
Chapter 1
Triboelectrification

The massive development of the world electronic technology follows a general trend
of miniaturization, portability and functionality. The development of computers is a
typical example of miniaturization, from the vacuum tube based huge-size machine,
to solid state metal–oxide–semiconductor field-effect transistor (MOSFET) based
main frame computer and later laptop computer. The tremendous increase of pop-
ularity of handhold cell phones is a typical example of portable/mobile electronics.
The next few decades will be about building functionality on existing electronics,
which inevitably involves developing a range of sensors including but not limited to
navigation, motion, chemical, biological and gas sensors. The near future devel-
opment is about electronics that are much smaller than the size of a cell phone, so
that each person on average can have at least dozens to hundreds of such small
electronics. Such small size electronics operates at ultralow power consumption,
making it possible to be powered by the energy harvested from our living envi-
ronment [1]. It will become impractical if sensor networks have to be powered
entirely by batteries because of the huge number of devices, large scope of distri-
bution, and difficulty to track and recycle to minimize environmental impact and
possibly health hazardous. Therefore, power sources are desperately needed for
independent and continuous operations of such small electronics, which could be
used widely for ultrasensitive chemical and bimolecular sensors, nanorobotics,
micro-electromechanical systems, remote and mobile environmental sensors,
homeland security and even portable/wearable personal electronics.

New technologies that can harvest energy from the environment as sustainable
self-sufficient micro/nano-power sources are newly emerging field of nano energy,
which is about the applications of nanomaterials and nanotechnology for harvesting
energy for powering micro/nano-systems. In the last decade, we have been
developing nanogenerators (NGs) for building self-powered systems and as active
sensors [2]. We have mainly utilized two physics effects for harvesting
small-magnitude mechanical energies: piezoelectric effect and triboelectric effect.
A basic introduction about piezoelectric NG has been given in a recent book [2] and
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a few review articles [3, 4]. The objective of this book is to give a systematic and
comprehensive introduction about triboelectric nanogenerator (TENG) from theory
to experiments, from fundamental operation modes to technological application,
from single devices to system integration, both as a new energy technology and as
self-powered active sensors.

1.1 Nano Energy and Mega Energy

In general, energy usually means the power required to run a factory, a city or a
country. This is generally referred to as mega energy, which is measured in the scale
of Giga Watt or Mega Watt. General characteristics of a technology for macro-scale
energy are the total power output, stability, conversion efficiency and cost. In many
cases, cost is the most important measure, such as for solar cell (Fig. 1.1).

On the other hands, with the tremendous increase in the number of portable
electronics, developing energy storage related technologies is vitally important
because most of which are run by batteries. Although the power consumption of
each is rather small, the total number of devices is extremely huge. Over three billion
people around the world have cell phones. With the implementation of sensor net-
works around the globe, a gigantic number of sensors will be distributed worldwide;
powering of such a horrendous network consisting of trillions of sensors would be
impossible using batteries, because one has to find the location, replace batteries and

Fig. 1.1 Magnitude of power and its corresponding applications. Macro-scale energy is for
powering a city and even a country, the nano-scale energy is to power tiny small electronics, both
of such applications are measured by different characteristics. Reproduced with permission from
Wiley [5]
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inspect the proper operation of batteries from time to time. Energy harvesting from
the environment in which the senor is employed is a possible solution. This is the
field of nano energy, which is the power for sustainable, maintains free and
self-powered operation of micro/nano-systems [5]. The general characteristics for
nano energy power sources are the availability, efficiency and stability (Fig. 1.1). In
a case that a device is used under the light, the use of solar energy would be a natural
choice. In a case of a device is used near an engine possibly in dark, harvesting
mechanical vibration energy would be the best choice. As for biological application,
harvesting deformation energy from muscle stretching would be a good approach.
Although we may have a super high efficient solar cell, the condition under which
the device will work may have little light, the high efficient solar cell is not the choice
for this device. Therefore, the type of energy to be harvested depends on the working
environment of the device. This is what we mean by the availability of the energy
source for a particular application. The stability of the energy source is also
important because it guarantee the long-term operation of the device. Take solar cell
as an example, it has strong dependence on the day or night, weather or even season.
This is the reason that we have been developing technologies for converting
mechanical energy into electricity for self-powered sensors.

1.2 Triboelectric Effect

The triboelectric effect is a contact induced electrification in which a material
becomes electrically charged after it is contacted with a different material through
friction. Triboelectric effect is a general cause of every day’s electrostatics. The
signed of the charges to be carried by a material depends on its relative polarity in
comparison to the material to which it will contact.

Triboelectric effect is probably the only a few effects that have been known for
thousands of years. Although this is one of the most frequently experienced effect
that each and every one of us inevitably uses every day, the mechanism behind
triboelectrification is still being studied possibly with debate [6, 7]. It is generally
believed that after two different materials coming into contact, a chemical bond is
formed between some parts of the two surfaces, called adhesion, and charges move
from one material to the other to equalize their electrochemical potential. The
transferred charges can be electrons or may be ions/molecules. When separated,
some of the bonded atoms have a tendency to keep extra electrons, and some a
tendency to give them away, possibly producing triboelectric charges on surfaces.

Materials that usually have strong triboelectrification effect are likely less con-
ductive or insulators, thus, they usually capture the transferred charges and retain
them for an extended period of time, building up the electrostatic charges, which are
usually attributed to as negative effect in our daily life and technology developments.
We can use the following examples to illustrate the damages that can be caused by
triboelectrification. Aircraft flying will develop static charges from air friction on the
airframe, which will interfere with radio frequency communication. Electrostatic
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charges are an important concern for safety, due to the fact that it can cause explosion
and ignite flammable vapors. Carts/cars that may carry volatile liquids, flammable
gasses, or explosive chemicals have to be discharged properly to avoid fire. Some
electronic devices, most notably complementary metal-oxide semiconductor
(CMOS) integrated circuits and MOSFET transistors, can be accidentally destroyed
by high-voltage static discharge that may be carried by gloves. Therefore, tribo-
electrification is mostly taken as a negative effect in our daily life, industrial man-
ufacturing and transportation. Therefore, by surprise, although triboelectrification is
known for thousands of years, it has not been used for many positive applications. It
is until recently that triboelectric effect has been widely used for converting
mechanical energy into electricity and as self-powered active mechanical sensors.

1.3 Quantification of Triboelectrification

Although the triboelectrification effect is known for thousands of years, a funda-
mental understanding about it is rather limited. Research has been conducted to
characterize the triboelectrification process using various methods such as rolling
sphere tool-collecting induced charges from rolling spheres on top of dielectric disk
[8, 9], and using atomic force microscopy (AFM) to measure surface electrostatic
force or potential on surfaces contacted by micro-patterned materials [10–12].
However, these methods either lack an accurate control of the electrification process
and/or cannot directly reveal the triboelectric interface, thus hardly achieving a
quantitative understanding about the in situ triboelectric process.

We have demonstrated an in situ method to quantitatively characterize the tri-
boelectrification at nano-scale via a combination of contact-mode AFM and scan-
ning Kevin probe microscopy (SKPM) [13]. Benefited from the capability of
controlled charge transferring and in situ measurement, AFM can be used to
investigate the triboelectric charge transfer at surfaces. As a model system, a SiO2

thin film was rubbed for multiple cycles at the same area with constant contact
force. The corresponding SKPM images after each friction cycle are shown in
Fig. 1.2a and the extracted potential profiles are presented in Fig. 1.2b. Within
eight cycles of friction, the magnitude of the potential increased from 0.1 to 0.7 V at
a slowing rate. As shown in Fig. 1.2c, there is a clear trend for the surface charge
accumulation and saturation process. By quantitatively fitting the experimental data,
surface charge density before triboelectric process is σ0 = (−12 ± 3) μC/m2, and
saturation charge density after infinite numbers of cycles of friction is
σ∞ = (−150 ± 8) μC/m2. The electric field at the vicinity of the surface
is *1.7 × 107 V/m, which can easily generate a high voltage. The contact induced
charge transfer is the experimental base of our TENG.

The charges to be delivered to the surface of material can be manipulated by
applying a bias at the tip. Here we present the effect of an extrinsically applied
electric field on contact electrification between metals and dielectric films [14].
Figure 1.3a schematically displays the charge transfer between a metal and a
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dielectric layer in contact electrification. When the top electrode contacts the
dielectric layer, according to the electron transfer mechanism [15, 16], electrons
will transfer from one to the other due to the difference in the effective work
functions of two materials. Subsequently, the transferred contact electric charges
can also induce opposite charges in the two metal electrodes due to electrostatic
induction. Although the equivalent band gap in dielectric materials are large
(usually larger than 8 V), it usually has surface states within the bandgap that can
accommodate electrons [14]. Here we utilized the energy band diagrams to illus-
trate the case of a triboelectrically negative dielectric material (as compared to the
metal). Accordingly, the highest filled surface energy states of the dielectric
material is below the Fermi level of the metal, as illustrated in Fig. 1.3b. When the
two materials are in contact, electrons in the metal will flow from the top metal
electrode onto the dielectric surface to fill up the surface states as high as the metal’s
Fermi level (Fig. 1.3c). When two materials are separated from each other, an
electric field is built up due to the transferred charge on the dielectric surface and
image charges on the metal side, as depicted in Fig. 1.3d. The strength of the

Fig. 1.2 Triboelectric charge accumulation on the SiO2 surface with the increase of the number of
repeated rubbing at the same area. a Series of surface potential images taken in the same area from
intact status to the one after 8th rubbing cycles, and b their corresponding potential profiles.
c Derived surface charge density as a function of the number of friction cycles, and our fit based on
charge accumulation theory. Reproduced with permission from American Chemical Society [13]
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electric field is proportional to the induced charge density σ1 in the metal side. Due
to this locally built-up electric potential, a portion of the charges on the dielectric
surface can flow back to the metal. The potential difference is determined by the
separation distance and electric field strength. At the same time, the separation
process also creates an energy barrier between two surfaces that hinders the
back-flow of electrons. For simplicity, we assign a critical tunneling distance z, and
assume that below z the electrons can flow freely between two surfaces to maintain
a constant Fermi level and above z the barrier is large enough to prevent any
tunneling. For a parallel-plates model, at the distance z, the dielectric surface charge
σ induces σ1 on the top metal and σ2 on the bottom metal, which should satisfy

rþ r1 þ r2 ¼ 0 ð1:1Þ

Due to built-in electric field σ1/Ɛ0, the vacuum energy level between the metal
and the dielectric surface changes by ΔEvcc:

DEvcc¼r1ze=e0 ð1:2Þ

where e is the elementary charge.

Fig. 1.3 a Illustration of the contact electrification process with a tunneling width z, the charge
transferred to the dielectric surface with a density of σ, induced charge density σ1 and σ2.
b–f Energy band diagrams for the metal and dielectric materials in the situations of pre-contact (b),
in contact with no bias (c), in separation equilibrium with no (d), positive (e) and negative (f) bias.
Reproduced with permission from American Chemical Society [14]
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When the system is in equilibrium, the dielectric surface state will be filled up as
high as the Fermi energy level in the metal. If we assume that the surface density of
states is Ns(E) and the range of filled surface states is ΔEs, we have

r ¼ �e
Z E0 þDEs

E0

NsðEÞdE ð1:3Þ

Here, we use the averaged surface density of states as defined below,

NsðEÞ ¼
R E0 þDEs
E0

NsðEÞdE
DEs

ð1:4Þ

Therefore, the range of filled surface states ΔEs can be described as

DEs¼ �r=NsðEÞe ð1:5Þ

Combining Eqs. (1.2) and (1.5), we have,

E0 �W ¼ DEvcc þDEs ¼ r1ze=e0 � r=NsðEÞe ð1:6Þ

An external potential applied between the top and bottom (electrode underneath
the dielectric film) metals will change the relative energy band height, which
modulates the charge transfer accordingly. A positive bias applied to the top metal
can lower its Fermi energy level, thus reducing the number of electrons transferred
from the metal to the dielectric. At certain bias, the Fermi energy level will be as
low as the highest filled surface states in the dielectric material. As a result, no
charge will transfer between the metal and the dielectric surface, suggesting the
contact electrification will be nullified. When the bias is more positive than the
nullified bias, electrons will flow in a reversed way from the dielectric to the metal,
leaving dielectric surface positively charged, as illustrated in Fig. 1.3e. On the
contrary, a negative bias to the metal can raise its Fermi energy level, driving more
electrons flow to the dielectric surface to fill up higher surface energy states,
resulting in the dielectric surface to be more negatively charged (Fig. 1.3f). Under
the parallel-plate assumption, the bias V between two metal electrodes can be
written using Poisson equation as:

V ¼ r1
e0

z� r2
ee0

t ð1:7Þ

Combining Eqs. (1.1), (1.6) and (1.7), we can derive the surface charge density
on the dielectric surface σ as [14]:

r ¼ V þ ðW�E0Þ
e ð1þ t=ezÞ

t=ee0 þ 1

NsðE)e2
ð1þ t=ezÞ ð1:8Þ
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This equation provides a guideline on how the external electric field quantita-
tively modulates the contact electrification.

From Eq. (1.8), the transferred charge density σ should change with the exter-
nally applied bias V. To quantify the electric field influence, fresh areas of a
Parylene film (2 µm in thickness) were rubbed with different bias from −10 to 10 V
and then measured in the SKPM mode. Figure 1.4a displays the surface potential
distribution in the areas that were rubbed with biases from −2 to 5 V: a negative
bias can enhance the negative charge density; a positive bias of 2 V almost nullified

Fig. 1.4 a Surface potential
distributions of the Parylene
film including the areas that
were rubbed by Pt coated
AFM tip at different bias from
−2 to 5 V. b Cross section
profiles of the surface
potential of the Parylene film
rubbed with bias from −10 to
10 V. The inset is the
calculated surface charge
density as a function of bias.
With a bias of about 2.5 V,
the surface charge density is
zero, indicating the contact
electrification is completely
canceled out by the applied
bias. Reproduced with
permission from American
Chemical Society [14]
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the charges; a bias of higher than 2 V brought positive charges to the rubbed
surface. A cross section profile of the surface potential distribution of each
experiment was plotted in Fig. 1.4b. The surface potential of the rubbed area is
adjusted monotonically by the applied bias, where the positive bias brings the
surface potential to be more positive, and the negative bias exhibits the opposite
effect. The corresponding surface charge density calculated from the surface
potential profile is plotted as a function of the applied bias during the rubbing
process in the inset of Fig. 1.4b. It can be seen that the surface charge density
increases with increasing the applied external bias with a nonlinear characteristic,
which is associated with the different energy state densities in the middle of band
gap and closer to the conduction/valence band.

1.4 Materials for Triboelectrification

Almost any materials we know have triboelectrification effect, from metal, to
polymer, to silk and to wood, almost everything. All of these materials can be
candidates for fabricating TENGs, so that the materials choices for TENG are huge.
However, the ability of a material for gaining/losing electron depends on its
polarity. John Carl Wilcke published the first triboelectric series in a 1757 on static
charges [16, 17]. Table 1.1 gives such a series for some conventional materials.
A material towards the bottom of the series, when touched to a material near the top
of the series, will attain a more negative charge. The further away two materials are
from each other on the series, the greater the charge transferred. Recently, using the
contact between a solid and liquid metal, such as Hg, a methodology has been
established to quantitatively measure the surface charge density as a result of tri-
boelectrification (see Sect. 7.4).

Beside the choice of the materials in the triboelectric series, the morphologies of
the surfaces can be modified by physical techniques with the creation of pyramids-,
square- or hemisphere-based micro- or nano-patterns, which are effective for
enhancing the contact area and possibly the triboelectrification. The surfaces of the
materials can be functionalized chemically using various molecules, nanotubes,
nanowires or nanoparticles, in order to enhance the triboelectrification effect.
Surface functionalization can largely change the surface potential. The introduction
of nanostructures on the surfaces can change the local contact characteristics. The
contact materials can be made of composites, such embedding nanoparticles in
polymer matrix. This not only changes the surface electrification, but also the
permittivity of the materials so that they can be effective for electrostatic induction.
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Table 1.1 Triboelectric series for some commonly materials following a tendency of easy losing
electrons (positive) to gaining electrons (negative) [7]

Positive

)deunitnoc(Polyformaldehyde 1.3-1.4

Negative 

retseyloPEtylcellulose (Dacron) 

Polyamide 11 Polyisobutylene 

Polyamide 6-6 Polyuretane flexible sponge 

Melanime formol Polyethylene Terephthalate 

Wool, knitted Polyvinyl butyral 

Silk, woven Polychlorobutadiene 

larutaNmunimulA rubber 

elirtinolircayloPrepap

Cotton, woven Acrylonitrile-vinyl chloride 

lonehpsibyloPleetS carbonate 

rehteorolhcyloPdooW

Hard rubber Polyvinylidine chloride (Saran) 

Nickel, copper Polystyrene 

enelyhteyloPrufluS

Brass, silver Polypropylene 

Acetate, Rayon Polyimide (Kapton) 

Polymethyl methacrylate (Lucite) Polyvinyl Chloride (PVC) 

Polyvinyl alcohol Polydimethylsiloxane (PDMS) 

enelyhteoroulfartetyloP)deunitnoc( (Teflon) 

(continued)
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1.5 Van de Graaff Generator

Traditional triboelectric generator is a mechanical device that produces static
electricity, or electricity at high voltage by contact charging. The most popular ones
are the Wimshurst machine and Van de Graaff generator, which were invented in
*1880 and 1929, respectively. Both machines use the accumulated static charges
generated by triboelectrification. A simple Van de Graaff generator consists of a belt
of rubber (or a similar flexible dielectric material) running over two rollers of
differing material, one of which is surrounded by a hollow metal sphere, as shown
in Fig. 1.5 [17]. Two electrodes, (2) and (7), in the form of comb-shaped rows of
sharp metal points, are positioned near the bottom of the lower roller and inside the
sphere, over the upper roller. Comb (2) is connected to the sphere, and comb (7) to
ground. The rubber of the belt will become negatively charged while the acrylic

Positive

lohoclalynivyloPAniline-formol resin

Negative

Polyformaldehyde 1.3-1.4 Polyester (Dacron) (PET) 

enelytubosiyloPesolulleclytE

Polyamide 11 Polyuretane flexible sponge 

Polyamide 6-6 Polyethylene terephthalate 

Melanime formol Polyvinyl butyral 

Wool, knitted Formo-phenolique, hardened 

Silk, woven Polychlorobutadiene 

Polyethylene glycol succinate Butadiene-acrylonitrile copolymer 

erutaNesolulleC rubber 

Cellulose acetate Polyacrilonitrile 

Polyethylene glycol adipate Acrylonitrile-vinyl chloride 

Polydiallyl phthalate Polybisphenol carbonate 

Cellulose (regenerated) sponge Polychloroether 

Cotton, woven Polyvinylidine chloride (Saran) 

Polyurethane elastomer Poly(2,6-dimethyl polyphenyleneoxide) 

Styrene-acrylonitrile copolymer Polystyrene 

Styrene-butadiene copolymer Polyethylene 

enelyporpyloPdooW

Hard rubber Polydiphenyl propane carbonate 

Acetate, Rayon Polyimide (Kapton) 

Polymethyl methacrylate (Lucite) Polyethylene terephtalate 

Polyvinyl alcohol Polyvinyl Chloride (PVC) 

enelyhteorolhcoroulfirtyloP(continued)

enelyhteoroulfartetyloP (Teflon) 

Table 1.1 (continued)
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glass of the upper roller will become positively charged. The belt carries away
negative charge on its inner surface while the upper roller accumulates positive
charge. Next, the strong electric field surrounding the positive upper roller (3)
induces a very high electric field near the points of the nearby comb (2). At the
points, the field becomes high enough to ionize air molecules, and the electrons are
attracted to the outside of the belt while positive ions go to the comb. At the comb
(2) they are neutralized by electrons that were on the comb, thus leaving the comb
and the attached outer shell (1) with fewer net electrons. The excess positive charge
is accumulated on the outer surface of the outer shell (1), leaving no field inside the
shell. Electrostatic induction by this method continues, building up very large
amounts of charge on the shell.

In the example, the lower roller (6) is metal, which picks negative charge off the
inner surface of the belt. The lower comb (7) develops a high electric field at its
points that also becomes large enough to ionize air molecules. In this case the
electrons are attracted to the comb and positive air ions neutralize negative charge
on the outer surface of the belt, or become attached to the belt. As the belt continues
to move, a constant ‘charging current’ travels via the belt, and the sphere continues
to accumulate positive charge until the rate that charge is being lost (through
leakage and corona discharges) equals the charging current. The metal sphere (8) is
connected to ground, as is the lower comb (7); electrons are drawn up from ground
due to the attraction by the positive sphere, and when the electric field is large
enough (see below) the air breaks down in the form of an electrical discharge spark
(9). Since the material in the belt and rollers can be selected, the accumulated

Fig. 1.5 The Van de Graaff generator and its working mechanism. Reproduced from Ref. [17]
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charge on the hollow metal sphere can either be made positive (electron deficient)
or negative (excess electrons).

Van de Graaff generator is a high voltage source, and there is no current unless
there is a discharging. For a polished spherical electrode of 30 cm in diameter, it
could be expected to develop a maximum voltage of about 450 kV.

1.6 Triboelectric Nanogenerators

Today’s electronics is mostly associated with human activities for the purpose of
health, safety and communication. The most abundant energy associated with a
human is mechanical energy as a result of body motion. Recently, using the
electrostatic charges created on the surfaces of two dissimilar materials when they
are brought into physical contact, the contact induced triboelectric charges can
generate a potential drop when the two surfaces are separated by mechanical force,
which can drive electrons to flow between the two electrodes built on the top and
bottom surfaces of the two materials. This is the first triboelectric nanogenerator
(TENG) invented by Wang’s group in 2012, aiming at harvesting small scale
mechanical energy [18–20]. TENG has four basic modes as elaborated in details
below.

1.6.1 Vertical Contact-Separation Mode

We use the simplest design of TENG as an example (Fig. 1.6a) [21, 22]. Two
dissimilar dielectric films face with each other, and there are electrode being
deposited on the top and the bottom surfaces of the stacked structure. A physical
contact between the two dielectric films creates oppositely charged surfaces. Once
the two surfaces are separated by a small gap under the lifting of an external force, a
potential drop is created. If the two electrodes are electrically connected by a load,
free electrons in one electrode would flow to the other electrode to build an opposite
potential in order to balance the electrostatic field. Once the gap is closed, the
triboelectric charge created potential disappears, the electrons flow back.

1.6.2 Lateral Sliding Mode

The structure to start with is the same as that for the vertical contact-separation
mode. When two dielectric films are in contact, a relative sliding in parallel to the
surface also creates triboelectric charges on the two surfaces (Fig. 1.6b) [23, 24].
A lateral polarization is thus introduced along the sliding direction, which drives the
electrons on the top and bottom electrodes to flow in order to fully balance the field
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created by the triboelectric charges. A periodic sliding apart and closing generates
an AC output. This is the sliding mode TENG. The sliding can be a planar motion,
a cylindrical rotation, or disc rotation. Related theoretical studies have been carried
out for understanding the basic mode and grating structured TENG.

1.6.3 Single-Electrode Mode

The two modes introduced in Sects. 1.6.1 and 1.6.2 have two electrodes inter-
connected by a load. Such TENGs can freely move so that it can work for mobile
cases. In some cases, the object that is part of the TENG cannot be electrically
connected to the load because it is a mobile object, such as a human walking on a
floor. In order to harvest energy from such a case, we introduced a single electrode
TENG, in which the electrode on the bottom part of the TENG is grounded
(Fig. 1.6c). If the size of the TENG is finite, an approaching or departing of the top
object from the bottom one would change the local electrical field distribution, so
that there are electron exchanges between the bottom electrode and the ground to
maintain the potential change of the electrode. This energy harvesting strategy can
be in both contact-separation mode [25] and contact-sliding mode [26, 27].

1.6.4 Freestanding Triboelectric-Layer Mode

In nature, a moving object is naturally charged due to its contact with air or other
object, such as our shoes walking on floors that are usually charged. The charges

Fig. 1.6 The four fundamental modes of triboelectric nanogenerators: a vertical
contact-separation mode; b in-plane contact-sliding mode; c single-electrode mode; and
d freestanding triboelectric-layer mode
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remain on surface for hours and the contact or friction is unnecessary within this
period of time because the charge density reaches a maximum. If we make a pair of
symmetric electrode underneath a dielectric layer and the size of the electrodes and
the gap distance between the two are of the same order as the size of the moving
object, the object’s approaching to and/or departing from the electrodes create an
asymmetric charge distribution in the media, which causes the electrons to flow
between the two electrodes to balance the local potential distribution (Fig. 1.6d)
[28]. The oscillation of the electrons between the pair electrodes produces power.
The moving object does not have to be directly touch the top dielectric layer of the
electrodes, so that, in rotation mode, a free rotation is possible without direct
mechanical contact, so that the wearing of the surfaces can be drastically reduced.
This is a good approach for extend the durability of the TENGs.

Based on the four modes illustrated above, we have fabricated various TENGs
depending on specific applications. Figure 1.7 shows a collection of photographs of

Fig. 1.7 Typical photographs of some triboelectric nanogenerators fabricated for harvesting
a finger tapping energy; b air-flow/wind energy; c relative in-plane sliding energy; d enclosed cage
for harvesting oscillating/disturbing energy in water or mechanical vibration; e fabric for
harvesting body motion energy; f transparent TENG for harvesting energy in touch pad;
g foot/hand pressing energy; h water impact energy; i cylindrical rotation energy; j shoe insole for
walking energy; k flexible grating structure for harvesting sliding energy; and l disc shape rotation
energy. Reproduced with permission from Royal Society of Chemistry [32]
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TENGs we have fabricated for harvesting various types of energy. These structures
are the fundamental units for providing micro-scale power for small electronics, the
assembly and integration of them can be the basis of harvesting mega-scale energy.

1.7 Perspectives

The discovery of triboelectric nanogenerator (TENG) is a major milestone in the
field of converting mechanical energy into electricity for building self-powered
systems. It offers a completely new paradigm for effectively harvesting mechanical
energy using organic and inorganic materials. As of today, the area power density
produced by a TENG has reached as high as 500 W m−2, volume power density
reaches 15 MW m−3, and an instantaneous conversion efficiency of *70 % has
been demonstrated (Fig. 1.8) [29]. For low frequency agitation and if the energy
generated by all the residual vibrations are acquired, a total energy conversion
efficiency of up to 85 % has been shown experimentally [30]. A standard for
measuring the performance of a TENG has been established. The TENG can be
applied to harvest all kinds of mechanical energies that are available but wasted in
our daily life, such as human motion, walking, vibration, mechanical triggering,
rotating tire, wind, flowing water and more [19, 20]. This is the first major area of
applications of TENG as micro-/nano-scale power source (Fig. 1.9).

Fig. 1.8 Summary on the progress in the performance of TENG made in the a area output power
density and b energy conversion efficiency within the last 12 months. In May 2015, an
instantaneous energy conversion efficiency of *70 % has been demonstrated using liquid metal
as a contact material. For low frequency agitation and if the energy generated by all the residual
vibrations are acquired, a total energy conversion efficiency of up to 85 % has been shown
experimentally in 2014. * Total energy conversion efficiency; the rest of data are instantaneous
energy conversion efficiency. Reproduced with permission from Royal Society of Chemistry [20]
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Alternatively, a TENG can also be used as a self-powered sensor for actively
detecting the static and dynamic processes arising from mechanical agitation using
the voltage and current output signals of the TENG, respectively, with potential
applications as mechanical sensors and for touch pad and smart skin technologies
[31] (Fig. 1.9). Such sensor does not need an external power source, but creates
electric signal itself in responding to the external triggering or stimulation.

Furthermore, by integrating TENGs into network structure, it has the potential to
harvest water wave energy in ocean, which could be a new paradigm for mega-scale
blue energy [32–34] (Fig. 1.9). TENG has the incompatible efficiency for har-
vesting low-frequency mechanical energy in comparison to traditional electro-
magnetic generator of equivalent volume, so that it has unique and killer
applications for the exploration of ocean wave energy—blue energy, which has the
potential of making a huge contribution to the sustainable energy for the world.
Figure 1.10 shows a proposed technology development road map for nanogener-
ators and its commercial applications. Furthermore, TENG can serve as a

Fig. 1.9 Summary on the three major field of applications of TENG in micro/nano-power source,
self-powered sensors/systems (or active sensors) and mega-scale blue energy. The selected
examples were from the research of Wang’s group in the field of mobile/wearable electronics,
internet of things, environmental science, medical sciences human-machine interfaces, infrastruc-
ture monirtoring and security
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self-powered sensor for sensing mechanical triggering, pressure, muscle stretching
and more, which may become commercially available sooner than energy
harvesters.
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