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induction, triboelectric nanogenerators (TENGs) can effectively convert | experimentation
mechanical energy into electric power or signals. Over the past decade,
TENG development has progressed rapidly, from fundamental scientific
understanding to advanced technologies and applications. This Primer
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electrification and electrodynamics, applications, future opportunities

and limitations. As aninterdisciplinary field, advances are expected
inboth theoretical and experimental aspects of TENGs. For example, Outlook
technologies based on Maxwell’s equations for amechano-driven,
slow-moving system can be coupled with a theoretical understanding
of physicallaws and concepts. From this, general simulation models
canbe established and corresponding experiments designed to optimize
TENGs for arange of applications.
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Introduction

The triboelectric nanogenerator (TENG) was invented in 2012 (ref. 1).
Coupling the effects of contact electrification and electrostatic induc-
tion, TENGs effectively convert mechanical energy into electric power'
and can be used to make self-powered sensors and small electronics.
The triboelectric effect is a type of contact electrification, where two
materials become electrically charged after being separated from
physical contact®’. During contact electrification, charge moves by
electron transfer, the direction of which depends on the materials
involved. Maxwell’s displacement current acts as the driving force.
TENGs are most effective for convertingirregular, low-frequency and
low-amplitude mechanical energy into electric power, making them
ideal for harvesting energy from the living environment. As energy
harvesting devices, TENGs integrate multiple disciplines, including
materials science, chemistry, physics, electrical engineering, medicine
and more*’.

TENGs have been widely applied in practice, primarily in micro/
nano-energy harvesting®’, self-powered sensors/systems®’, blue energy
harvesting'®", high-voltage sources'" and liquid-solid interface
probes'". This Primer systematically discusses the fundamental sci-
ence and advanced technologies of TENGs by examining how the tribo-
electric charges are created, how the electrical charges flow and how
theelectriccurrentis used for advanced technologies. Before looking
atthese topics in detail, the theoretical background is introduced.

Physical picture and fundamental science

Physics of contact electrification. An overview of the physical basis
of TENGs is given in Fig. 1. A typical TENG comprises an electrode
and dielectric material. With an external mechanical force, triboelec-
tric charges are created on the contacting surfaces, and the charge
density increases and saturates after several generation cycles.

The triboelectric charges eventually distribute uniformly on the con-
tacting surfaces, with asimilar magnitude but opposite polarity, proved
through theoretical and experimental evidence'*?°. The triboelectric
charges, also known as electrostatic charges, belong tonon-moveable
surface charges. There are two main categories of charges in a TENG
device: triboelectric charges distributed in the dielectric material,
which cannot freely move; and freely movable charges, which are
induced and distributed on the electrode surface. How the triboelectric
charges are generated depends on the mechanism of contact electrifi-
cation and there has been debate over whether the mechanismis based
onelectrontransfer,ion transfer or materials-species transfer. Through
hard work, it has been proven that contact electrification between
two solids is dominated, if not exclusively, by electron transfer**°, An
overlapped electron cloud modelis demonstrated in Fig. 1B to explain
contact electrification and charge transfer between two atoms as a
general case. Electron transfer occurs due to the strongly overlapped
electron cloud between two contacting atoms or molecules. This model
is regarded as a universal model for understanding contact electrifi-
cation between arbitrary contacting surfaces of dielectric materials.
The model has been verified by experiments and can be extended to
liquid-solid, liquid-liquid, gas-solid and gas-liquid interactions.
Commonly, the electric transition model is referred to as the Wang
transition for contact electrification’.

Medium polarization and the displacement current. The created
triboelectric charges and induced charges generate an electric field,
which polarizes the dielectric material. Polarization of the dielectric
material produces asecond electric field that contributes to the total
electric field”°. How free charges are distributed on the electrodes is
influenced by the total electric field and polarization. Each electrode
has a different potential, which drives electron flow to decrease the
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Fig.1| Physical basis of TENGs. A, Five basic models of triboelectric nanogen-
erators (TENGs): contact separation model (panel Aa), single-electrode model
(panel Ab), lateral sliding model (panel Ac), freestanding model (panel Ad) and
rolling model (panel Ae). Note that the dielectric layer material is represented by
the light blue cuboid and the metal electrode by the golden colour. B, The electron
cloud and potential energy wellmodel. £, and E represent the occupied energy
levels of electrons. C, Energy band diagrams and the space charge distribution

n-Type

(panel Ca) as well as the connected circuit of a direct current nanogenerator
(panels Cb and Cc). E; represents the Fermilevel, £, the top of the valence band,
E.thebottom of the conduction band, £; the intrinsic energy level, V; the built-in
potential or the chemical potential difference, gy the work function, and p-type
and n-type refer to semiconductor materials. Part A adapted with permission
fromref. 18, Elsevier. Part Badapted with permission fromref. 3, Wiley.
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potential difference when the two electrodes are connected. Asaresult,
anelectric currentis generated in the external circuit of the TENG.

The term P is used to describe both the polarization caused
by pre-existing electrostatic charges on the media and movement
driven by external mechanical excitation that results in polarization.
The Pgtermis referred to as mechano-induced polarization owing
to the variation of media distribution in space?*. Meanwhile, the
electric displacement vector (D) is modified to*>*:

D=gyE+P+P=¢E+P=D"+P 1)

where Erepresents the total electric field inside the dielectric media,
including the portion generated by both the external electric field and
media polarization, whereas Pis the dielectric polarization caused by
an external electric field. g, is the permittivity vacuum, € represents
the relative dielectric constant and D’ is the traditional definition
oftheelectricdisplacement vector. The additional term Pgestimates the
coupling effects of media polarization and energy conversion due to
mechanical excitation” . Redefinition of the electric displacement
vector, D, means the displacement current in either the dielectric
medium or the vacuum should be redefined. Subsequently, the total
displacement current (Jp,) is redefined as:
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where s%—f represents the displacement current responsible for elec-
tromagnetic waves travelling at the speed of light in vacuum??%, % i
the time-dependent polarization for non-electric field effects, which
isresponsible for energy conversion and sensors®*, widely known as
the Wang term"’. The electromagnetic energy distributedin %comes
from an external mechanical energy source travelling at asmall speed,
slower thanthe speed of lightin most cases. Importantly, Eq. (2) proves
that Maxwell’s displacement current is the driving force of TENGs.

Using the newly defined D, the classical Maxwell’s equations

are??;
V-D'=p.~V-P (3)
V-B=0 (4)
VXE=—%B (5)
i) 0
V><H=jf+ED’+&PS (6)

where p;represents the free charge density and J;is the free current
density; Band Hare the magnetic field and magnetizing field, respec-
tively. Note that the above set of four equations are self-consistent and
satisfy the law of conservation of charges® .

Maxwell’s equations for a mechano-driven slow-moving media
system. Forageneral TENG device, the charged dielectric medium can
move with anarbitrary velocity distribution under mechanical excita-
tion. This external mechanical energy source deforms the dielectric
materials. Recently, experimental results have demonstrated that
the electromagnetic radiation generated by a TENG occurs due
to the relative mediamovement®* ¢, Ifa TENG operates at an extremely

high frequency — such as hundreds of megahertz — an alternating
current (AC) oscillating current will be produced. The corresponding
high-frequency electromagnetic field between the electrodes will
unavoidably radiate electromagnetic waves® . From the experimental
evidence, the TENG device canbe considered aspecial kind of mechani-
cal antenna, which connects electromagnetic wave propagation and
energy conversion.

Foramediumthat hasatime-dependent volume, shapeand bound-
ary, moving ataninhomogeneous velocity v(r, t) with an arbitrary tra-
jectory distribution, the Maxwell’s equations for a mechano-driven
slow-moving medium system (MEs-f-MDMS) are directly proposed” >,
The expanded MEs-f-MDMS are derived from the integral forms of
four physical laws, which combine the mechano-electromagnetic
interaction fields, enabling the complex dynamic electromagnetic
phenomena of amoving medium to be revealed. A motion-generated
electromagnetic field in a medium caused by the moving charged
dielectric material of a TENG can be investigated by MEs-f-MDMS.
Propagation in space can be described through Maxwell’s equations,
whichboth meet at the mediuminterface, as governed by the boundary
conditions”",

If the medium moves in an arbitrary low-velocity distribution,
even with an inhomogeneous velocity such as variable motion, the
electrodynamics inside the media are governed by*:

V-D’'=p; (7)
V-B=0 (8)
VX(E+urXB):—%B 9

V><(H—vr><D’)=jf+pfu+2D’ (10

ot
where vrepresents the moving velocity of the reference frame for the
media and v, isthe relative moving velocity of the charge with respect
to the moving reference frame. The v, term drops out in two cases:
if the free moveable charge and moving medium have no relative
velocity; or ifthe free moveable charge inside the medium moves par-
alleltothe circuit’sinternal path, [v, x B] - dL = Q.If the mechano-driven
polarization term P;is included to describe additional polarization
introduced by the media’s motion with respect to the moving reference
frame, Egs. (7-10) become:

V-D'=p,~V-P, 1n
V-B=0 (12)
0
V><(E+vr><B)=—aB (13)
0
Vx[H-v,x(D"+P)]= J; +pv+ E(D’+P5) (14)

The expanded Maxwell’s equations are the most comprehensive
governing equations, coupling the three areas of mechanics, electricity
and magnetism?*, The modified Maxwell’s equations provide a suit-
abledescription of the fundamental science of TENGs, integrating the
electromagnetic phenomenon, power generation and their interaction.
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For the non-inertial system described by Eqs. (7-10), because there is
an input of external energy into system, the energy of electricity and
magnetismis not conserved, meaning the MEs-f-MDMS do not satisfy
Lorentz covariance” ', However, the electromagnetic wave within the
medium ¢, cannot exceed the speed of light ¢, in a vacuum. This is due
to the medium’s permittivity, which causes lightinside the mediato be
slowerthancyandwv, < c,, (refs. 27-31). Anelectromagnetic wave travel-
lingin vacuum spaceis governed by the classical Maxwell’s equations,
with a velocity of ¢, irrespective of whether the medium is moving.
Boundary conditions require solutions of the classical and expanded
Maxwell’s equations to meet at the medium boundary, which can be
derived from the corresponding integral form of the equations®*.

Experimentation

Conceptualization and fundamental modes

Using the displacement current as the driving force, TENGs can convert
mechanical energy into electric power or signal®>**. ATENG contains at
least two components: the conductive electrode and dielectric mate-
rial. Common electrode materials include metals and other conductive,
flexible materials. The conductive electrode acts as a free charge col-
lector and free movable charges can flow between the two electrodes.
Dielectric materials, such as PTFE and fluorinated ethylene propylene
(FEP), areused to create triboelectric charges — free charges that cannot
move due to the extremely low conductivity of the dielectric medium.
The triboelectric charges are necessary to generate an electric field.
External mechanical agitationis alsorequired toactas anenergy input
source.

Many types of TENGs have been designed and constructed. They
canbe divided into five basic models, as illustrated in Fig. 1A: contact
separation’®, single electrode®, lateral sliding*’, freestanding* and
rolling*?. Each model hasits own basic structure and advantages, which
canbeapplied toasuitable corresponding circumstance. For instance,
aTENGdevice withany configurationis neutraland canbe considered a
lumped element, described by alumped parameter. The special work-
ing mechanism of a TENG means the output power is approximately
proportional to the working frequency. As aresult, TENGs are usually
operated under low frequency, with better performance than electro-
magnetic generators (typically 0.1-3 Hz). In addition, as there is only
one electrode in the single-electrode mode TENG, half the inductive
chargesdistributedinthe electrode canbetransferred. For afreestand-
ing mode TENG, particularly a contact separation freestanding mode
TENG, the inherent capacitance is time invariant and the open circuit
voltageis completely linear with moving distance. This feature makes it
alinear and time-invariant device that canbe used as an energy harvest-
ing system or self-powered sensor. Figure 1B shows an overlapped elec-
tron cloud model to describe the mechanism of contact electrification
and charge transfer. Another form of energy conversion device is dem-
onstrated in Fig. 1C, referred to as a direct current (DC) model TENG.
p-Type and n-type refer to semiconductor materials. This model does
not belong to the five basic TENG models mentioned earlier, and is a
new and special energy harvesting device. Although its fundamental
mechanism is currently unknown, the high output performance of
DC model TENGs presents potential for next-generation self-powered
electronics and self-powered sensors.

Materials and fabrication

Material durability also influences the output performance of a TENG.
Widely used materials for TENGs include ceramics, polymers, metals
and semiconductors. The process of contact electrification occursin

solid, liquid and gaseous forms. Metals, ceramics, semiconductors and
polymers are examples of solid-state materials that can be used for
TENGs. For liquids, water, oils, liquid metals and aqueous solutions at
various pH values can be used. In general, solid-solid contact electri-
ficationis dominated by electrontransfer. Both electrons and ions are
transferred during liquid-solid contact electrification. Quantifying the
triboelectric series of various polymers enables the surface triboelectri-
fication of general materials to be established as amaterial property. The
intrinsic affinity of a polymer to gain or lose electrons can be derived
from the normalized triboelectric charge density. Two factors should
be considered when choosing a TENG material: high charge density
and high durability. High charge density determines the TENG output
performance, whereas high durability enables TENGs to have greater
stability and a longer service life than the conventional TENGs. The
quantitative triboelectric series can be used to guide TENG applica-
tions in energy harvesting and self-powered sensing. Modifications
to TENG materials can be achieved by ion sputtering, atomic deposi-
tion, electrostatic spinning and more. Fabrication methods include
3D printing and laser engraving. Preparation of a TENG is relatively
straightforward, as atypical TENG contains two materials with different
electronegativity that are pasted separately onto anacrylic substrate.
New developments, such as bionic design and mechanical structure
design, have started to be used to prepare TENGs™®.

Equipment and measurement

Thetest platform contains an external excitation system, measurement
equipment and a data acquisition device. The output characteristics
of aTENG require a series of devices with various motion. For a TENG
with linear and rotatory motion modes, a linear motor and a rotary
motor are needed. TENGs have high sensitivity and are easily disturbed
by the external environment, meaningitis important that the motors
used have minimalinterference. Inaddition, special movements, such
asswinging or spiralmovements, cannot be measured by the machine
and aspecialized designis needed to detect them. The high voltage, low
current and highimpedance characteristics of a TENG mean common
instruments, such as oscilloscopes, cannot provide accurate measure-
ments. Asaresult, programmable electrometers are used because they
have aninternal resistance of 200 TQ and are hardly affected by the
high internal resistance of a TENG. For an oscilloscope with internal
resistance of 10 MQ, if the internal resistance of the oscilloscope is
equivalent to a larger internal resistance in TENG, the output value
is quite different from the real value. Even with a high-impedance probe
of 100 MQ, there is still a large difference. Research hasimproved the
output performance of TENGs exponentially and the programmable
electrometer can no longer meet the demand of voltage measurements.
Consequently, the high-voltage high-speed surface potentiometer is
used, which can measure the voltage from several thousand volts to
tens of thousands of volts. Although the test instrument can measure
data, it cannot store data. Data acquisition cards can visualize and
store test data using the LabVIEW program. The collected data are
processed according to requirements. Development and application
of TENGs to self-driven sensing have led to powerful data acquisition
cards, which can directly measure and collect datain LabVIEW when
combined with a step-down module.

Results

Theoretical modelling of TENGs

Internal rules of matter can be reflected through an established model.
To clarify how the electrical charge flows and predict the output
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characteristics of a TENG, three theoretical models have been con-
structed (Fig.2a-c): amathematical-physical model based on Maxwell’s
equations®®"; the equivalent circuit model — including the capacitor
model*** (Fig. 2a) and Norton’s equivalent circuit model*** (Fig. 2b) —
based on the theory of a lumped-parameter equivalent circuit;
and a universal dynamic simulation model that couples the quasi-
electrostatic mode and electrical circuit model***? (Fig. 2c). The
mathematical-physical modelincludes 3D mathematical modelling®'s"
and distance-dependent electric field modelling'", both of which are
partofthe quasi-electrostatic model’. Because TENGs typically work at
low frequencies under the quasi-static condition, the fields generated
byaTENG —suchasthe time-dependent electric field — change slowly.
In the capacitor model, a TENG is equivalent to a series connection of
avoltage source and a variable capacitor**.

Based on the capacitor model and the relationships among the
voltage, charge and separation distance (V-Q-x), the governing
equation of the capacitor model is given by***:

__Q
V= 0 + Voclx)

(15)
where C(x) represents the TENG capacitance, Qis the output charge and
V,.isthe opencircuit voltage. Thisis afirst-order ordinary differential
equation, where the output charge is the dependent variable. With
boundary condition Q(¢ = 0) = O, thisequation canbe solved. From the
time-dependent 3D mathematical model, the governing equation of
the TENG can be written as>*®:

d
—ZA% =,06,¥,, 7)) — 9,06, Y,,25) e

where g (¢) represents the transferred charge density between elec-
trodes, Zis an external electricimpedance and A is the contacting sur-
face. The electrical potentials of two electrodes are expressed by ¢, (x;,
Y1, z0) and ¢,(x,, ¥,, 2,), respectively. Equation (16) is a time-dependent
differential equation, from which o, (t) is obtained. Subsequently,
the current, transient power, electrical energy and average power
of the TENG can be calculated.

According to Norton’s theorem, the capacitor modelis converted
into an equivalent Norton’s circuit model and the TENG is represented
by a time-varying current source connected in parallel to an internal
impedance®**?, The time-varying displacement current calculated
under ashort circuit conditionis the current source of a TENG. This is
why it canbe proved that the displacement current s the driving source
of a TENG. The TENG energy harvesting system includes mechani-
cal energy and electrical energy, coupled by the TENG transducer’.
To accurately control and predict the energy harvesting process, an
electromechanical coupling model has been constructed®”. This cou-
pling model contains both amechanical model and an equivalent circuit
model. There are three typical energy fields in the energy harvesting
system: the mechanical energy field provided by external excitation,
the quasi-electrostatic field created by the transfer of electrical charges
distributed inthe TENG and the output electrical energy extracted to
the external circuit through the special power management circuit.

Maximum output power and design rules

Making a TENG device or array output maximum power and energy
involves many factors?®. This is mainly influenced by mechanical
characteristics, geometric parameters, material parameters, global

motion parameters, loading conditions and physical effects such as
edge effects, discharge effects and coupling effects, and ambient con-
ditions such as humidity and temperature. The challenge in predict-
ing maximum output power is to condense all necessary elements in
the energy harvesting system. General optimization guidelines for
TENGs can be determined from the optimum condition of the TENG
transducer, theloading condition and how these two factors combine.
Optimized capacitance and external load resistance both play a key
roleinimproving the average output power*. However, clarifying the
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Fig.2| Equivalent circuit models of TENGs. a, Capacitance model of
triboelectric nanogenerators (TENGs). b, Norton’s equivalent circuit model.

¢, Auniversal dynamic simulation model, which couples the quasi-electrostatic
mode and electrical circuit model together. V. is the open circuit voltage, C(¢)
the capacitance of the TENG device, R, the external connected resistor, I, s the
displacement current obtained at short circuit conditions, /;,c the displacement
current through the internal equivalent capacitor, Zs(¢) the time-dependent
resistor of the TENG device and /, the conduction current flowing in the external
circuit. AC, alternating current; DC, direct current. Parts b and c adapted with
permission from ref. 24, IOP.
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optimum conditions of a TENG array is extremely different to a TENG
device and often more complicated. For an array, edge effects caused by
thefringingelectric field need to be considered. To address this, exact
adjustment of the gap distance between each TENG device is required?”.
Additionally, the mechanical excitation and external circuit condition
should be considered as they can enhance the maximum output power.

Figures of merit

Evaluating the output characteristics of TENGs with different configu-
rations presents anissue to be solved. Figures of merit that have been
proposed include the structural figure of merit (FOMg)*®, material
figure of merit (FOM,,)*° and device figure of merit (FOMye,ic.) . These
three metrics are regarded as the universal standard for TENGs. FOMg
is calculated by 2(&,E,,)/(0°AX,,,), Where g, is the permittivity of the
vacuum, E,, represents the largest possible output energy per cycle, o
isthetriboelectric charge density distributed at the contacting surface,
Arepresentsthe contacting surface areaand x,,,is the largest relative
displacementbetween the triboelectric layers. FOMgmainly depends
on structural parameters and x,,,,,, illustrating the structural design
advantages of TENGs. FOM,, is related to the ability of a triboelectric
material to generate triboelectric charges, equivalent to 6% FOM gyice
is heavily reliant on the maximum power density*’, which is defined by
FOM e ice = 0.064(00%) /g, where U = (wx,,,,)/mrepresents the average
speed of the external mechanical motion. Another approachis to use
the practical output energy, rather than the theoretical maximum
energy per cycle. The structural figure of merit (FOMgs) under optimum
resistance has also been proposed®?, as it is more practical and achiev-
able compared with parameters measured under an open circuit con-
dition. Another TENG structural figure of merit covers steady-state
(FOM,) operation™?,

Applications

TENGs canbe used across awide range of applications, including micro/
nano-energy harvesting®’, self-powered sensors or systems®’, blue
energy harvesting'®", as a high-voltage source’>” and as aliquid-solid
interface probe'", Asamicro/nano-energy harvester, TENGs can pro-
vide asteady stream of energy for micro-miniature devices, such aselec-
tronicskin,implantable medical devices, wearable flexible electronics
and more. When operating as a self-powered sensor or system, TENGs
can provide health monitoring, biosensing, human-computer interac-
tion, environmental monitoring and infrastructure security. TENG-
based network units can collect low-frequency seawater movement
energy, whichmay be used in the future for pollution-free blue energy.
TENGs can also act as a high-voltage source in plasma, electrostatic
spinning fibres and particlefilters. Inaddition, when using TENGs asa
liquid-solid interface probe, advances may be gained in research fields
related totheelectric doublelayer (EDL), for example electrophoresis,
mechanochemistry, electrochemical storage and electrocatalysis. From
microscopic energy harvesting to macroscopic high energy-density
power generation, from tiny mechanical vibrations to ocean movement,
the nanogenerator energy system has a solid technical foundation for
integration of nano-devices and large-scale self-supply energy. This
will benefit a broad spectrum of fields, including networking, health
care, medicine, environmental protection, national defence security
and artificial intelligence.

Micro/nano-energy harvesting
Micro/nano energy — such as wind energy, water energy, vibra-
tion energy and human motion — is ubiquitous across the ambient

environment. Micro and nanotechnologies, including TENGs, have been
used to efficiently harvest and store energy from the natural environ-
ment or humanmotionto provide lasting, maintenance-free, self-driven
energy. TENGs canbe widely applied in areas such as smart traffic, smart
factories and mechanical sensing® ' (Fig. 3a). As depicted in Fig. 3b,
TENGs with various motion types such as linear*, rotation®, swing>*
and vibration> are designed and fabricated for environment energy
harvesting, which provide micro-power sources for small electronic
devices. Assembly and integration of basic units enables large-scale
energy harvesting. However, TENGs have a high load output, which
results in high voltage and low current output. As aresult, existing AC
output characteristics constrain the application and development of
TENGs. Numerous energy modules® have been proposed to solve this
issue. The power management components, rectifiersand energy stor-
age components of TENGs enable suitable DC voltage output (Fig. 3c).
Additionally, the rectified pulsed output can be directly used to drive
electronic devices and electrochemical applications”’. In Fig. 3d,
various TENG-based self-powered systems are presented®®®,

Self-powered sensors and systems

A new generation of sensing technology is needed to keep up with the
rapidly developing Internet of Things and TENGs are becomingincreas-
ingly critical in sensor technology. TENG-based sensors are passive
sensors that convert measurementinformation into electrical signals,
referred toastriboelectric sensor (TESs). InFig.4a, the TES usesinterval
arrangement electrodes to convert mechanical energy into pulsed sig-
nals viamechanical motion. The waveforminformation generated by a
TESincludes physical parameters, such as the waveform phase (¢), pulse
frequency (f) and pulse amplitude (A), as depicted in Fig. 4b. Figure 4c
shows how TESs canbe classified according to their electrodes and form
of motion.Inaddition, the original signals generated by a TES need to be
collected by the microcontroller unit (MCU) and input into the digital to
analogue converter (DAC), where the digital signalis transformed into
an analogue signal and sent to the operating controller. In Fig. 4d, the
TES-based self-powered system includes the self-powered sensor for
signal generation, the processing circuit for converting the signal into
asquarewave, the MCU for calculating the number of generated pulses,
the wireless transmitter module for sending command signals, the wire-
less signal receiver and the operating system. The physical parameters
reflected by the waveform signal of TESs have different applications
under specific environmental conditions. For the pulse number, abadge
reel-type stretch sensor based on agrating-structured TENGis used to
achieve low hysteresis and high durability®*. For the pulse frequency,
abearing-type TENG is fabricated by 3D printing to use as an energy
collector or a self-powered sensor®. For the waveform phase, a thin,
lightweight triboelectric self-powered angle sensor with high resolution
is proposed®® to aid the sensor’s integrated application. For example,
ahighly sensitive triboelectric self-powered angle sensor canbe assem-
bled inamedical stent that records joint flexion and extension to benefit
personalized treatment. Finally, for the pulse amplitude, alightweight,
comfortable, breathable, flexible and self-powered all-nanofibre
electronicskin-based TENG s proposed. This electronicskinis simple,
low cost, highly sensitive (0.217 kPa™), comfortable and flexible®.

Blue energy harvesting

There is a large amount of marine energy contained in the world’s
oceans. Tapping into this energy source has attracted the attention
of many nations®®. Efficient energy conversion of ocean waves s limited
duetoits low-frequency, intermittent and random nature. TENGs are
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Fig.3 | Applications of TENGs as micro/nano-energy harvesters. a, Scenes
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for energy harvesting. ¢, Power management of TENGs, including circuit
management, energy storage, wireless operation and sensing.d, TENGs
for powering environment sensors, smart clothes, warning equipment and
water buoys.

advantageous for harvesting blue energy as they have an extremely
high conversion efficiency for low-frequency energy**. It has been
proposed that TENG floating nets be used to harvest wave energy
from the ocean’, shown in Fig. 5a. In this set-up, a network structure
isintegrated with multiple TENG units. Toimprove the autonomy and
robustness of the system, encapsulated multi-TENGs are constructed
into amacroscopic self-assembly network for water wave energy har-
vesting” (Fig. 5b). A high-performance TENG with charge shuttling
can (Fig. 5¢) improve surface charge density’”. To enhance durability,
ahigh-efficiency swing-structure TENG can be used to collect ultra-low-
frequency water wave energy’>, as shown in Fig. 5d. The internal swing
structure extends the running time, increasing performance output.
A power network can be achieved by connecting millions of spherical
TENG components. The components can be arranged above or below

the water surface to form a 3D network structure. Building a TENG
network is a potential method of collecting large-scale blue energy™.
InFig. Se, aself-powered smart buoy system based on TENGs is shown®,
The output AC is converted into DC through the power management
modaule to supply power to the control module. To achieve energy
harvesting and self-powered sensing, a spherical TENG with a spring-
assisted multilayer structure can be used to harvest multidirectional
water wave energy (Fig. 5f). The output energy is managed by the power
management module®.

Other applications

TENGs can be considered high-voltage power sources. Compared
with traditional high-voltage power sources there are advantages to
using TENG-based sources, such asimproved safety, simpler structure,
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greater portability and being more cost-effective. By combining TENG-
based high-voltage power sources and plasma sources, atriboelectric
microplasmais created' (Fig. 6a), which is an atmospheric-pressure
plasma driven by mechanical stimuli. A multilayered reusable tribo-
electric air filter (TAF) composed of nylon and PTFE" is shown in
Fig. 6b. When the nylon and PTFE fabrics are rubbed together, the
TAF is easily charged. After charging, the TAF has removal efficiencies
of 84.7% and 96.0% for PM, s and PM, s, respectively, demonstrating
the potential of TENG-based air purification. A TENG with a charge
accumulation strategy is proposed to provide a sustainable ultra-
high output voltage”. The ultra-high voltage enables self-powered oil
purification by triggering continuous electrophoresis and dielectro-
phoresis effects (Fig. 6¢). As shown in Fig. 6d, the TENG electrodes
are maintained at optimal voltage and surface charge density using
the charge replenishment channel, based on a charge-dissipative
mechanism. An electroadhesion system with this boosted voltage
can manipulate objects’. For solid-solid applications, an example
is shown in Fig. 6e based on atomic force microscopy, which is used
to measure local surface charge densities'. Electrostatic induction
occursbetween aconductive tip and a dielectricbottom electrode. In
scanning TENG, a conductive tip taps above acharged dielectric sur-
face.Scanning TENG is a powerful tool for probing nanoscale charge
transfer in contact electrification. To measure the charge transfer
in aliquid-solid interface, a self-powered droplet TENG has been
developed® (Fig. 6f). Electrons are the dominant species of charge
transfer between droplets and solids, as shown by the electric signals
on spatially arranged electrodes. For interface spectroscopy, the
photon emission spectrum is measured during contact electrifica-
tion between two solid materials’”’, as shown in Fig. 6g. During this
process, electrons are transferred between atoms at the interface
of two materials.

Reproducibility and data deposition
Several factors influence the reproducibility of experimental results.
They canbedividedinto three groups: factorsrelated to the selection of
triboelectric materials’®”’, related to instrumentation and experimental
methods, and related to the test environment. For theoretical calcula-
tions and simulations, repeatability is not an issue. Material selection
is the first and most fundamental step. Based on the proposed figure
of merit, it is well documented that the TENG output performance is
strongly dependentonthetriboelectric charge density. Therefore, suit-
able materials must be chosen for the TENG device. A quantitative tribo-
electric series hasbeen constructed using a universalmethod involving
standardized evaluation of different materials’ triboelectric charge
densityinacontrolled environment®*>®’, The triboelectric charge density,
to acertain extent, demonstrates the material’s capability to obtain or
lose electrons after contact electrification. This provides a theoretical
basis and practical reference point to design and fabricate TENGs. Once
aTENGdeviceisfabricated, its electrical output performance — such as
the open circuit voltage and the short circuit current — is measured by
an electrometer. The external mechanical excitation can be provided
by alinear motor, with the help of a linear motor control programme
and system. For self-powered sensors based on TENGs, the electrical
output signals and power should be tested with relevant equipment.
Material selection and test equipment can be controlled, but exter-
nalfactors may alsoimpact reproducibility. The environment tempera-
ture, humidity and electromagnetic environment all affect triboelectric
charge generation, influencing the output performance®®®?, High
temperature, high humidity, pollution and strong electromagnetic
interference significantly reduce the output stability performance.
For theoretical simulations, there is generally good reproducibility and
stability. Numerical simulations at open circuit, short circuit and load-
ing conditions are performed with, for instance, COMSOL Multiphysics
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software, MATLAB (MathworksInc.) and C/C++. After solving the gov-
erning equation, the transient and steady-state output of TENGs can
be predicted systematically. With the same charge distributions and
boundary conditions, similar results are obtained regardless of the
calculation method used.

Limitations and optimizations

Although there hasbeen progressin the basic science and applications
of TENGs, limitationsand challenges remain, includingimprovementsto
surface charge density, current output, humidity resistance, durability,
stability and packaging technology.
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Futureresearchaimed at specificapplications, such asblue energy,
requires further studies of the method and mechanism, in addition to
analysis of materials selection and structural design. Surface charge
density is critical to TENG performance. Therefore, the material sur-
face engineering should be given more attention to achieve high per-
formance, focused not only on the contact separation mode but also
on other TENG modes. Various microstructures and nanostructures
appliedintriboelectric materials are effective at enhancing TENG out-
put performance. However, proper surface structures arestill lacking
for many materials. Suitable theoretical simulations and structural
observation methods are needed. Polymers and metals commonly used
as triboelectric materials can improve TENG performance by surface
modification. Semiconductors are another important triboelectric
material that is currently unexplored. The inherent high impedance
characteristics means that TENGs usually exhibit low current output
with a pulse form, but most electronic devices and energy storage
units — including lithium batteries and supercapacitors — require DC
power. Asaresult, effort should focus on developing specialized power
management and energy storage circuits. Asan entirely novel sensing
method, TENG-based self-powered sensing systems can be applied
in many fields, such as the Internet of Things, intelligent equipment,
robotics, infrastructure monitoring, environmental monitoring, wear-
abledevices and health care. Forimproved practical applications, some
characteristics — in particular, high sensing accuracy, high durability
and stability — should be further investigated. TENGs are arevolution-
ary technology for environmental micro/nano-energy harvesting and
self-powered sensors and systems, especially blue energy harvesting.
Theinfluence of the service environment means performance degrada-
tion of TENGsiis inevitable. Reliable packaging technology is necessary
toreducethe effects of humidity, corrosion and other factorsin harsh
environments.

Outlook

TENG fundamentals and applications

This Primer has focused on the physical fundamentals, advanced tech-
nologies and applications of TENGs. To understand how the triboelec-
tric charges are created, how the electrical charges flow and how the
electric currentis used for advanced technologies, amultidisciplinary
approachwasrequired, linking physics, mathematics, chemistry, engi-
neering, material science and computer science. By examining these
aspects of TENGs, new questions have arisen, which require further
theoretical and experimental studies in future work.

By coupling contact electrification and electrostatic induction,
a TENG device can convert mechanical energy into electric power or
signal. The displacement current acts as the driving force to harvest
energy from the external environment. To describe the mechanism of
contactelectrification, the Wang transition model is proposed, where
electron transition occurs generally between any two materials or
phases, including solid-solid, liquid-solid, liquid-liquid, gas-solid
and gas-liquid interactions. If an electron transition exists between
two dielectric surfaces, a relevant TENG device could be designed;
however, thisis only a theoretical possibility.

Anovel termof mechano-induced polarization Pghasbeenadded
to the displacement vector. This requires generalization of constitu-
tiverelations, resulting in amodification of Maxwell’s equations. Tak-
ing the expanded Maxwell’s equations as the physical principle, the
mathematical-physical model of TENGs can be built. Following this,
the equivalent circuit model, including the capacitor model and Nor-
ton’s equivalent circuit model, is established and can be constructed

Glossary

Lorentz covariance
An equivalence of observation,

Blue energy

The energy captured by triboelectric
as special relativity implies that the laws
of physics are the same for all observers
moving with respect to one another
within an inertial frame.

nanogenerators for harvesting
low-frequency water wave energy
from the ocean.

Contact electrification

A scientific effect, primarily through
the electron transfer mechanism,
where two or more different materials

Lumped-parameter equivalent
circuit

Atheoretical circuit that retains all the
become electrically charged after electrical characteristics of a given
being separated from physical

contact.

circuit, generally built based on a lumped
parameter (or lumped element) model.

Mechano-induced
polarization

Polarization due to pre-existing electro-
static charges and medium movement
driven by external mechanical action.

Electrostatic induction

A modification to the distribution
of electric charge on one material
caused by the influence of nearby
materials that have electric charge.

Triboelectrification

A united process of tribology and
interfacial charge transfer, one of the
fundamental effects in electricity
generation.

Energy harvesting devices
Devices that typically produce a small
amount of energy through a process
that harvests energy from external
sources.

fromthe theory of lumped-parameter equivalent circuit. The lumped
parameter circuit is a new, user-friendly abstraction layer created
on top of Maxwell’s equations, implying a high application value for
electric engineering. Applications of TENGs have largely focused on
the following areas: micro/nano-power sources, self-powered sensors,
blue energy harvesters, high-voltage sources and as ascanning probe
for liquid-solid interface charge transfer.

Method of contact electrification

In practice, contact electrification involves a surprising number of
scientific disciplines. Except for technology-based TENGs, at least four
closely related areas have been created and their developments rely
on the context in which they are applied. The first is the Wang model
for the EDL?>**, whichrevealed that formation of the EDL requires two
steps: electron exchange between liquid and solid surfaces dueto con-
tact electrification, which makes atoms on the solid surfaceions; and
interaction ofions withionsintheliquid, resultingin agradient distri-
bution of cations and anions near the interface®”. This is different to
thetraditional understanding of the EDL, whichignores the first step.
The second field created by TENGs is contact electrification-induced
interface spectroscopy’”’®, which was recently discovered and has not
yetreceived enough attention. Electron transfer occurs from one atom
in one material to another atom of another material, leading to pho-
ton emission. It was recently proved theoretically that some unstable
excited electrons at a higher energy level of one material may transit
to a lower energy state, resulting in contact electrification-induced
interface photonspectroscopy. Confirming the physical process during
contactelectrification will give abetter understanding of how dielectric
materials act as the charge behind contact electrification.
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When contact electrification occurs at an FEP-water interface,
electron exchange at the interface can directly catalyse reactions
without the need for conventional catalysts. Through a combination
of contact electrification, mechanochemistry and catalysis, contact
electrocatalysis is proposed”. This could expand the range of catalytic
materials and provide an effective approach for exploring catalytic pro-
cesses with mechano-induced contactelectrification. If asemiconduc-
tor material is used in contact electrification — for example to form
a metal/semiconductor®*, metal/insulator/semiconductor®, liquid/
semiconductor® or p-type/n-type junction system® —a DC can be
created under external mechanical excitation. This phenomenon is
known as the tribovoltaic effect®. Originating from this effect, sev-
eral multiphysics phenomena have arisen, including the tribovoltaic-
thermoelectric effect® and the tribo-photovoltaic effect, which was
observed in dynamic metal/semiconductor Schottky systems®’.

Emerging potential areas

Electromagnetics has had a tremendous impact on science and tech-
nology. Despiteits age, electromagnetics continues to be studied due
to the importance of Maxwell’s equations. The TENG-based energy
harvesting systemis just one example of anew technology application.
Although development of the MEs-f-MDMS was driven by experimental
progress of TENGs, their influenceis not limited to energy conversion.
Several emerging potential areas directly impacted by MEs-f-MDMS
include wireless communication and propagation, antenna, small
antenna analysis and design, Radar, radar cross-section analysis and
design, electromagnetic compatibility and electromagnetic interfer-
ence analysis and design, optical imaging and optoelectronics, quan-
tum optics and quantum information. Engineering techniques and
real-world applications driven by MEs-f-MDMS focus on nanogenera-
tors, self-powered systems and self-charging power units, which are
receiving extensive attention. With wisdom, cooperation and hard
work, significant word problems canbe addressed, including the energy
crisis and environmental pollution, to develop advanced science and
technologies for the future.
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