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Abstract
Contact electrification is coupled with electrostatic induction in developing triboelectric nanogen-
erator as a new energy technology. The triboelectric nanogenerator has two basic operating modes
that can be used to harvest a variety of mechanical energy. It provides not only a viable means of
powering portable and wearable electronics, but also demonstrates a possible route towards power
generation in large scale. This paper makes a comprehensive review on fundamentals, operating
modes, device design and performance enhancement of this newly emerged technology.
& 2014 Elsevier Ltd. All rights reserved.
Introduction

The advance of integrated circuits in the last decade has
ushered in the age of miniaturized electronics that are becom-
ing more portable, wearable, stand-alone and even implantable
than ever before. They then require power solutions that are
sustainable, maintenance-free and even perpetual, making the
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use of conventional power supplies such as battery limited.
With this regard, energy harvesting techniques that can capture
and convert ambient energy have emerged as a supplementary
and even an alternative power solution [1–4]. Mechanical
energy, due to its abundant availability, is an ideal source for
energy harvesting. Well-established transduction mechanisms
for mechanical energy harvesting include electrostatic, electro-
magnetic, and piezoelectric effects, which have been exten-
sively studied for a few decades [5–13].

In the last several years, a new type of energy harvesting
technology named as triboelectric nanogenerator (TENG) has
emerged to harness ambient mechanical motions [14–17].
The TENG has a novel and unique mechanism by using the
coupling between triboelectric effect and electrostatic
tors as a new energy technology: From fundamentals, devices,
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induction. It features unparalleled advantages over other
developed existing technologies, including high power den-
sity, light weight, small size, low cost, flexibility and even
transparency [18,19]. Since its first report in 2012, it has
evolved very rapidly and attracted extensive research inter-
ests on a global scale. Basic principles and modes have been
proposed; various device structures for harvesting a broad
range of mechanical energy have been reported; output
power has been dramatically promoted through advanced
device designing; and attractive applications of this technol-
ogy in energy and sensing have been demonstrated.

In this review, we will first have a concise discussion on
fundamentals of the physical model of the TENG, which will
be followed by an introduction of the basic operating
modes. Then we will have detailed elaboration on how to
develop high-performance devices. Our recent works will be
shown to illustrate each designing strategy. Challenges and
prospects will be presented in the end.
Fundamentals

Triboelectric effect is a type of charge transfer by which any
two materials, after contact with each other, become
electrically charged in opposite signs. The origin of this
effect is still shrouded in unsettled questions; and the type
of the charge species is still under debate [20–24]. However,
it is known that the triboelectric charges are only confined on
the surface of materials. They neither recombine nor get
annihilated. Instead, they stay in a quasi-permanent way for
an extended period of time although minor charge migration
occurs [25,26]. The effect has been utilized in applications
including electrostatic separations, self-assembly, photocopy
and laser printing [27–29]. It is because triboelectric charges
Fig. 1 Sketch that illustrates the operating principle of the contac
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are immobile and difficult to be conducted away that tribo-
electric effect has not been applied in power generation,
though it was used to produce high voltage.

The key innovation of the TENG is to incorporate electro-
static induction into an electricity-generating process. Con-
ductive electrodes that can provide mobile charges are
fabricated on the back side of the triboelectric charges. In
a TENG, it is induced charges on the back electrodes instead
of triboelectric charges that actually form the output current.
When two pieces of materials carrying opposite triboelectric
charges make relative motion, electric potential difference
created between the two electrodes causes transient flow of
induced charges. As a result, electric current is produced,
delivering effective output power to a load if connected
between the electrodes. In this process, mechanical energy is
thus converted into electrical energy. The form of the relative
motion can be diverse, making the TENG capable of harvest-
ing various types of mechanical energy.

Device structures

Contact mode

Basic energy-generation process
The contact mode features a motion direction that is perpen-
dicular to the charged surfaces in a TENG. Our work in 2012 was
the first to propose an accurate and clear description of the
energy-generation process [15]. Polymethyl methacrylate
(PMMA) and polyimide (Kapton) were used as a pair of contact
materials.

In an open-circuit condition, exchange of induced charges
cannot occur between the two electrodes. Shown in Fig. 1, no
triboelectric charges are generated in the original state
t mode. (a) Open-circuit condition. (b) Short-circuit condition.
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Fig. 2 Contact-mode TENG for harvesting energy from impact. (a) Schematic and (b) photograph of a fabricated triboelectric
TENG. (c) SEM image of gold nanoparticles coated on gold surface. (d) Short-circuit current when triggered by human footfall that
can generate contacting force between 500 N and 600 N. Inset: enlarged view of the highest current pulse. (e) Photograph of a setup
in which the TENG acts as a direct power source for 200 commercial green, red and blue LED lamps and (f) when footstep falls on the
TENG, simultaneously lighting up the LEDs in real-time.
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(Fig. 1a I). Due to an externally applied force, the two
materials are brought into contact. Surface charge transfer
then takes place because of triboelectric effect [30–32].
According to the triboelectric series, negative charges are
injected from PMMA into Kapton, leaving positive charges on
the PMMA surface (Fig. 2a II). As the PMMA layer moves away,
an electric potential difference (equivalent to open-circuit
voltage) is then established between the two electrodes. It
Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
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can be expressed by the following equation:

Voc ¼
σd
ε0

ð1Þ

where σ is the triboelectric charge density, εo is the vacuum
permittivity, and d is the gap between the two contact
materials. When the PMMA layer moves backward, the open-
circuit voltage diminishes and drops back to zero when a
tors as a new energy technology: From fundamentals, devices,
oen.2014.11.050
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complete contact is made again (Fig. 1a V and VI). It can be
derived that the open-circuit voltage is dependent on the
relative position of the two charged layers. If they are held
still, the open-circuit voltage will keep stable.

In a short-circuit condition, electrons can redistribute
between the two back electrodes due to electrostatic
induction, making net induced charges possible on a single
electrode. The induced charge density (σ') can be expressed
Fig. 3 The harmonic resonator TENG based on the contact mode
(b) Short-circuit current as a function of vibration frequency. (c
(d) Short-circuit current at the resonant frequency of 14.5 Hz. (e) P
LED bulbs. (f) Photograph that shows a TENG triggered by hand im

Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
to applications, Nano Energy (2014), http://dx.doi.org/10.1016/j.nan
as below.

σ' ¼ σdεrkεrp
d1εrpþdεrkεrpþd2εrk

ð2Þ

where εrk, and εrp are the relative permittivity of Kapton
and PMMA, respectively, d1 and d2 are the thickness of the
Kapton film and the PMMA layer, respectively. The flow of
the induced charges then forms output current whose
. (a) Open-circuit voltage as a function of vibration frequency.
) Open-circuit voltage at the resonant frequency of 14.5 Hz.
hotograph that shows a TENG on an automotive engine to drive
pact on a desk to power LED bulbs.
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5Triboelectric nanogenerators as a new energy technology: From fundamentals, devices, to applications
direction relies on the mechanical motion direction. There-
fore, reciprocating motion can produce alternating current.

Energy harvesting from direct force
It is apparent that the contact mode applies to any direct
force, including pressing, impact, shock, etc. In one of our
demonstrations, foot stomp was harnessed as the source of
mechanical excitation [16]. The TENG has a layered struc-
ture with two substrates, as schemed in Fig. 2a. Polymethyl
methacrylate (PMMA) was selected as the material for
substrates. On the bottom part, a layer of contact electrode
is prepared. The contact electrode plays dual roles of
electrode and contact surface. It consists of a gold thin
film and gold nanoparticles coated on the surface. Fig. 2b
shows uniform distribution of the nanoparticles on the
surface. On the top part, a thin film of gold is laminated
Fig. 4 Triboelectric generators based on the sliding mode. (a) Sche
different positions. (c) COMSOL simulation result of electric pot
(d) COMSOL simulation result of electric potential distribution when
difference between the aluminum electrode and the copper electr
represent experimental values and analytical values, respectively.
electricity generation process.

Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
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between the substrate and a layer of polydimethylsiloxan
(PDMS). This electrode is called back electrode. The two
substrates are connected by four springs installed at the
corners, leaving a narrow spacing between the contact
electrode and the PDMS. These springs provide a restoring
force that enables repeated contact and separation of the
two parts under an external impact. The as-fabricated TENG
is exhibited in Fig. 2c.

Triggered by the human stomp, the TENG generated current
pulses that had amplitude as high as 2 mA. It could instanta-
neously light up as many as 600 LED lamps (Fig. 2d and e). The
foot stomp and light emission were synchronized, indicating
that the TENG was a real-time power source. The successful
demonstration indicates other immediate applications, such
as self-lighting shoes and self-lighting tiles which can be
luminous upon footfalls.
matic of the TENG. (b) A complete sliding cycle of the TENG at
ential distribution when the two surfaces are fully aligned.
the two surfaces are halfway displaced. (e) Electric potential

ode as a function of the displacement. Red dots and blue dots
(f) A cycle of electricity generation process for illustrating the

tors as a new energy technology: From fundamentals, devices,
oen.2014.11.050

dx.doi.org/10.1016/j.nanoen.2014.11.050
dx.doi.org/10.1016/j.nanoen.2014.11.050
dx.doi.org/10.1016/j.nanoen.2014.11.050


G. Zhu et al.6
Energy harvesting from inertial force
The relative motion between the two charged materials can be
also driven by an inertial force, providing a route to making use
of vibrational energy. In this regard, a harmonic-resonator-
based TENG was developed [33]. It also consists of two separate
parts that are connected by springs at corners. If one part is
fixed to a vibration source and the other is left freestanding,
they will then have repeated contact and separation. As a
result, alternating voltage and current are produced, as shown
in Fig. 3a and b, respectively. The electric output is dependent
on the vibration efficiency, which reaches its maximum at the
resonant frequency (Fig. 3c and d). The resonant frequency can
be tuned by parameters such as the mass of the free-standing
component and the elastic modulus of the springs.

Several practical demonstrations were made to show the
applicability of the harmonic-resonator-based TENG. First,
shown in Fig. 3e, the TENG was mounted onto an auto-
motive engine. It sucessfully harvested vibrational energy
from the operating engine and powered about 20 LED bulbs
simultaneously. Second, TENG, sitting on a table, generated
electricity and drove small electronics as impact from a
nearby human palm initiated vibration of the table (Fig. 3f).
These deonstrations prove that the TENG is sensitive to
small ambient vibrations, making it suitable to a wide range
of circumsntacnes for either energy-harvesting or sensing
purposes, e.g. highways, bridges, and tunnels.
Sliding mode

Basic energy-generation process
Two charged surfaces can also make relative motion that is
parallel to the charged surface plane17. The basic structure
of the sliding TENG is sketched in Fig. 4a. It has a structure
in which two contacting surfaces that can slide smoothly
Fig. 5 Case-encapsulated triboelectric nanogenerator. (a) 3D mod
assembly. (e) and (f) The TENG that harvesters human body motion

Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
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with one against the other. On one of the substrates,
aluminum thin film plays dual roles of an electrode and a
sliding surface. On the other substrate, copper electrode is
sandwiched between the substrate and a PTFE film. The
PTFE film acts as another sliding surface. At original
position, the two sliding surfaces are fully aligned. Driven
by a tangential force applied to a substrate, relative
displacement in contact mode occurs in lateral direction.
After the two surfaces are fully displaced, the reciprocating
force retraces them back to the aligned position (Fig. 4b).

Once the PTFE film is brought into contact with the
aluminum thin film, surface charge transfer takes place due
to the triboelectric effect. At aligned position, positive
triboelectric charges on aluminum are fully compensated
by the negative counterparts on PTFE, producing no electric
field in surrounding space if the electric field at the edge is
ignored (Fig. 4c). Once a relative displacement is introduced,
triboelectric charges that are not compensated at the
displaced/mismatched areas result in an effective dipole
polarization parallel to the direction of the displacement.
Therefore, an electric potential difference is produced across
the two electrodes, as illustrated by a simulation plot via
COMSOL in Fig. 4d. Thus, the open-circuit voltage can be
analytically expressed as a function of the displacement.

Voc ¼
q

2πε0WL
l
2
lnðt2þ l2Þþt tan �1 l

t

� �� �
ð3Þ

where l is the mismatched displacement between the two
sliding plates, q is the quantity of the triboelectric charges on
one plate, ε0 is the vacuum permittivity, L is the length of the
TENG's plate,W is the width of the TENG, and t is the thickness
of the PTFE film. The theoretically calculated Voc fits the trend
of the experimental data (Fig. 4e). These two sets of results
both reveal that the Voc drastically increases once the displace-
ment occurs and quickly reaches a nearly saturated value.
el and (b) cross sectional view. A TENG (c) before and (d) after
powers white LED bulbs.
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If the two electrodes are electrically connected, once
displacement is established, the uncompensated negative tribo-
electric charges on PTFE will repulsively drive free electrons on
the copper electrode to the aluminum electrode (Fig. 4f2). The
flow of induced electrons lasts until the displacement reaches
the maximum. At the fully displaced position, the positive
triboelectric charges are completely balanced out (Fig. 4f3). As
the displacement is diminished by the reciprocating force, the
induced electrons flow back to the copper electrode (Fig. 4f4)
until the fully aligned position is restored (Fig. 4f1). Therefore,
in the entire process, alternating current is produced through
the external load.

Harvesting energy from linear motion
Based on the basic operating principle of the sliding mode, a
case-encapsulated TENG was developed [34]. The structural
configuration is depicted in Fig. 5. It has two concentric
Fig. 6 (a) Schematic of the rotating-TENG with 6 strip units. (b)
(b) Short-circuit current of a rotating-TENG at a linear rotational vel
view of the current peaks. (b) open-circuit voltage of a rotating-TEN
1000 r/min). Inset: enlarged view of the voltage peaks.

Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
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cylinders that can slide against each other. The case wrap
applied tightly around the outer cylinder allows the two
cylindrical structures to have relative motion in a coaxial
one-dimension. Polyimide was selected as an electrification
material for generating the triboelectric charges and also as
the supporting substrate. On both sides of the polyimide
film, copper stripes were deposited with a periodic pitch.
The electrode patterns on different sides exhibited a linear
shift of half pitch so that they are complementary to each
other. Two polyimide films having the same electrode
patterns formed a pair of contact surfaces. They are
adhered onto the outer surface of a PMMA tube and the
inner surface of a foam tube, respectively (Fig. 5d). The
fully assembled CE-TENG is shown in Fig. 5e.

The device was used to harvest random body motions. By
simply shaking the CE-TENG, multiple LED white bulbs con-
nected in parallel were lighted up (Fig. 5e and f). The CE-TENG
SEM image of PTFE nanoparticles on the surface of PTFE film.
ocity of 1.33 m/s (a rotation rate of 1000 r/min). Inset: enlarged
G at a linear rotational velocity of 1.33 m/s (a rotation rate of
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can be even attached to certain parts of the human body, such
as hand, forearm, leg and even torso. Its casing-encapsulated
structure allows linear motions between the two parts during
normal human movements such as running and jumping.

Harvesting energy from rotation
A coaxial cylindrical structured rotating-TENG (Fig. 6) was
developed to harvest mechanical energy from rotation [35].
ATENG with a total contact area of 12 cm2 contains multiple
strip units that are connected in parallel. For a TENG with
8 strip units at a linear rotational velocity of 1.33 m/s, the
instantaneous short-circuit current and the open-circuit
voltage could reach 90 μA and 410 V, respectively, corre-
sponding to an instantaneous maximum power density of
36.9 W/m2 and an equivalent average direct current of
45.6 μA. Higher output power can be achieved by using a
higher density of strip units and/or applying larger linear
rotational velocity. Since rotation is one of the most
common forms of motion in ambient environment, a fully
packaged cylindrical rotating TENG has potential applica-
tions in harsh environment, outdoors or even under water to
harvest energy from water flow.

High-performance device

Materials issues

The output voltage as well as the output current is linearly
related to the density of triboelectric charges that is largely
defined by materials. The triboelectric series is a list of
materials that are arranged according to their tendency in
gaining or losing electrons. Materials that are listed on the
Fig. 7 Density of short-circuit current (a), open-circuit voltage (b)
different types of PVDF films under a periodical compressive forc
forward-polarized (c), non-polarized (e) and reverse-polarized (f) T

Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
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top tend to become positively charged while those listed at
the bottom are more likely to gain negative charges.
Therefore, the materials used for the two contact surfaces
in TENG need to have the largest possible separation on the
triboelectric series. Besides, these materials need to be
compatible to thin-film structure, excluding some of the
materials even though they may excel in producing tribo-
electric charges. Generally, positively charged materials
used in a TENG usually include Polyamide and metal, while
those negatively charged materials are mostly fluorinated
polymers, such as PTFE, FEP and PVDF.

In order to further increase the surface charge density, we
demonstrated an approach that took advantage of the dipole
moment in polarized polyvinylidene fluoride (PVDF), substan-
tially enhancing the output power density of the TENG. In
this work, polarized PVDF was used as the electrification
material [36]. The electric output was dependent on the
polarization direction of the PVDF. Forward-polarized PVDF
could greatly enhance the output power, while reverse-
polarized PVDF resulted in reduced output power, as shown
in Fig. 7. The enhancement reached as high as 240% under a
constant force of 50 N. The reason for this modulation was
proposed to be the intrinsic dipole moment of the PVDF that
altered the surface potential level of the PVDF film. As a
result, the surface charge transfer between the PVDF and
another contact material was modulated.
Device structures

Macro-structure
We developed an innovative design of a TENG with multiple
layers of units fabricated on a single flexible substrate (Fig. 8)
and accumulative charge (c) generated by TENGs fabricated by
e around 50 N. Dependence of the peak power output of the
ENGs on the resistance of the external load.
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[37]. The structure provides a novel and simple method to
stack multiple TENGs without either expanding the area or
considerably complicating the fabrication process. As a con-
sequence, we were able to achieve multi-folds enhancement
of the output power while keeping the TENG's area constant. A
TENGwith a size of 3.8 cm� 3.8 cm� 0.95 cm contains 5 active
layers of units that are parallel connected. The instantaneous
short-circuit current and the open-circuit voltage could reach
0.66 mA and 215 V, corresponding to an instantaneous power
density of 9.76 mW/cm2 and 10.24 mW/cm3 at device level.
Micro-structure
When we first proposed the basic sliding mode, a concept of
linear gratings was demonstrated to enhance the current
amplitude, current frequency, and conversion efficiency
[17]. Identical linear grating with uniform period is fabri-
cated on both sliding surfaces. Every row of the grating
units can be considered as a reduced-sized TENG; and it is in
parallel connection with all other rows. In contrast to a non-
grating TENG that needs to be fully displaced in order to
complete pumping of the induced charges for one time, the
grating TENG only requires a displacement of a unit length
to completely transport the induced charges. Therefore, for
Fig. 8 Structure and photographs of a flexible multilayered TENG w
the zigzag-shaped structure of the TENG. (c) SEM image of nano-p
multilayered TENG and (e) photograph of a bent flexible multilaye

Fig. 9 Electrical measurement results of grating TENGs with multip
of a grating TENG with 6 (a), 8 (b) and 10 (c) grating units for a s
schematic of the TENGs structure.

Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
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a one-way sliding process across the entire length of the
TENG, the induced charges can be pumped for (2N�1)
times in total, where N is the number of grating units. The
following equation represents the total induced charges Q in
a single sliding across the entire length of the TENG.

Q ¼ Nq'þj�q' � ðN�1Þjþq' � ðN�1Þþ…þj�q'jþq'

¼ Nq'þ2q' � ∑
N�1

i ¼ 1
i

¼ ð2q'NÞN=2 ð4Þ
where q' is the induced charges generated from a single
grating unit for a displacement of the unit length. As shown in
Fig. 9a–c, the amplitude of short-circuit current produced by
TENGs having 6, 8 and 10 grating units increases in a linear
manner, as indicated in Eq. (4). Therefore, high-density and
fine-sized periodic pattern on the sliding surface is the key to
substantially promote the output power of the TENG.

Following the above grating concept, we developed two
types of high-performance TENGs that have fine-sized
periodic patterns of different shapes. One of them is based
linear micro-gratings [19]. The device is composed of PTFE
thin films with a pair of metal gratings on opposite sides. As
schemed in Fig. 10a, the grating is a collection of metal
ith 5 layers of units. (a) Schematic and (b) an enlarged view of
ores on aluminum foils. (d) Photograph of a fabricated flexible
red TENG by human fingers.

le grating units within a fixed total length. Short-circuit current
ingle sliding process across the full width of the TENG. Insets:
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Fig. 10 Device design of the linear micro-grating TENG. (a) Schematic illustrations of the thin film that composes of the TENG. The
zoom-in illustration (bottom left) reveals that the film consists of a PTFE layer and a pair of metal gratings that have complementary
patterns. (b) Photograph of a flexible PTFE film with a pair of complementary metal gratings on both sides. (c) SEM image of PTFE
nanoparticles applied onto the surfaces on which friction takes place. (d) Amplitude of short-circuit current and open-circuit voltage
with varying sliding velocity. (b) The optimum effective current and corresponding load with varying sliding velocity. (c) The
optimum effective power of the TENG with varying sliding velocity.

G. Zhu et al.10
strips separated by equal-sized intervals. The paired grat-
ings are identical but complementary with relative displa-
cement of half pitch (zoom-in view in Fig. 10a). Fig. 10b
exhibits a photograph of the PTFE thin film with double-
sided metal gratings. On the top surface, a layer of PTFE
nanoparticles is applied as surface modification (Fig. 10c).
Two of the thin films with different length are prepared,
which have a total area of 60 cm2, a total volume of
0.2 cm3, and a total weight of 0.6 g. The relative motion
direction is perpendicular to the metal strips. The short-
circuit current reaches as high as 2 mA when sliding at a
relative velocity of 2 m/s and keeps increasing in a linear
way as a function of the velocity (Fig. 10d). The average
optimum output power under the matched load is 0.7 W at
the sliding velocity of 0.7 W and can be further enhanced to
almost 3 W at the sliding velocity of 10 m/s (Fig. 10f)
Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
to applications, Nano Energy (2014), http://dx.doi.org/10.1016/j.nan
Another shape of the periodic pattern is radial sectors
[18]. The device consists of mainly two parts, i.e., a rotator
and a stator. The rotator is a collection of radially-arrayed
sectors separated by equal-degreed intervals in between.
The rotator has a total of 60 units. For the stator, it is divided
into three components. A layer of FEP as an electrification
material, a layer of electrodes, and an underlying substrate
are laminated along the vertical direction. The electrode
layer is composed of two complementary-patterned elec-
trode networks that are disconnected by fine trenches in
between. Operating at a rotation rate of 3000 r min�1, a
rotary TENG having a diameter of 10 cm can produce an
open-circuit voltage of �850 V and a short-circuit current of
�3 mA at a frequency of 3 KHz. Under the matched load of
0.8 MΩ, an average output power of 1.5 W (an area power
density of 19 mW cm�2) can be delivered to an external load
tors as a new energy technology: From fundamentals, devices,
oen.2014.11.050

dx.doi.org/10.1016/j.nanoen.2014.11.050
dx.doi.org/10.1016/j.nanoen.2014.11.050
dx.doi.org/10.1016/j.nanoen.2014.11.050


Fig. 11 Demonstrations of a rotary TENG in harvesting ambient energy. (a) Harvesting energy from light wind at a flow speed of 6 m/s
by the TENG for powering an array of spot lights (scale bar: 3 cm). Inset: a wind turbine that transmits torque to the TENG (scale bar:
5 cm). (b) Harvesting energy from water flow at a flow rate of 5.5 L/min by the TENG for powering an array of spot lights (scale bar:
5 cm). Insets: tap water is directed into a water turbine through a water pipe (top; scale bar: 2 cm); upward view of the water turbine
(bottom; scale bar: 7 cm). (c) Harvesting energy from body motion by the TENG that is being gently swung with a hand for powering an
array of spot lights (scale bar: 5 cm). Inset: the hand-held TENG with two pieces of inertia mass attached to the rotator (scale bar: 5 cm).
(d) Output voltage of the power-supplying system when the TENG is driven by the above three types of ambient mechanical energy.
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at an efficiency of 24%, representing a gigantic leap in terms
of output power by orders of magnitude. The TENG is
demonstrated as an effective measure in harvesting a variety
of ambient mechanical motions, such as light wind (Fig. 11a),
water flow (Fig. 11b), and body movement (Fig. 11c). More
importantly, a complete power-supplying system is built
through integrating a power management circuit with the
TENG, which can provide a continuous direct current source
at a constant voltage for sustainably driving as well as
charging various commercial electronics (Fig. 12).
Prospects and challenges

Compared to other existing power-generating technologies,
the TENG has high output power as well as light weight and
small size because it can be fabricated from thin-film materi-
als. As a result, the TENG is superior in power density in terms
of both power-to-volume ratio and power-to-weight ratio. This
advantage is especially important for developing self-powered
portable/wearable electronics, where size and weight manage-
ment are important. Furthermore, since the TENG relies on
surface charging effect, it only requires very small amount of
materials, which are conventional materials that are readily
available. Because of the scalable and straightforward fabri-
cation process, the TENG is significantly cost-effective, an
unparalleled advantage for potential practical applications.
Please cite this article as: G. Zhu, et al., Triboelectric nanogenera
to applications, Nano Energy (2014), http://dx.doi.org/10.1016/j.nan
Besides, the broad choices of materials enable unique applica-
tions, e.g. those in healthcare where biocompatibility is
required.

It must be pointed out that there are some challenges to be
overcome for the long-term development of the TENG. First,
the TENG can easily produce extremely high voltage but low
current, which means that the TENG has very high output
impedance. However, conventional electronics usually require
high current but low voltage, leading to relatively low input
impedance. As a result, a TENG and the load have significant
mismatch of impedance. Voltage transformers were connected
to the TENG in order to increase the current at the expense of
the voltage. However, they are normally bulky in size the heavy
in weigh, which are unsuitable for a miniaturized self-powered
system. Second, the thin-film electrification materials are
normally polymers that are susceptible to mechanical wear.
Residual particles due to the mechanical wear will prevent the
two contact surfaces from intimate contact and thus greatly
reduce the output power the TENG. Though dry lubricant made
of nanoparticles was used to promote the wearability to some
degree, more progress needs to be made in this aspect.
Conclusion

The triboelectric nanogenerator takes advantage of the cou-
pling effect between contact electrification and electrostatic
tors as a new energy technology: From fundamentals, devices,
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Fig. 12 Demonstrations of the integrated power-supplying system for driving and charging electronics. (a) Photograph of an alarm
triggered by a wireless emitter that relies on the power-supplying system (scale bar: 3 cm). Inset: photograph of the “panic” button
that sets off the alarm. (b) Photograph of a multi-function digital clock driven by the power-supplying system (scale bar: 3 cm).
(c) Photograph of a cellphone that is being charged by the power-supplying system (scale bar: 3 cm).

G. Zhu et al.12
induction. It provides a practical approach in harvesting
mechanical energy in a variety of forms, including impact,
vibration, sliding, rotation, etc. This newly emerged technol-
ogy features high output intensity, light weight and small
volume. It is promising to become a viable means of powering
small electronics and even a possible solution for large-scale
power generation.
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in self-powered electronics for wireless sensor networks and
portable consumer electronics and in potentially large-scale power
generation by harnessing mechanical energy from nature.
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