magnetic field strength, the sensitivity
is 31.6 mVmT�1. When the magnetic field intensity
exceeds 60 mT, the sensitivity is 215 mVmT�1, and the
output shows good stability during 2000 contact-
separation cycles. All these results show that the mag-
netic sensor designed by the authors is stability enough
to work well under various working conditions. As can
be seen from Figure 7C-iii, when the magnetic field was
applied in a signal direction, the directional channel
emits red light while the remaining channels remained
unchanged in green. At the same time, the intensity of
the magnetic field was calculated by analyzing the output
voltage of each channel, and a highly sensitive magnetic
field vector monitoring in four directions was achieved.

The above-mentioned work provides a new approach
for the self-powered monitoring of the dynamic magnetic
field. The application field of the TENG self-powered sen-
sor is extended.

Due to the superiority measured in sports parameters,11,87

the sports sensor plays an irreplaceable role in many fields,
such as aerospace, condition detection, and smartphones.
However, most commercial sports sensors can only rely on
batteries or connecting cables to supply power. Therefore,
there are defects such as harsh installation conditions, cumber-
some maintenance, low economic efficiency, and environmen-
tal pollution caused by waste batteries.12 Also, the energy
consumption of numerous sensors is a non-negligible prob-
lem.88 TENG-based multifunctional self-powered sensors are
receiving increasing attention from academia and industry.

In 2015, HAN et al. designed a comprehensive tilt-
angle measurement sensor based on magnetic auxiliary
TENG.89 A comprehensive inclination measurement can
be achieved through the cooperation of the two sensors.
The structure is shown in Figure 8A-i. The top magnet
not only acts as the top electrode of the TENG and the
magnetic field supply component of the electromagnetic
generator but also repels the bottom magnet to provide
power for the separation of the triboelectric layer of the
TENG. Compared with the traditional mechanical restor-
ing force, the mechanical fatigue of TENG components is
effectively prevented. When the TENG tilts, the axial
component of gravity of the magnet will decrease, and
when the external excitation is the same, the distance

and speed of the TENG contact separation will increase.
The angle of the component can be obtained by analyz-
ing the electrical signal output. Installing the two TENGs
according to Figure 8A-ii on one cube can achieve com-
prehensive angle detection. At the same time, a corre-
sponding system was built to achieve visualization of dip
angle measurement, as shown in Figure 8A-iii, greatly
simplifying the measurement process.

In 2018, Wu et al. proposed a TENG-based self-
powered Multifunctional Motion Sensor (MFMS).76 Its
structure is shown in Figure 8B-i. A magnetic cylinder
(MC) is installed in the housing directly below the Teflon
plate, which together with the magnetic disc (MD) forms
a magnetic control system that allows the sensor to
return to its initial state in a short time for the next mea-
surement. When MFMS moves, MD will slide on the
PTFE board to induce the voltage output on the elec-
trode. As shown in Figure 8B-ii, when MD does a linear
movement in any direction, the electrostatic potential of
the shard electrode reaches its respective peak when the
MD passes so that the direction of the movement can be
judged. At the same time, a temporal feature can
be extracted and further analyzed to derive the accelera-
tion. In practical applications, the MFMS can also
achieve rotational speed measurement. From Figure 8B-
iii, we can see that when the MD rotates clockwise, the
open-circuit voltage waveforms of the circular arc elec-
trodes reach their peak values in one cycle in turn, and
the speed measurement can be achieved by analyzing the
frequency of the output signals of the circular arc elec-
trodes. Unlike commercial Angle sensing, MFMS is sim-
ple to assemble and more convenient to use. At the same
time, MFMS not only reduces the size but also enables
simultaneous measurement of multiple parameters.

In 2021, Ali Matin Nazar et al. designed a TENG
(Magnetic Lift TENG, ML-TENG) with a magnetic suspen-
sion structure, using the exclusion force between magnets to
separate the triboelectric layer.90 As shown in Figure 8C-i,
because the bottom of the actuator and the bottom of the
base magnet polarity is the same, the side of M3 and M5

polarity is the same, when the actuator by external
mechanical force into the base, M5 will be pushed, when
the external force is removed, the actuator under the
action of the bottom magnet return, M5 will also return,
and then drive the friction layer components relative slid-
ing. A self-powered speed sensor is developed using the
ml-TENG, as shown in Figure 8C-ii. When vehicles pass
by at different speeds, different levels of voltage signals
will be output to get different speed signals, which pro-
vides a new idea for speed measurement in traffic
detection.

In 2022, Jiao et al. designed magnetically circular
layers TENG (MCl-TENG) with velocity induction and

14 of 26 CHEN ET AL.

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



damage exploration, which can effectively respond to
light loads. And it can detect velocity and cracks with-
out complicated settings.91 Figure 8D-i shows the struc-
ture of the TENG. Magnets M1 and M2 have the same
magnetic poles, and M4, M6 and M3, M5 have the same
magnetic poles, ensuring that component 3 can be sus-
pended in the frame, and two modes of triboelectric layer
structure are set up simultaneously for different purposes
of measurement. The authors have developed a self-
powered vehicle speed sensor and crack detection sensor
based on the MCL-TENG. As shown in Figure 8D-ii,
when the vehicle passes the MCL-TENG array, the vehi-
cle speed can be obtained by analyzing the signal peak
output of triboelectric mode 1. At the same time, due to
different degrees of defects on the pavement, the vibra-
tion frequency generated by the road when the vehicle
passes through the road will change. The signal of the
output of the triboelectric mode 2 can obtain the road
condition.

These studies have provided a practical path for
TENG's applications in intelligent sports testing,
expanded TENG's application field, and made important
contributions to the development of self-powered
sensors.

4.2 | Micro/nano-power supply for
sensor devices

In recent years, the emerging technologies of power
systems, such as new power grids and the electric
Internet of Things, have attracted much attention. The
running state perception of transmission lines and the
parameter measurement of electrical equipment in
the power grid are the keys to realizing the intelligent
power system in construction. Status monitoring needs
to collect real-time information on a large amount of
equipment, and high sensor requirements are made for
sensors.92,93 The transmission line cannot directly
power most sensors installed on the power transmis-
sion equipment in the power grid, and most work in a
battery-powered. However, using numerous battery
power supplies is not only very expensive but also the
extreme environment charging and discharging effi-
ciency decreases, and other problems limit the further
development of smart grid sensor networks. Therefore,
researchers have developed a number of energy har-
vesting devices for collecting the magnetic energy of
transmission lines to power sensing devices and show
excellent application prospects.27-31

FIGURE 8 Self-powered sensor for motion detection based on the magnetic field using TENG. (A) An omnidirectional dip

measurement sensor based on magnetic-assisted TENG.89 (B) A self-powered multifunctional motion sensor based on TENG. Copyright

2018, American Chemical Society.76 (C) A self-powered sensor based on a TENG-based maglev structure.90 (D) A magnetic ring layer TENG

is used for velocity sensing and damage detection. Copyright 2022, Elsevier.91
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The Magneto-mechano-electric (MME) generator can
continuously collect power from the stray alternating
magnetic fields (fixed frequency 50/60 Hz, less than 1
mT(10oe)) generated by power cables. It has attracted
great attention in developing new power grids and self-
powered sensing systems of the Internet of Things.21,94,95

In 2019, Lim et al. proposed a Magneto-mechano-tri-
boelectric nanogenerator (MMTEG) that works in a weak
magnetic field environment to power a positioning sys-
tem by converting stray soft magnetic field energy into
electric energy.96 Figure 9A shows its working principle
and structure. Perfluoroalkoxy (PFA) and aluminum foil
serve as the triboelectric layers and NdFeB magnets as
the counterweights and magnetic response components,
a cantilever MMTEG assisted by NdFeB magnets was
constructed, and magnetic energy capture under AC
magnetic field is realized. To obtain a larger triboelectric
region in the process of collecting magnetic energy, the
structure of the device is designed to work in the best res-
onance mode by using the second-order bending reso-
nance mode so that the voltage output is significantly
improved. At the same time, the magnetic energy of alter-
nating current can be captured at different frequencies by

adjusting the weight of the counterweight magnet. The
MMTEG designed by the author has significant durabil-
ity, and the electrical output fluctuations in the
33 million cycles are less than 5%. The author charges
the capacitor through the MMTEG under the AC mag-
netic field and then connects the IoT beacon to the capac-
itor. Beacon equipment can continuously emit position
signals at intervals of 1 s. The designed MMTEG can con-
tinue to provide sufficient electrical energy for the IoT
system without batteries.

Since the cantilever beam structure is capable of con-
verting the energy in stray magnetic fields into mechani-
cal vibrations, the researchers achieved the combination
of a piezoelectric nanogenerator (PENG) and a magneto-
mechano-triboelectric nanogenerator (MMTENG) by
attaching the TENG to a piezoelectric device, further
increasing the total power output.

In 2021 Yang et al. designed a hybrid piezo/
triboelectric nanogenerator (HP/TENG) based on a canti-
lever beam structure to harvest magnetic energy.97 The
structure is shown in Figure 9B. The hybrid nanogenera-
tor uses a Ti sheet as a cantilever beam with a circular
structure of PENG on the upper side and a contact-

FIGURE 9 Micro/nano-powered source using TENG to collect magnetic energy from transmission lines. (A) An MMTEG operates in a

weak magnetic field.96 (B) An HP/TENG based on a cantilever beam structure. Copyright 2021, John Wiley and Sons.97 (C) A hybrid friction

electricity based on a flexible swing structure-electromagnetic energy collection device. Copyright 2022, John Wiley and Sons.98 (D) An S-

TENG for resisting fatigue. Copyright 2021, Elsevier.77 (E) A rotational magnetic ball for TENG. Copyright 2021, John Wiley and Sons.100
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separation TENG on the low side. Under the action of
the applied magnetic field, the cantilever beam struc-
ture movement makes periodic contact and separation
between the Al foil and PDMS film. At the same time,
the PENG is alternately subjected to compressive and
tensile stresses due to the cantilever beam deformation.
The alternating flow of electrons forms the AC energy
output. HP/TENG combines the advantages of TENG
(low-frequency energy harvesting) and PENG (high
output power). HP/TENG can directly supply power to
electronic devices through energy management circuits.
Continuous measurement and transmission of
temperature and humidity data are realized. These results
demonstrate the feasibility of HP/TENG as a micro/nano-
power source and show the promise of mixing multiple
types of energy harvesting technologies.

However, the expensive and time-consuming produc-
tion process of piezoelectric crystals or woven magnetostric-
tive metals is a great challenge to promote the utilization of
these single-crystal-based PENGs, and piezoelectric
ceramics may lose their piezoelectricity due to insufficient
mechanical durability for long-term operation.24

In 2022, Yuan et al. proposed a hybrid triboelectric-
electromagnetic magnetic energy harvester (HMEH) based
on a flexible pendulum structure, an electromagnetic gen-
erator (EMG) with an electromagnetic coil structure, a
flexible pendulum, and two multi-layer TENGs constitute
the HMEH device shown in Figure 9C.98 The coil is
located at the device base, which is connected to the mag-
net (NdFeB, N35) attached to the bottom of the cantilever
beam. The multi-layer TENG unit composed of two pairs
of contact-separation mode TENG is installed on both
sides of the cantilever beam. Through detailed analysis of
the action of force and momentum on the TENG unit, the
authors found that as the mass of the block increased, the
vibration became more chaotic, resulting in an irregular
output waveform, and optimized the output waveform of
the HMEH through the optimization of structural parame-
ters. The TENG unit with a three-layer structure is also
used to increase the pendulum's swing frequency, which
increases the short-circuit current (ISC) and can charge
the capacitor more effectively. The introduction of EMG
placed at the bottom further increased HMEH output.
The author proposes the application concept of the self-
powered wireless alarm system, including HMEH, wire-
less microcontroller, and power management circuit.
HMEH can be used as the power supply of the transmis-
sion line temperature alarm. When the temperature
reaches the threshold, the alarm will send an alarm sig-
nal to remind the operation and maintenance personnel,
reducing the possibility of fire.

As a typical magnetic energy collecting structure, the
cantilever beam can respond sensitively to the excitation

from the alternating magnetic field by fixing the perma-
nent magnet on the free end of the cantilever beam.
However, cantilever beams based on permanent magnet
resonance put strict requirements for the fatigue of fixed
sections and essential working parts.99 Considering the
above problems, the researchers have proposed new
structures, forward-looking routes, and methods that can
maintain stable output performance under the impact of
a large current.

In 2020, Yuan et al. proposed a swing-based anti-
fatigue triboelectric nanogenerator (S-TENG) for mag-
netic energy collection.77 The structure is shown in
Figure 9D-i. Since the magnetic forces on both sides of
the magnet are in opposite directions, the top layer is in
alternating contact with the bottom layer when it swings
in the alternating magnetic field. In such a continuous
cycle, the external circuit continues to output AC electric
energy. The author puts all components in a box to
ensure the two triboelectric layers do not deviate from
the original position. The unique structure of the non-
rigid terminal avoids vibration fatigue while ensuring
effective contact between the triboelectric layers. The
hardness of the substrate is the main factor that affects
the output performance. From Figure 9D-ii, we can see
that after using the same weight sponge replacing the
acrylic material, the output performance of the S-TENG
has been greatly improved. But because beams without
solid ends, the magnets may fall at different speeds and
angles. The soft base amplifies this difference, resulting
in multiple peaks in one cycle, increasing the output of
the S-TENG by sacrificing the stability of the oscillating
motion. As the current strength is applied, the substrate
no longer maintains the level after the rebound, and the
waveform will become uneven. However, it can be seen
from Figure 9D-iii that the output performance of
S-TENG was relatively stable even with a dynamic load
on the power line. The traditional power supply will inev-
itably heat up when working. To ensure no damage to
the equipment, it cannot work continuously for a long
time. However, the heating of S-TENG is not obvious,
and no folds caused by fatigue strain are found after the
100 h fatigue test, showing strong stability.

In 2022, Jin et al. designed and produced a rotational
Magnetic Ball for TENG (RB-TENG) to capture the trans-
mission line.100 RB-TENG mainly consists of a drive unit,
TENG unit, and baffle unit, as shown in Figure 9E-i.
When the magnetic ball rotation speed reaches a certain
value, under the effect of friction between the ball shells,
the magnetic ball begins to roll along the inner wall of
the ball. The centrifugal force generates by rotating to
drive the TENG component contact separation. To better
use the centrifugal force generated by the magnetic ball
during the rotation process, three spiral springs were
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installed at the bottom of the acrylic ball to increase the
stability of the acrylic ball shell. At the same time, a flexi-
ble connection is formed between the triboelectric layer
and the base through the spring, which increases the con-
tact area between the triboelectric layer and thus
improves the power output of the TENG. Considering the
dynamic change of the transmission line circuit,
the author tests the stability of RB-TENG by setting a
huge current impact. From Figure 9E-ii, we can see that
under such a large current impact, the RB-TENG output
performance does not obviously fluctuate, which indi-
cates that RB-TENG can maintain excellent stability
under such a shock current. It was evident from
Figure 9E-iii that the unit could collect the magnetic
energy efficiently without requiring precise control of the
installation position. The author uses the temperature
trigger and the dip trigger as the control unit and uses
the RB-TENG to realize the power supply to the trans-
mission line temperature and dip detection system. Due
to its high output and extensibility, RB-TENG can be
used to power sensing devices of different scales and has
broad application potential in the fields of condition
monitoring of transmission equipment, new power sys-
tems, and micro-power supply.

The above application of TENG in transmission line
magnetic energy harvesting confirms the technical feasi-
bility of TENG energy harvesting technology to power
distributed self-powered transmission line monitoring
sensors, demonstrates the infinite potential of magnetic
field energy harvesting in self-powered wireless sensing
systems, and broadens the application scenarios
of TENG.

However, it is worth noting that external mechanical
motion may lead to degeneration between the contact
surface between the TENG device and the external
motion components for a long time. In addition, the
actual application environment will accompany different
impurities, which may damage the surface of the elec-
trodes and triboelectric layers with micro/nanoscale pat-
terns. These problems will greatly reduce the output
performance of the device, which is not conducive to
TENG's actual application.68-70

In 2016, Huang et al. proposed and prepared a new
magnetic auxiliary non-contact TENG.71 The structure is
shown in Figure 10A. By combining the magnetic
response part with the TENG motion part, the non-
contact mechanical motion remote control of TENG is
realized. The magnetic-assisted non-contact model of
TENG proposed by the author provides a feasible solu-
tion to the problem of aging and damage of TENG mate-
rials accelerated by environment and external excitation.
And due to its non-contact advantages, the device pro-
vides new ideas for developing self-powered, non-

damaged, non-invasive, and visual magnetic sensors. This
non-contact-driven TENG also has the potential to trans-
form some of the complex external mechanical move-
ments into simple movements in typical TENG operating
modes.

In recent years, micro-wearable electronic devices
have been developed rapidly, wearable energy equipment
has attracted more and more attention. Although we
have realized the power supply to some light emitting
diode (LED) from the human movement through TENG,
the power generated is insufficient to continue driving
wearable devices. By integrating TENG and EMG, the
proposed hybrid nano generator provides a feasible way
to solve the power supply problem of some wearable elec-
tronic devices with high power consumption.

In 2017, Ren et al. proposed a new non-contact
electromagnetic-triboelectric hybrid nanogenerator
driven by magnetic force, as shown in Figure 10B-i.79

Creative embedding of magnetic Fe3O4 nanoparticles
(NPs) into polyvinylidene fluoride (PVDF) fiber mem-
branes as a triboelectric layer for harvesting biomechani-
cal energy to drive portable electronic devices
continuously. The hybrid nanogenerator consists of an
EMG part and a TENG part. The energy output charac-
teristics of the TENG and EMG differ significantly. The
EMG produces a relatively high current and low voltage,
while the TENG can obtain a lower current and higher
voltage. After rectifying the AC signal through the energy
management circuit, the mixed nanogenerator can out-
put stable electric energy through the capacitor for the
temperature and humidity meter and digital watch con-
tinuous power supply. Hybrid nanogenerators have better
output performance than individual EMG or TENG units.
The authors demonstrate a proposed hybrid triboelectric-
electromagnetic nanogenerator for harvesting biokinetic
energy from the human body, as shown in Figure 10B-ii.
The designed hybrid nanogenerators provide an effective
and sustainable power supply method for wearable elec-
tronic devices.

In the automotive industry, to ensure driving safety
and air-combustion efficiency, the demand for tire pres-
sure monitoring systems (TPMS) is increasingly
urgent.101,102 At present, wireless sensors, especially
TPMS, are powered mainly by batteries, which are diffi-
cult to replace, limited durability, cause environmental
pollution, and has other shortcomings.10

In 2018, Qian et al. designed a magnetically driven
rotating triboelectric generator (M-TEG) with a magnetic
seesaw structure and metal framework.73 The structure is
shown in Figure 10C. The 4 M-TEGs are evenly placed
on the hub of the car. The permanent magnet installed
on the brake pliers provides non-contact magnetic forces
so that the M-TEG will generate a swinging motion

18 of 26 CHEN ET AL.

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



similar to a seesaw tire to the tire rotation. Multiple
M-TEG placed symmetrically on the hub will not only
affect the balance of the wheel, but also can provide
power for TPMS, largely suppressing the influence of the
huge centrifugal force under high-speed operation and it
shows strong adaptability to different speeds, and after a
long-time continuous rotation, M-TEG outputs
voltage without obvious fluctuations. In addition, the
metal structure and components of the M-TEG device
can withstand physical wear and chemical corrosion. It
can be seen that the designed M-TEG has excellent long-
term working stability. To demonstrate that M-TEG has
the potential to provide direct power to TPMS, the author
uses the wireless temperature monitoring sensor system
with the same component as the TPMS transmitter to test
the performance of the M-TEG and successfully achieve
data transmission. This research provides a new idea for
the specific application of M-TEG in energy harvesting,
tire pressure monitoring systems, and wireless sensor
power supply.

Non-contact radio energy transmission is an ideal
energy transfer technology because of its security and

convenience.103 Wireless power transmission technology
has received a lot of attention and has achieved initial
applications in certain areas.104 However, most wireless
power transfer methods based on electromagnetic induc-
tion are still facing the metal medium's energy transmis-
sion bottleneck. In addition, high facilities' cost and
maintenance costs also limited the development of radio
energy transmission. Therefore, developing a new tech-
nology that can be the reliable, convenient, and low-cost
wireless transmission of electrical energy is essential.

In 2019, CAO et al. used the dynamic magnetic field
medium to propose a TENG -based non-contact wireless
energy transmission technology.74 As shown in
Figure 10D-i, wireless transmission of vibration energy is
realized by using a permanent magnet. The vibration
is converted into contact-separation motion of the tribo-
electric layers. In this way, electrical energy is first used
to generate vibration. Through magnetic interactions,
TENG can transmit vibration and output electrical sig-
nals through periodic contact separation between tribo-
electric layers, thereby realizing wireless transmission of
electrical energy. In addition, the TENG designed by the

FIGURE 10 Self-powered sensor and micro/nano-powered source based on the magnetic field medium used by TENG to collect energy.

(A) A new type of magnetic auxiliary non-contact TENG. Copyright 2016, John Wiley and Sons.71 (B) A new type of magnetic-driven non-

contact electromagnetic-triboelectric hybrid nanogenerator. Copyright 2017, Elsevier.72 (C) An MTEG with a magnetic seesaw structure and

metal framework.73 (D) A non-contact wireless energy transmission technology based on TENG. Copyright 2019, John Wiley and Sons.74 (E)

A self-powered liquid level sensor based on TENG's magnetic auxiliary liquid–liquid interface. Copyright 2020, Elsevier.75 (F) A sliding

TENG operates under bistable conditions.106 (G) A nonlinear friction nanogenerator with wide bandwidth.107
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author can obtain ideal output within a wide range of
vibration frequency and magnet spacing, which has good
adaptability and reliability. From Figure 10D-ii, we can see
that although magnetoresistance is unavoidable in most
non-ferrous media, the TENG designed by the authors
shows only slight variations in output performance under
magnetic interference from four typical materials, and it is
still easy to light LED bulbs, clearly demonstrating the
excellent effect of wireless power transmission. Good
adjustable and adaptability means that the radio energy
transmission system designed by the author can be widely
used in power management and energy supply.

In 2020, Wang et al. designed a self-powered liquid
level sensor based on the magnetically assisted liquid–
liquid interface TENG, which overcomes the problem of
the traditional liquid–solid interface TENG self-powered
sensor remaining on the solid surface due to the excessive
liquid velocity, resulting in the TENG output signal not
being able to truly reflect the liquid movement.75 An
external magnetic field drives the water-based iron fluid
in the tube without direct contact with the outside
world,105 which solves the problem of external environ-
mental pollution affecting the output performance of the
TENG. In addition, the lubricating oil layer is introduced
between the iron fluid and the housing, which promotes
the sliding of the iron fluid and expands the range of lin-
ear relationship between the iron fluid velocity and the
TENG output, thus, the speed measurement range is
improved. The structure is shown in Figure 10E-i, and
the external magnetic ring drives the iron flow in the
PTFE tube to generate an electric signal. From
Figure 10E-ii, we can understand its working principle.
Due to the different electrical negativity between the
materials used, the negative charge generated by the fric-
tion is evenly distributed on the surface of the lubricant,
and the electrons flow through the copper electrode.
When the iron fluid with positive charges is close to the
copper electrode, electrons generated by electrostatic
induction flow from the bottom to the copper electrode.
As the iron fluid moves away from the electrode, elec-
trons flow from the copper electrode back to the under-
side. By analyzing the current signal on different
electrodes, the position of the external magnetic ring can
be obtained to get the height of the external liquid. At the
same time, it can be recorded at the time when the out-
put peak appears, and the speed of the outer liquid can
be obtained. The author then tested it as a water level
sensor in the simulated sewage environment and the out-
put performance was the same, thus proving its advanced
performance. This research provides a new way to solve
the power supply problem of sensor equipment in a
harsh environment. It is the first application of iron flow
in non-contact TENG.

These studies are based on the magnetic-driven
design, which enables the separation of the TENG from
the external mechanical motion, avoiding the degrada-
tion of output performance caused by long-term direct
contact between the device and the outer mechanical
motion part.

Although after a period of development, various
working modes and structures of TENG have been stud-
ied to some extent and showed excellent output perfor-
mance. However, many TENG's power output and
conversion efficiency in widescreen band energy acquisi-
tion are still limited, which may limit the further
advancement of practical TENG applications. In recent
years, researchers have done a lot of research on improv-
ing TENG's working frequency belt.112 As a conservative
force, the magnetic force is often introduced into the
TENG system as a nonlinear force to expand the band-
width of the TENG.

In 2020, Fu et al. improved the TENG based on the
cantilever beam structure, as shown in Figure 10F.106

The bi-stable effect formed by the permanent magnet
installed at the free end of the cantilever beam and fixed
on the substrate expands the working bandwidth of the
TENG and the bistable system has the largest frequency
span compared with the monostable and tri-stable
systems.

In 2022, Xu et al. proposed a wide-band triboelectric
nanogenerator to collect mechanical energy in the envi-
ronment, as shown in Figure 10G.107 By adding perma-
nent magnet components to both ends of the slider and
the frame of the TENG, a nonlinear restoring force is
introduced to expand the TENG resonance bandwidth,
thereby increasing the bandwidth from 0.5 to 7.75 Hz. It
provides a new strategy to improve the bandwidth and
output performance of TENG by introducing nonlinear
oscillation. And by using a non-contact structure, the
energy loss caused by electrode wear and friction is
avoided.

4.3 | Potential application of TENG in
future electric power system

To sum up, a lot of research has been done on the mag-
netic energy utilization of TENG in electric power sys-
tems, and certain achievements have been achieved so
far. In addition, the TENG for vibration energy acquisi-
tion, wind energy utilization, and set state detection in
power systems have also achieved considerable develop-
ment. Meanwhile, due to its high output voltage, it also
has a wide range of potential applications in high-voltage
power supply.55,108-112 Although at present the output of
the TENG, still in a lower stage is often used for sensing
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devices. But in terms of its development cycle, its output
power has been increased from the microwatt level to the
milliwatt level in only a dozen years since it was pro-
posed. Moreover, its output performance is still improv-
ing with the efforts of a large number of researchers.113-
116 Therefore, the practical application of TENG in the
future power grid will not be limited to the field of sens-
ing devices, and its application as a direct power supply
for some equipment of the power grid or power supply
for wearable devices of power grid inspectors may have a
very broad application prospect, which may play an irre-
placeable role in the construction of new power systems.

However, there are some problems that we must pay
attention to and overcome when TENG is used in the
power grid.

1. Most of the equipment represented by the transmis-
sion line works outdoors, so the TENG needs to be
able to overcome the impact of the natural environ-
ment, especially the impact of sun exposure, heavy
rain, and dust storms on the triboelectric materials.

2. The installation location of the TENG is also one of
the factors that must be considered. First of all, it is
important to ensure that the installation of the TENG
will not adversely affect the safe and stable operation
of the electrical equipment. Taking high-voltage trans-
mission lines as an example, we need to further con-
sider whether the insulation requirements between
the various phases of transmission lines after the
installation of TENG can be met and whether
the vibration amplitude of the transmission lines will
be increased under the action of external forces. And
on the premise of satisfying safe operation, it is neces-
sary to ensure that the equipment is easy to install as
much as possible.

3. The transmission mode of its signal also needs to be
carefully considered, which not only needs to over-
come the interference of the strong electromagnetic
environment but also needs to match its output
characteristics.

5 | CONCLUSION AND PROSPECT

This paper reviews the research progress of TENG in
magnetic field utilization in recent years. It made a rea-
sonable outlook on the possible development trend of
future power grids and the prospects as well as the chal-
lenges of magnetic field energy extraction TENG in
future power grids.

1. With the further adjustment of the structure and
demand of the power system, the proportion of new
energy power generation and the intelligence of the

power grid will inevitably increase. However, the output
of new energy generation is unstable, the need to cooper-
ate with the traditional power generation form or the
power system in different areas to achieve a stable power
supply. The smart grid, which relies on wireless intercon-
nection technology to achieve multi-region and multi-
generation integrated control, will become the future
development trend of the grid.

2. To improve the power system's intelligent monitor-
ing, intelligent scheduling, and the ability to provide
solutions in the face of unexpected situations quickly and
to realize the transformation to a new type of power sys-
tem, it is imperative to build a large-scale grid sensor net-
work to collect grid operation data. Faced with the
challenge of economically and efficiently powering
numerous sensors, TENG stands out because of its
unique advantages over traditional powering methods.

3. The constant and widely distributed magnetic
energy around the transmission line is a better choice
than the more random energy collected from the environ-
ment around the transmission line, such as wind, solar,
and vibration energy, to power the sensors. This paper
reviews the application of TENG in utilizing magnetic
field and the recent research cases of powering sensing
devices by collecting magnetic energy from transmission
lines through TENG, showing the advantages of TENG in
collecting magnetic energy from transmission lines and
utilizing magnetic field, thus confirming the feasibility of
powering sensing devices by collecting magnetic energy,
and providing a reference for people engaged in related
research fields.

4. It should be noted that it must be pointed out that
although the current TENG research has achieved certain
progress, the output performance has been further
improved. But in general, most research is still in the lab-
oratory stage, and the output energy is insufficient to
drive the existing sensing equipment alone. In addition,
it can only produce higher output under the right incen-
tive conditions, and its adaptability needs to be signifi-
cantly improved. How to further improve the output
performance of the magnetic energy harvesting TENG
and expand its working conditions and the corresponding
energy management circuits will be the main research
direction in the future. It is also the key to whether the
magnetic energy collection can achieve large-scale engi-
neering applications. It is also necessary to expand its
application fields in new power systems.

In summary, due to the advantages shown by mag-
netic field energy extraction TENG in the power supply
of electrical equipment sensors, it will have broad devel-
opment potential in the future power supply of intelligent
sensors in the power grid, not only to support the devel-
opment of the new power grid but also to promote the
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further construction of the new power grid. However, it
should be noted that further increasing TENG's output
power and working range will be the top priority to
achieve its broad prospects. Opportunities and challenges
will be the central theme of the development of TENG
for some time in the future.

AUTHOR CONTRIBUTIONS
Yunlong Zi, Chuanyang Li, Youping Tu, and Geng
Chen: Contributed to the conception of the study and
contributed significantly to the analysis and preparation
of the manuscript. Geng Chen, Chuanyang Li, and Jie
Wang: Wrote the manuscript. Guoqiang Xu, Jingjing
Fu, Abubakar Balarable Gani, Jinhong Dai, and
Dong Guan: Helped perform the analysis with construc-
tive discussion.

ACKNOWLEDGMENTS
This work was supported by the State Key Laboratory of
Power System Operation and Control (SKLD22KZ07).
Thanks to the financial support of Yangzhou CIMC Tong-
hua Special Vehicles Co., Ltd., and International Coopera-
tion Foundation of Jiangsu Province (No. BZ2022048).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

ORCID
Jie Wang https://orcid.org/0009-0001-6877-8631

REFERENCES
1. Chiari L, Zecca A. Constraints of fossil fuels depletion on

global warming projections. Energy Policy. 2011;39(9):5026-
5034. doi:10.1016/j.enpol.2011.06.011

2. Ellabban O, Abu-Rub H, Blaabjerg F. Renewable energy
resources: current status, future prospects and their enabling
technology. Renew Sustain Energy Rev. 2014;39:748-764. doi:
10.1016/j.rser.2014.07.113

3. Abas N, Kalair A, Khan N. Review of fossil fuels and future
energy technologies. Futures. 2015;69:31-49. doi:10.1016/j.
futures.2015.03.003

4. Zhang J-W, Deng W, Ye Z, et al. Aging phenomena of back-
sheet materials of photovoltaic systems for future zero-carbon
energy and the improvement pathway. J Mater Sci Technol.
2023;153:106-119. doi:10.1016/j.jmst.2022.12.063

5. Xuewei S, Xuefang S, Wenqi D, et al. Research on energy storage
configuration method based on wind and solar volatility. 2020 10th
International Conference on Power and Energy Systems (ICPES).
IEEE; 2020:464-468. doi:10.1109/ICPES51309.2020.9349645

6. Li C, Yang Y, Xu G, et al. Insulating materials for realising
carbon neutrality: opportunities, remaining issues and chal-
lenges. High Volt. 2022;7(4):610-632. doi:10.1049/hve2.12232

7. Li C, Zhang C, Lv J, et al. China's 10-year progress in DC gas-
insulated equipment: from basic research to industry perspec-
tive. IEnergy. 2022;1(4):400-433. doi:10.23919/IEN.2022.0050

8. Dib L d MBA, Fernandes V, Filomeno M d L, Ribeiro MV.
Hybrid PLC/wireless communication for smart grids and
internet of things applications. IEEE Internet Things J. 2018;
5(2):655-667. doi:10.1109/JIOT.2017.2764747

9. Lopez J, Rubio JE, Alcaraz C. Digital twins for intelligent
authorization in the B5G-enabled smart grid. IEEE Wirel
Commun. 2021;28(2):48-55. doi:10.1109/MWC.001.2000336

10. Kubba AE, Jiang K. A comprehensive study on technologies
of Tyre monitoring systems and possible energy solutions.
Sensors. 2014;14(6):10306-10345. doi:10.3390/s140610306

11. Nussinov Z, van den Brink J. Compass models: theory and
physical motivations. Rev Mod Phys. 2015;87(1):1-59. doi:10.
1103/RevModPhys.87.1

12. Mrozik W, Ali Rajaeifar M, Heidrich O, Christensen P. Envi-
ronmental impacts, pollution sources and pathways of spent
lithium-ion batteries. Energ Environ Sci. 2021;14(12):6099-
6121. doi:10.1039/D1EE00691F

13. Worku BE, Zheng S, Wang B. Review of low-temperature
lithium-ion battery progress: new battery system design
imperative. Intl J Energy Res. 2022;46(11):14609-14626. doi:10.
1002/er.8194

14. Wang ZL, Chen J, Lin L. Progress in triboelectric nanogenerators
as a new energy technology and self-powered sensors. Energ
Environ Sci. 2015;8(8):2250-2282. doi:10.1039/C5EE01532D

15. Baranov A, Spirjakin D, Akbari S, Somov A, Passerone R.
POCO: ‘perpetual’ operation of CO wireless sensor node with
hybrid power supply. Sens Actuators A: Phys. 2016;238:112-
121. doi:10.1016/j.sna.2015.12.004

16. Lee J-H, Kim J, Kim TY, Al Hossain MS, Kim S-W, Kim JH.
All-in-one energy harvesting and storage devices. J Mater
Chem A. 2016;4(21):7983-7999. doi:10.1039/C6TA01229A

17. Huang J, Zhou Y, Ning Z, Gharavi H. Wireless power transfer
and energy harvesting: current status and future prospects.
IEEE Wirel Commun. 2019;26(4):163-169. doi:10.1109/MWC.
2019.1800378

18. Yang Y, Lin L, Zhang Y, Jing Q, Hou T-C, Wang ZL. Self-
powered magnetic sensor based on a triboelectric Nanogenera-
tor. ACS Nano. 2012;6(11):10378-10383. doi:10.1021/nn304374m

19. Qi S, Guo H, Chen J, et al. Magnetorheological elastomers
enabled high-sensitive self-powered tribo-sensor for magnetic
field detection. Nanoscale. 2018;10(10):4745-4752. doi:10.
1039/C7NR09129J

20. Wan D, Ma N, Zhao T, et al. Magnetorheological elastomer-
based self-powered triboelectric Nanosensor for monitoring
magnetic field. Nanomaterials. 2021;11(11):2815. doi:10.3390/
nano11112815

21. Annapureddy V, Palneedi H, Hwang G-T, et al. Magnetic
energy harvesting with magnetoelectrics: an emerging tech-
nology for self-powered autonomous systems, sustainable.
Energy Fuel. 2017;1(10):2039-2052. doi:10.1039/C7SE00403F

22. Wu Z, Wen Y, Li P. A power supply of self-powered online
monitoring systems for power cords. IEEE Trans Energy Con-
vers. 2013;28(4):921-928. doi:10.1109/TEC.2013.2281075

23. Mallick D, Constantinou P, Podder P, Roy S. Multi-frequency
MEMS electromagnetic energy harvesting. Sens Actuators A:
Phys. 2017;264:247-259. doi:10.1016/j.sna.2017.08.002

24. Lee J-H, Park JY, Cho EB, et al. Reliable piezoelectricity in
bilayer WSe2 for piezoelectric Nanogenerators. Adv Mater.
2017;29(29):1606667. doi:10.1002/adma.201606667

22 of 26 CHEN ET AL.

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0009-0001-6877-8631
https://orcid.org/0009-0001-6877-8631
info:doi/10.1016/j.enpol.2011.06.011
info:doi/10.1016/j.rser.2014.07.113
info:doi/10.1016/j.futures.2015.03.003
info:doi/10.1016/j.futures.2015.03.003
info:doi/10.1016/j.jmst.2022.12.063
info:doi/10.1109/ICPES51309.2020.9349645
info:doi/10.1049/hve2.12232
info:doi/10.23919/IEN.2022.0050
info:doi/10.1109/JIOT.2017.2764747
info:doi/10.1109/MWC.001.2000336
info:doi/10.3390/s140610306
info:doi/10.1103/RevModPhys.87.1
info:doi/10.1103/RevModPhys.87.1
info:doi/10.1039/D1EE00691F
info:doi/10.1002/er.8194
info:doi/10.1002/er.8194
info:doi/10.1039/C5EE01532D
info:doi/10.1016/j.sna.2015.12.004
info:doi/10.1039/C6TA01229A
info:doi/10.1109/MWC.2019.1800378
info:doi/10.1109/MWC.2019.1800378
info:doi/10.1021/nn304374m
info:doi/10.1039/C7NR09129J
info:doi/10.1039/C7NR09129J
info:doi/10.3390/nano11112815
info:doi/10.3390/nano11112815
info:doi/10.1039/C7SE00403F
info:doi/10.1109/TEC.2013.2281075
info:doi/10.1016/j.sna.2017.08.002
info:doi/10.1002/adma.201606667


25. Fan F-R, Tian Z-Q, Lin Wang Z. Flexible triboelectric genera-
tor. Nano Energy. 2012;1(2):328-334. doi:10.1016/j.nanoen.
2012.01.004

26. Ma M, Kang Z, Liao Q, et al. Development, applications, and
future directions of triboelectric nanogenerators. Nano Res.
2018;11(6):2951-2969. doi:10.1007/s12274-018-1997-9

27. Xing Z, Li J, Viehland D. Giant magnetoelectric effect in
Pb(Zr, Ti)O3-bimorph/NdFeB laminate device. Appl Phys Lett.
2008;93(1):013505. doi:10.1063/1.2956676

28. Liu G, Ci P, Dong S. Energy harvesting from ambient low-
frequency magnetic field using magneto-mechano-electric
composite cantilever. Appl Phys Lett. 2014;104(3):032908. doi:
10.1063/1.4862876

29. Yuan S, Huang Y, Zhou J, Xu Q, Song C, Thompson P. Mag-
netic field energy harvesting under overhead power lines.
IEEE Trans Power Electron. 2015;30(11):6191-6202. doi:10.
1109/TPEL.2015.2436702

30. Hosseinimehr T, Tabesh A. Magnetic field energy harvesting
from AC lines for powering wireless sensor nodes in smart
grids. IEEE Trans Ind Electron. 2016;63(8):4947-4954. doi:10.
1109/TIE.2016.2546846

31. Yuan S, Huang Y, Zhou J, Xu Q, Song C, Yuan G. A high-
efficiency helical Core for magnetic field energy harvesting.
IEEE Trans Power Electron. 2017;32(7):5365-5376. doi:10.
1109/TPEL.2016.2610323

32. Wen X, Su Y, Yang Y, Zhang H, Wang ZL. Applicability of tri-
boelectric generator over a wide range of temperature. Nano
Energy. 2014;4:150-156. doi:10.1016/j.nanoen.2014.01.001

33. Zhang X, Pei W, Deng W, Du Y, Qi Z, Dong Z. Emerging
smart grid technology for mitigating global warming: emerg-
ing smart grid technology for mitigating global warming. Int J
Energy Res. 2015;39(13):1742-1756. doi:10.1002/er.3296

34. Ou X, Xiaoyu Y, Zhang X. Life-cycle energy consumption and
greenhouse gas emissions for electricity generation and supply
in China. Appl Energy. 2011;88(1):289-297. doi:10.1016/j.
apenergy.2010.05.010

35. Tian W. A review of smart grids and their future challenges.
MATEC Web Conf. 2018;173:2025. doi:10.1051/matecconf/
201817302025

36. Zhang J. Research on power quality problems based on smart
grid and new energy generation. AIP Conference Proceedings.
AIP Publishing; 2019:20022. doi:10.1063/1.5089064

37. Srivastava AK, Zamora R, Bowman D. Impact of distributed
generation with storage on electric grid stability. 2011 IEEE
Power and Energy Society General Meeting. IEEE; 2011:1-5.
doi:10.1109/PES.2011.6038923

38. Zhengyou M. Study on the application of advanced power
electronics in smart grid. 2017 Sixth International Conference
on Future Generation Communication Technologies (FGCT).
IEEE; 2017:1-4. doi:10.1109/FGCT.2017.8103739

39. Shu Y, Chen W. Research and application of UHV power
transmission in China. High Voltage. 2018;3(1):1-13. doi:10.
1049/hve.2018.0003

40. Feng T. Development status and development trend of smart
grid. 2022 IEEE 2nd International Conference on Data Science
and Computer Application (ICDSCA). IEEE; 2022:1227-1230.
doi:10.1109/ICDSCA56264.2022.9988644

41. Mahmud N, Zahedi A. Review of control strategies for voltage
regulation of the smart distribution network with high

penetration of renewable distributed generation. Renew Sus-
tain Energy Rev. 2016;64:582-595. doi:10.1016/j.rser.2016.
06.030

42. Ji X, Jian L, Yan X, Wang H. Research on self healing tech-
nology of smart distribution network based on multi agent
system. 2016 Chinese Control and Decision Conference
(CCDC). IEEE; 2016:6132-6137. doi:10.1109/CCDC.2016.
7532098

43. Li L, Xiaoguang H, Ke C, Ketai H. The applications of WiFi-
based Wireless Sensor Network in Internet of Things and
Smart Grid. 2011 6th IEEE Conference on Industrial Electronics
and Applications. IEEE; 2011:789-793. doi:10.1109/ICIEA.
2011.5975693

44. Yang Q. Internet of things application in smart grid: a brief
overview of challenges, opportunities, and future trends.
Smart Power Distribution Systems. Elsevier; 2019:267-283. doi:
10.1016/B978-0-12-812154-2.00013-4

45. Datta D, Sarker SK, Sheikh MRI. Designing a unified damp-
ing and cross-coupling rejection controller for LCL filtered
PV-based islanded microgrids. Eng Sci Technol an Int J. 2022;
35:101244. doi:10.1016/j.jestch.2022.101244

46. Uddin SS, Joysoyal R, Sarker SK, et al. Next-generation block-
chain enabled smart grid: conceptual framework, key technol-
ogies and industry practices review. Energy and AI. 2023;12:
100228. doi:10.1016/j.egyai.2022.100228

47. Di Silvestre ML, Gallo P, Guerrero JM, et al. Blockchain for
power systems: current trends and future applications. Renew
Sustain Energy Rev. 2020;119:109585. doi:10.1016/j.rser.2019.
109585

48. Bose BK. Artificial intelligence techniques in smart grid and
renewable energy systems—some example applications. Proc
IEEE. 2017;105(11):2262-2273. doi:10.1109/JPROC.2017.2756596

49. Ma Y, Tong X, Zhou X, Gao Z. The review of smart distribu-
tion grid. 2016 IEEE International Conference on Mechatronics
and Automation. IEEE; 2016:154-158. doi:10.1109/ICMA.
2016.7558552

50. Saeed MH, Fangzong W, Kalwar BA, Iqbal S. A review on
Microgrids' challenges & perspectives. IEEE Access. 2021;9:
166502-166517. doi:10.1109/ACCESS.2021.3135083

51. Roe C, Farantatos E, Meisel J, Meliopoulos AP, Overbye T.
Power system level impacts of PHEVs. 2009 42nd Hawaii
International Conference on System Sciences. IEEE; 2009:1-10.
doi:10.1109/HICSS.2009.345

52. Teixeira Martins PE, Oleskovicz M, da Silva Pessoa AL. A sur-
vey on smart grids: concerns, advances, and trends. 2019 IEEE
PES Innovative Smart Grid Technologies Conference - Latin
America (ISGT Latin America). IEEE; 2019:1-6. doi:10.1109/
ISGT-LA.2019.8895296

53. McDaniel P, McLaughlin S. Security and privacy challenges in
the smart grid. IEEE Secur Priv. 2009;7(3):75-77. doi:10.1109/
MSP.2009.76

54. Zi Y, Guo H, Wen Z, Yeh M-H, Hu C, Wang ZL. Harvesting
low-frequency (<5 Hz) irregular mechanical energy: a possi-
ble killer application of triboelectric Nanogenerator. ACS
Nano. 2016;10(4):4797-4805. doi:10.1021/acsnano.6b01569

55. Xiao S, Wu H, Li N, et al. Triboelectric mechanism of oil-solid
Interface adopted for self-powered insulating oil condition
monitoring. Adv Sci. 2023;10(13):2207230. doi:10.1002/advs.
202207230

CHEN ET AL. 23 of 26

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1016/j.nanoen.2012.01.004
info:doi/10.1016/j.nanoen.2012.01.004
info:doi/10.1007/s12274-018-1997-9
info:doi/10.1063/1.2956676
info:doi/10.1063/1.4862876
info:doi/10.1109/TPEL.2015.2436702
info:doi/10.1109/TPEL.2015.2436702
info:doi/10.1109/TIE.2016.2546846
info:doi/10.1109/TIE.2016.2546846
info:doi/10.1109/TPEL.2016.2610323
info:doi/10.1109/TPEL.2016.2610323
info:doi/10.1016/j.nanoen.2014.01.001
info:doi/10.1002/er.3296
info:doi/10.1016/j.apenergy.2010.05.010
info:doi/10.1016/j.apenergy.2010.05.010
info:doi/10.1051/matecconf/201817302025
info:doi/10.1051/matecconf/201817302025
info:doi/10.1063/1.5089064
info:doi/10.1109/PES.2011.6038923
info:doi/10.1109/FGCT.2017.8103739
info:doi/10.1049/hve.2018.0003
info:doi/10.1049/hve.2018.0003
info:doi/10.1109/ICDSCA56264.2022.9988644
info:doi/10.1016/j.rser.2016.06.030
info:doi/10.1016/j.rser.2016.06.030
info:doi/10.1109/CCDC.2016.7532098
info:doi/10.1109/CCDC.2016.7532098
info:doi/10.1109/ICIEA.2011.5975693
info:doi/10.1109/ICIEA.2011.5975693
info:doi/10.1016/B978-0-12-812154-2.00013-4
info:doi/10.1016/j.jestch.2022.101244
info:doi/10.1016/j.egyai.2022.100228
info:doi/10.1016/j.rser.2019.109585
info:doi/10.1016/j.rser.2019.109585
info:doi/10.1109/JPROC.2017.2756596
info:doi/10.1109/ICMA.2016.7558552
info:doi/10.1109/ICMA.2016.7558552
info:doi/10.1109/ACCESS.2021.3135083
info:doi/10.1109/HICSS.2009.345
info:doi/10.1109/ISGT-LA.2019.8895296
info:doi/10.1109/ISGT-LA.2019.8895296
info:doi/10.1109/MSP.2009.76
info:doi/10.1109/MSP.2009.76
info:doi/10.1021/acsnano.6b01569
info:doi/10.1002/advs.202207230
info:doi/10.1002/advs.202207230


56. Wang ZL, Wang AC. On the origin of contact-electrification.
Mater Today. 2019;30:34-51. doi:10.1016/j.mattod.2019.05.016

57. Maxwell JC III. On physical lines of force. London Edinburgh
Philos Mag J Sci. 1862;23(151):12-24. doi:10.1080/
14786446208643207

58. Maxwell JC. VIII. A dynamical theory of the electromagnetic
field. Philosophical Transactions of the Royal Society of
London. The Royal Socity Publishing, 1865:459-512.

59. Heaviside O. XLV. On the electromagnetic wave-surface.
London Edinburgh Philos Mag J Sci. 1885;19(121):397-419.
doi:10.1080/14786448508627695

60. Wang ZL. On the first principle theory of nanogenerators
from Maxwell's equations. Nano Energy. 2020;68:104272. doi:
10.1016/j.nanoen.2019.104272

61. Wang ZL. On the expanded Maxwell's equations for moving
charged media system – general theory, mathematical solu-
tions and applications in TENG. Mater Today. 2022;52:348-
363. doi:10.1016/j.mattod.2021.10.027

62. Wang ZL. On Maxwell's displacement current for energy and
sensors: the origin of nanogenerators. Mater Today. 2017;
20(2):74-82. doi:10.1016/j.mattod.2016.12.001

63. Niu S, Wang S, Lin L, et al. Theoretical study of contact-mode
triboelectric nanogenerators as an effective power source.
Energ Environ Sci. 2013;6(12):3576. doi:10.1039/c3ee42571a

64. Saurenbach F, Wollmann D, Terris BD, Diaz AF. Force
microscopy of ion-containing polymer surfaces: morphology
and charge structure. Langmuir. 1992;8(4):1199-1203. doi:10.
1021/la00040a030

65. Niu S, Wang ZL. Theoretical systems of triboelectric nanogen-
erators. Nano Energy. 2015;14:161-192. doi:10.1016/j.nanoen.
2014.11.034

66. Niu S, Liu Y, Wang S, et al. Theoretical investigation and
structural optimization of single-electrode triboelectric Nano-
generators. Adv Funct Mater. 2014;24(22):3332-3340. doi:10.
1002/adfm.201303799

67. Niu S, Liu Y, Chen X, et al. Theory of freestanding
triboelectric-layer-based nanogenerators. Nano Energy. 2015;
12:760-774. doi:10.1016/j.nanoen.2015.01.013

68. Lin L, Xie Y, Niu S, Wang S, Yang P-K, Wang ZL. Robust tri-
boelectric Nanogenerator based on rolling electrification and
electrostatic induction at an instantaneous energy conversion
efficiency of �55%. ACS Nano. 2015;9(1):922-930. doi:10.1021/
nn506673x

69. Chen J, Yang J, Guo H, et al. Automatic mode transition
enabled robust triboelectric Nanogenerators. ACS Nano. 2015;
9(12):12334-12343. doi:10.1021/acsnano.5b05618

70. Guo H, Chen J, Yeh M-H, et al. An Ultrarobust high-
performance triboelectric Nanogenerator based on charge
replenishment. ACS Nano. 2015;9(5):5577-5584. doi:10.1021/
acsnano.5b01830

71. Huang L-B, Bai G, Wong M-C, Yang Z, Xu W, Hao J. Mag-
netic-assisted noncontact triboelectric Nanogenerator convert-
ing mechanical energy into electricity and light emissions.
Adv Mater. 2016;28(14):2744-2751. doi:10.1002/adma.
201505839

72. Ren X, Fan H, Wang C, et al. Magnetic force driven noncon-
tact electromagnetic-triboelectric hybrid nanogenerator for
scavenging biomechanical energy. Nano Energy. 2017;35:233-
241. doi:10.1016/j.nanoen.2017.03.047

73. Qian J, Kim D-S, Lee D-W. Magnetically-driven triboelectric
generator as a direct power source for wireless sensors. 2018
IEEE Micro Electro Mechanical Systems (MEMS). IEEE; 2018:
673-676. doi:10.1109/MEMSYS.2018.8346644

74. Cao S, Zhang H, Guo R, Zhang W, Sang S. Wireless power
transmission enabled by a triboelectric Nanogenerator via a
magnetic interaction. Energ Technol. 2019;7(10):1900503. doi:
10.1002/ente.201900503

75. Wang P, Zhang S, Zhang L, Wang L, Xue H, Wang ZL. Non-
contact and liquid–liquid interfacing triboelectric nanogenera-
tor for self-powered water/liquid level sensing. Nano Energy.
2020;72:104703. doi:10.1016/j.nanoen.2020.104703

76. Wu Z, Ding W, Dai Y, et al. Self-powered multifunctional
motion sensor enabled by magnetic-regulated triboelectric
Nanogenerator. ACS Nano. 2018;12(6):5726-5733. doi:10.
1021/acsnano.8b01589

77. Yuan Z, Wei X, Jin X, Sun Y, Wu Z, Wang ZL. Magnetic
energy harvesting of transmission lines by the swinging tribo-
electric nanogenerator. Materials Today Energy. 2021;22:
100848. doi:10.1016/j.mtener.2021.100848

78. Fan D, Wang Q, Zhu T, et al. Recent advances of magnetic
nanomaterials in bone tissue repair. Front Chem. 2020;8:745.
doi:10.3389/fchem.2020.00745

79. Stepanov RA, Sokoloff DD. Magnetic helicity and prospects
for its observation in the interstellar medium. Phys-Usp. 2019;
62(12):1208-1213. doi:10.3367/UFNe.2018.12.038503

80. Silveyra JM, Ferrara E, Huber DL, Monson TC. Soft magnetic
materials for a sustainable and electrified world. Science.
2018;362(6413):eaao0195. doi:10.1126/science.aao0195

81. Su S, Li H, Huang J, et al. Patterning graphene films by
H 2 O-based magnetic-assisted UV photolysis. ACS Appl Mater
Interfaces. 2020;12(49):55382-55389. doi:10.1021/acsami.0c16005

82. Shalaby M, Shokair M, Messiha NW. Electromagnetic field
measurement instruments: survey, Iran J Sci Technol trans.
Electr Eng. 2019;43(1):1-14. doi:10.1007/s40998-018-0116-y

83. Yu M, Qi S, Fu J, Zhu M, Chen D. Understanding the reinfor-
cing behaviors of polyaniline-modified carbonyl iron particles
in magnetorheological elastomer based on
polyurethane/epoxy resin IPNs matrix. Compos Sci Technol.
2017;139:36-46. doi:10.1016/j.compscitech.2016.12.010

84. Ni JL, Hu F, Feng SJ, Kan XC, Han YY, Liu XS. Soft magnetic
properties of FeSiAl/carbonyl iron composites with high mag-
netic permeability and low magnetic loss. J Alloys Compd.
2021;887:161337. doi:10.1016/j.jallcom.2021.161337

85. Deng H, Sattari K, Xie Y, Liao P, Yan Z, Lin J. Laser repro-
gramming magnetic anisotropy in soft composites for reconfi-
gurable 3D shaping. Nat Commun. 2020;11(1):6325. doi:10.
1038/s41467-020-20229-6

86. Zhu M, Qi S, Xie Y, Fu J, Yu M. Transient responses of mag-
netorheological elastomer and isolator under shear mode.
Smart Mater Struct. 2019;28(4):44002. doi:10.1088/1361-665X/
ab02a0

87. Hindrichsen CC, Almind NS, Brodersen SH, Lou-Møller R,
Hansen K, Thomsen EV. Triaxial MEMS accelerometer with
screen printed PZT thick film. J Electroceram. 2010;25(2-4):
108-115. doi:10.1007/s10832-010-9597-4

88. Airehrour D, Gutiérrez J, Ray SK. Greening and optimizing
energy consumption of sensor nodes in the internet of things
through energy harvesting: challenges and approaches.

24 of 26 CHEN ET AL.

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1016/j.mattod.2019.05.016
info:doi/10.1080/14786446208643207
info:doi/10.1080/14786446208643207
info:doi/10.1080/14786448508627695
info:doi/10.1016/j.nanoen.2019.104272
info:doi/10.1016/j.mattod.2021.10.027
info:doi/10.1016/j.mattod.2016.12.001
info:doi/10.1039/c3ee42571a
info:doi/10.1021/la00040a030
info:doi/10.1021/la00040a030
info:doi/10.1016/j.nanoen.2014.11.034
info:doi/10.1016/j.nanoen.2014.11.034
info:doi/10.1002/adfm.201303799
info:doi/10.1002/adfm.201303799
info:doi/10.1016/j.nanoen.2015.01.013
info:doi/10.1021/nn506673x
info:doi/10.1021/nn506673x
info:doi/10.1021/acsnano.5b05618
info:doi/10.1021/acsnano.5b01830
info:doi/10.1021/acsnano.5b01830
info:doi/10.1002/adma.201505839
info:doi/10.1002/adma.201505839
info:doi/10.1016/j.nanoen.2017.03.047
info:doi/10.1109/MEMSYS.2018.8346644
info:doi/10.1002/ente.201900503
info:doi/10.1016/j.nanoen.2020.104703
info:doi/10.1021/acsnano.8b01589
info:doi/10.1021/acsnano.8b01589
info:doi/10.1016/j.mtener.2021.100848
info:doi/10.3389/fchem.2020.00745
info:doi/10.3367/UFNe.2018.12.038503
info:doi/10.1126/science.aao0195
info:doi/10.1021/acsami.0c16005
info:doi/10.1007/s40998-018-0116-y
info:doi/10.1016/j.compscitech.2016.12.010
info:doi/10.1016/j.jallcom.2021.161337
info:doi/10.1038/s41467-020-20229-6
info:doi/10.1038/s41467-020-20229-6
info:doi/10.1088/1361-665X/ab02a0
info:doi/10.1088/1361-665X/ab02a0
info:doi/10.1007/s10832-010-9597-4


International Conference on Information Resources Manage-
ment. 2016.

89. Han M, Zhang X-S, Sun X, Meng B, Liu W, Zhang H. Mag-
netic-assisted triboelectric nanogenerators as self-powered
visualized omnidirectional tilt sensing system. Sci Rep. 2015;
4(1):4811. doi:10.1038/srep04811

90. Matin Nazar A, Egbe K-JI, Jiao P, Wang Y, Yang Y. Magnetic
lifting triboelectric nanogenerators (ml-TENG) for energy har-
vesting and active sensing. APL Materials. 2021;9(9):91111.
doi:10.1063/5.0064300

91. Jiao P, Matin Nazar A, Egbe K-JI, Rayegani A. Magnetically
circular layers triboelectric nanogenerators (MCL-TENG) for
velocity sensing and damage detection. Sustain Energy Tech-
nol Assess. 2022;53:102644. doi:10.1016/j.seta.2022.102644

92. Samad T, Annaswamy AM. Controls for smart grids: architec-
tures and applications. Proc IEEE. 2017;105(11):2244-2261.
doi:10.1109/JPROC.2017.2707326

93. Bedi G, Venayagamoorthy GK, Singh R, Brooks RR, Wang K-
C. Review of internet of things (IoT) in electric power and
energy systems. IEEE Internet Things J. 2018;5(2):847-870. doi:
10.1109/JIOT.2018.2802704

94. Ryu J, Kang J-E, Zhou Y, et al. Ubiquitous magneto-
mechano-electric generator. Energ Environ Sci. 2015;8(8):
2402-2408. doi:10.1039/C5EE00414D

95. Song H, Hwang G-T, Ryu J, Choi H. Stable output performance
generated from a magneto-mechano-electric generator having
self-resonance tunability with a movable proof mass. Nano
Energy. 2022;101:107607. doi:10.1016/j.nanoen.2022.107607

96. Lim K-W, Peddigari M, Park CH, et al. A high output
magneto-mechano-triboelectric generator enabled by acceler-
ated water-soluble nano-bullets for powering a wireless
indoor positioning system. Energ Environ Sci. 2019;12(2):666-
674. doi:10.1039/C8EE03008A

97. Yang A, Wang C, Ma J, et al. Hybrid piezo/triboelectric nano-
generator for stray magnetic energy harvesting and self-
powered sensing applications. High Voltage. 2021;6(6):
978-985.

98. Yuan Z, Jin X, Li R, et al. Hybrid triboelectric-electromagnetic
magnetic energy harvester-based sensing for wireless monitor-
ing of transmission lines. Small. 2022;18(27):2107221. doi:10.
1002/smll.202107221

99. Jassim ZA, Ali NN, Mustapha F, Abdul Jalil NA. A review on
the vibration analysis for a damage occurrence of a cantilever
beam. Eng Fail Anal. 2013;31:442-461. doi:10.1016/j.
engfailanal.2013.02.016

100. Jin X, Yuan Z, Shi Y, et al. Triboelectric Nanogenerator based
on a rotational magnetic ball for harvesting transmission line
magnetic energy. Adv Funct Mater. 2022;32(10):2108827. doi:
10.1002/adfm.202108827

101. Bowen CR, Arafa MH. Energy harvesting technologies for tire
pressure monitoring systems. Adv Energy Mater. 2015;5(7):
1401787. doi:10.1002/aenm.201401787

102. Roundy S. Energy harvesting for tire pressure monitoring sys-
tems: design considerations. 2008.

103. Hasanzadeh S, Vaez-Zadeh S. Efficiency analysis of contact-
less electrical power transmission systems. Energ Conver Man-
age. 2013;65:487-496. doi:10.1016/j.enconman.2012.07.007

104. Marinescu A, Rosu G, Mandache L, Baltag O. Achievements
and perspectives in contactless power transmission. 2018

International Conference and Exposition on Electrical and
Power Engineering (EPE). IEEE; 2018:638-645. doi:10.1109/
ICEPE.2018.8559672

105. Rigoni C, Bertoldo S, Pierno M, Talbot D, Abou-Hassan A,
Mistura G. Division of Ferrofluid drops induced by a magnetic
field. Langmuir. 2018;34(33):9762-9767. doi:10.1021/acs.
langmuir.8b02399

106. Fu Y, Ouyang H, Benjamin Davis R. Nonlinear structural
dynamics of a new sliding-mode triboelectric energy harvester
with multistability. Nonlinear Dyn. 2020;100(3):1941-1962.
doi:10.1007/s11071-020-05645-z

107. Xu G, Fu J, Li C, et al. A nonlinear triboelectric nanogenera-
tor with a broadened bandwidth for effective harvesting of
vibration energy. IEnergy. 2022;1(2):236-242. doi:10.23919/
IEN.2022.0028

108. Zhu J, Wang A, Hu H, Zhu H. Hybrid electromagnetic and tri-
boelectric Nanogenerators with multi-impact for wideband
frequency energy harvesting. Energies. 2017;10(12):2024. doi:
10.3390/en10122024

109. Quan T, Yang Y. Fully enclosed hybrid electromagnetic–
triboelectric nanogenerator to scavenge vibrational energy.
Nano Res. 2016;9(8):2226-2233. doi:10.1007/s12274-016-1109-7

110. Huang LB, Xu W, Bai G, Wong MC, Yang Z, Hao J. Wind
energy and blue energy harvesting based on magnetic-assisted
noncontact triboelectric nanogenerator. Nano Energy. 2016;
30:36-42. doi:10.1016/j.nanoen.2016.09.032

111. Lei R, Shi Y, Ding Y, et al. Sustainable high-voltage source
based on triboelectric nanogenerator with a charge accumula-
tion strategy. Energy Environ Sci. 2020;13(7):2178-2190. doi:10.
1039/D0EE01236J

112. Li A, Zi Y, Guo H, Wang ZL, Fern�andez FM. Triboelectric
nanogenerators for sensitive nano-coulomb molecular mass
spectrometry. Nat Nanotechnol. 2017;12(5):481-487. doi:10.
1038/nnano.2017.17

113. Fan F-R, Lin L, Zhu G, Wu W, Zhang R, Wang ZL. Transpar-
ent triboelectric Nanogenerators and self-powered pressure
sensors based on micropatterned plastic films. Nano Lett.
2012;12(6):3109-3114. doi:10.1021/nl300988z

114. Zi Y, Niu S, Wang J, Wen Z, Tang W, Wang ZL. Standards
and figure-of-merits for quantifying the performance of tribo-
electric nanogenerators. Nat Commun. 2015;6:8376. doi:10.
1038/ncomms9376

115. Liu Y, Liu W, Wang Z, et al. Quantifying contact status and
the air-breakdown model of charge-excitation triboelectric
nanogenerators to maximize charge density. Nat Commun.
2020;11(1):1599. doi:10.1038/s41467-020-15368-9

116. He W, Liu W, Chen J, et al. Boosting output performance of
sliding mode triboelectric nanogenerator by charge space-
accumulation effect. Nat Commun. 2020;11(1):4277. doi:10.
1038/s41467-020-18086-4

AUTHOR BIOGRAPHIES

Geng Chen received the Ph.D. degrees in Electrical
Engineering from North China Electric Power Univer-
sity, Beijing, China. Currently, he is a lecturer at North
China Electric Power University. His research interests

CHEN ET AL. 25 of 26

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1038/srep04811
info:doi/10.1063/5.0064300
info:doi/10.1016/j.seta.2022.102644
info:doi/10.1109/JPROC.2017.2707326
info:doi/10.1109/JIOT.2018.2802704
info:doi/10.1039/C5EE00414D
info:doi/10.1016/j.nanoen.2022.107607
info:doi/10.1039/C8EE03008A
info:doi/10.1002/smll.202107221
info:doi/10.1002/smll.202107221
info:doi/10.1016/j.engfailanal.2013.02.016
info:doi/10.1016/j.engfailanal.2013.02.016
info:doi/10.1002/adfm.202108827
info:doi/10.1002/aenm.201401787
info:doi/10.1016/j.enconman.2012.07.007
info:doi/10.1109/ICEPE.2018.8559672
info:doi/10.1109/ICEPE.2018.8559672
info:doi/10.1021/acs.langmuir.8b02399
info:doi/10.1021/acs.langmuir.8b02399
info:doi/10.1007/s11071-020-05645-z
info:doi/10.23919/IEN.2022.0028
info:doi/10.23919/IEN.2022.0028
info:doi/10.3390/en10122024
info:doi/10.1007/s12274-016-1109-7
info:doi/10.1016/j.nanoen.2016.09.032
info:doi/10.1039/D0EE01236J
info:doi/10.1039/D0EE01236J
info:doi/10.1038/nnano.2017.17
info:doi/10.1038/nnano.2017.17
info:doi/10.1021/nl300988z
info:doi/10.1038/ncomms9376
info:doi/10.1038/ncomms9376
info:doi/10.1038/s41467-020-15368-9
info:doi/10.1038/s41467-020-18086-4
info:doi/10.1038/s41467-020-18086-4


include dielectric materials, electrical insulation, inter-
face charging mechanism, and self-powered sensors.

Youping Tu received the B.Sc. and M.Sc. degrees in
Electrical Engineering from Chongqing University in
Chongqing, China, in 1988 and 1991, respectively.
Currently, she is a Professor at North China Electric
Power University in Beijing, China. Her research
interests include advanced power transmission tech-
nology, dielectric materials, overvoltage, and protec-
tion for power system. She is the author of more than
100 technical papers.

Chuanyang Li received his PhD degree in the
Department of Electrical Engineering, Tsinghua
University, in 2018. He then worked as a Postdoctoral
Fellow in the Department of Electrical, Electronic and
Information Engineering “Guglielmo Marconi” of the
University of Bologna (Alma Mater Studiorum—
Università Di Bologna), Italy, from 2018 to 2019.
From 2019 to 2021, he worked as a Postdoctoral Fel-
low in the Department of Electrical and Computer
Engineering & Institute of Materials Science, Univer-
sity of Connecticut. Since November 2021, he worked
in the Department of Mechanical and Automation
Engineering, The Chinese University of Hong Kong,
as a research associate from 2021 to 2022. Since June
2022, he has been working as a assistant research pro-
fessor at Tsinghua University. His research interests
include mechanism and mitigation solution of surface
charge, partial discharge, flashover phenomena, and
electrical trees in complex environmental conditions,
as well as application of TENGs in high voltage engi-
neering. He was the recipient of the 2020 IEEE

Caixin Sun and Stan Gryzbowski Young-Professional
Achievement Award and 2022 Steven A. Boggs
Award. He currently serves as an associate editor for
High Voltage, CSEE JPES, and IEEE Transactions on
Dielectrics Electrical Insulation.

Yunlong Zi is an Associate Professor in Thrust of
Sustainable Energy and Environment in Hong Kong
University of Science and Technology – Guangzhou
(HKUST-GZ). Dr. Zi received his Ph.D. in Physics
from Purdue University in 2014; his Bachelor of Engi-
neering in Materials Science and Engineering from
Tsinghua University in 2009. Before joining HKUST,
he worked as an Assistant Professor at the Chinese
University of Hong Kong during 2017–2022, and a
Postdoctoral Fellow at Georgia Institute of Technol-
ogy during 2014–2017. His current research interests
mainly focus on high-efficiency mechanical energy
harvesting through triboelectric nanogenerators
(TENG), triboelectric effect, discharge, TENG trig-
gered high-voltage applications, and self-powered sys-
tems. He was honored by Fellow of Institute of
Physics (IOP) 2023; Nano Energy Award 2021; Fellow
of International Association of Advanced Materials
(FIAAM) 2021.

How to cite this article: Chen G, Wang J, Xu G,
et al. The potential application of the triboelectric
nanogenerator in the new type futuristic power
grid intelligent sensing. EcoMat. 2023;5(11):e12410.
doi:10.1002/eom2.12410

26 of 26 CHEN ET AL.

 25673173, 2023, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12410 by H
ong K

ong Poly U
niversity, W

iley O
nline L

ibrary on [01/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

info:doi/10.1002/eom2.12410

	The potential application of the triboelectric nanogenerator in the new type futuristic power grid intelligent sensing
	1  INTRODUCTION
	2  FUTURE POWER GRID TRANSFORMATION AND POTENTIAL APPLICATIONS OF TENG
	2.1  Future grid transformation direction and needs
	2.2  The critical issues faced in the future and the potential application prospects of TENG

	3  TENG'S THEORETICAL FOUNDATION AND OUTPUT CHARACTERISTICS
	3.1  TENG's theoretical foundation
	3.2  TENG's four basic working modes and their output performance
	3.2.1  Vertical contact-separation mode
	3.2.2  In-plane sliding mode
	3.2.3  Single-electrode mode TENG
	3.2.4  Free-standing triboelectric-layer mode TENG


	4  TENG APPLICATIONS IN MAGNETIC FIELD UTILIZATION
	4.1  Self-powered sensors
	4.2  Micro/nano-power supply for sensor devices
	4.3  Potential application of TENG in future electric power system

	5  CONCLUSION AND PROSPECT
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	REFERENCES


