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Abstract: Triboelectric nanogenerators (TENGs) have
attracted much attention as energy harvesting and sensor
devices. Compared with experimental means, theoretical
analysis is of low cost and time-saving for behavior
prediction and structural optimization and is more
powerful for understanding the working mechanism of
TENGs. In this article, the theoretical system for perfor-
mance simulation of TENGs has been reviewed system-
atically. The parallel-plate capacitor model, the distance-
dependent electric field (DDEF) model, figures of merit
(FOMs), and multi-parameter analysis are introduced. The
parallel-plate capacitor model is the most fundamental
model of TENGs, which is used to simulate the output of
TENGs with planar configurations. For non-planar TENGs,
the DDEF model is proposed, according to which the
electric field is assumed to be distance-dependent rather
than being uniform throughout the space. Further, to
realize the standardization of TENGs, a series of FOMs are
proposed as the standardized evaluation tools for TENGs’
output performance, which are used to reflect the
influence of device parameters on the output from
different aspects. Lastly, the multi-parameter analysis is
introduced to consider the impact of multiple parameters
on the output of TENGs simultaneously. These theories
constitute the theoretical simulation system of TENGs,
which could be used to guide the experimental work on
TENGs and boost device optimization in commercial
manufacturing.

Keywords: triboelectric nanogenerator, parallel-plate
capacitor model, distance-dependent electric field
model, figure of merit, multi-parameter analysis

* Corresponding author: Xianglong Zheng, Department of Civil
Engineering, College of Civil Engineering & Architecture, Zhejiang
University, 866 Yuhangtang Road, Hangzhou 310058, China,
e-mail: zxlzju@zju.edu.cn

He Zhang, Linjie Yao, Liwei Quan: Department of Civil Engineering,
College of Civil Engineering & Architecture, Zhejiang University,
866 Yuhangtang Road, Hangzhou 310058, China

1 Introduction

Energy harvesting devices and technologies have attracted
much attention recently. Environmental energy is omni-
present and within our reach. There are various energy
harvesting devices for collecting different types of en-
ergies. For example, the piezoelectric effect for mechanical
energy harvesting [1], thermal energy harvesters [2], light-
driven micro/nanomotors based on the photothermal
effect [3], etc. Moreover, the triboelectric nanogenerator
(TENG) is a novel type of mechanical energy capture
device based on the triboelectric effect. As early as BC, the
ancient Greeks had discovered the phenomenon of the
triboelectric effect by observing the attraction between
rubbed amber and lightweight particles. However, this
phenomenon is usually considered harmful in both daily
life and industrial manufacturing, and its benefit had not
been well recognized until the invention of the TENG.
Since being reported for the first time in 2012 by Wang’s
group (4], TENGs have attracted great attention. The
original TENG contains two dissimilar dielectric films
facing each other, with electrodes attached to the top and
the bottom surfaces of the two films. Its basic function is to
convert mechanical energy into electricity through the
triboelectric effect. Based on this basic function, there are
two typical applications of TENGs, first, as mechanical
energy harvesters, including the mechanical energy of
structural vibration [5], wave energy [6], and biomecha-
nical energy [7,8], acting as power sources for other
electronic devices; second, applied as self-powered
sensors to monitor motion [9,10], pressure [11], flow rate
[12], respiration [13,14], etc. To facilitate their application
in various areas, four operational modes with different
structures have been developed: contact—separation
mode, sliding mode, single electrode mode, and free-
standing mode. Yet, superior design and optimization
methods of TENGs must be realized to accomplish the
commercialization of various applications. In this case,
lots of experimental and theoretical research studies have
been carried out to understand the working mechanism of
the device and improve its output performance.
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For performance optimization of TENGs, lots of
studies have been reported by experimental trial-and-
error means, which may be generally divided into the
following categories: (1) application of composite mate-
rials. Fabricating composite materials is a good method to
improve the performance of materials [15]. Composite
materials are developed to enhance the performance of
tribo-pairs by using a doping method or laminated
composites. For instance, doping nanoparticles (e.g., Au
[16], graphite [17], and BaTiOs; [18]) into dielectric
materials (e.g., polydimethylsiloxane [PDMS]) may help
to enhance the output performance. The multilayer
material design aims to enhance the electric potential
between tribo-pairs to increase the output, by adding a
middle layer (Au nanoparticle-coated Al layer) between
the original tribo-pair [19] or putting multiple layers
together to form a composite layer (by adding polystyrene
and carbon nanotubes into polyvinylidene fluoride [20],
or using the PDMS—-gold—-PDMS multilayer material [21]).
(2) Material property modification. In nanotechnology,
surface modification, adjustment of the microstructure,
and modification of the surface morphology of materials
are all effective means to improve material properties
[22,23]. Property modification is realized primarily
through physical and chemical means. The former is to
change the surface morphology of materials to increase
the output performance, according to which various
micro-/nano-textured patterns of the surface are designed
for tribo-pairs, and their influence on the output of TENGs
was studied experimentally [24-27]. In chemical means,
Liu et al. produced a two-step anodization method of Ti
sheets to increase triboelectrically generated surface
charge and thereby realized significant increment of
output voltage and current [28]. Analogously, Kim et al.
found that ultraviolet irradiation of the PDMS surface can
also help to improve the performance of PDMS-based
TENGs [29]. (3) Electric circuit design. Typically, TENGs
show large matching impedances, high output voltage,
and low output current, which restrict the efficiency of
TENGs. The optimal design of the power management
circuit for TENGs can substantially enhance the output
voltage and energy transfer efficiency. Specifically, the
methods used in power management include automatic
switches between serial-connected and parallel-con-
nected capacitors [30], LC oscillation [31,32], self-manage-
ment mechanisms [33], etc. Besides, a low cost approach
to current measurement of TENGs has been proposed
using appropriate circuit design [34]. (4) Mechanical
loading optimization. Contact pressures [35-38], friction
mode [39], and contact area [40] are proved to have great
effects on the output performance. In this case, various
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studies have been carried out to investigate their
influence on the output performance of TENGs. It is
found that the open circuit output voltage of TENGs is
directly proportional to the contact force [35] and contact
area [40]. Through these experimental trial-and-error
means, lots of contributions have been made to achieve
the improvement of TENGs. However, without the
guidance of theories, the blind trial-and-error means
will cause a lot of unnecessary waste of time and
resources, resulting in high cost and low efficiency. Due
to the requirement for experimental accuracy, the cost of
experimental supporting equipment may be quite high
[34]. And all of the preparation of devices, complex
experimental processes, data analysis, etc. will take a lot
of time. What is more, it is difficult to figure out the
specific working mechanism of the device through
experimental means.

Compared with experimental means, theoretical ana-
lysis methods are more useful and powerful for deepening
the understanding of the working mechanism of devices
and providing optimization strategies for device structural
design, material selection, operation conditions, etc. [41].
In recent years, some studies have attempted to explore
the mechanism of the triboelectric effect from the Maxwell
displacement current [42] and the quantum point of view
[43]. Based on the Maxwell displacement current equa-
tions, the theoretical models for four modes of TENGs have
been established [44-48]. However, these theoretical
models are established for parallel plate capacitors, and
thereby they are unable to describe other complicated
surface topographies. To address this problem, a unified
theoretical model for TENGs was proposed based on the
concept of the distance-dependent electric field (DDEF)
[49], which can be applied to a wide range of geometries
and surface topographies.

Based on these research studies on the working
mechanism of TENGs, the performance optimization
work is carried out. These optimization research studies
included a series of parameter analysis studies focusing on
the relationship between the parameters and the output
performance. Besides, to establish a standard for evalu-
ating the different architectures of a TENG device, the
material FOM, performance FOM, and device FOM were
proposed in succession [50,51]. To make the FOM more
realistic, the breakdown effect was taken into considera-
tion to modify the material and performance FOM [52,53].
Although various optimization methods have been pro-
posed based on the theoretical models established for
TENGs, most of them utilize the single parameter analysis
method, which focuses on investigating the effect of a
single variable on device performance with others fixed.
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Yet, these optimization results may not be the best as
many parameters are correlated. To solve this problem, the
general optimization methods based on dimensionless
analysis and the multi-parameter analysis method are
conducted [54,55]. This method makes it possible to
realize the optimization of devices by tuning different
physical parameters simultaneously, which may reveal the
real situation of a TENG, that is, its output performance is
influenced simultaneously and coherently by plenty of
factors.

In this article, we primarily focus on the theoretical
research studies in mechanism investigation and optimi-
zation of TENGs. In Section 2, the fundamental principles
of the triboelectric effect and theoretical approaches for
studying the mechanisms of TENGs are presented first,
based on which the theoretical prediction theories of
TENGs with parallel-plate capacitor and DDEF models are
introduced. For quantification of TENGS’ output perfor-
mance, the material, performance, and device FOMs are
established based on the capacitor model in Section 3.
With material, performance, and device FOM, the
optimization of various TENG structures is realized.
Further, in Section 4, the multi-parameter analysis
method of output performance based on the dimension-
less forms is derived, based on which the general
optimization strategies for TENGs are presented. Finally,
we summarize the characteristics of these theoretical
approaches and propose some prospects in Section 5.

2 Fundamental theories of TENGs

TENGs are based on the triboelectric effect and electro-
static induction. When the tribo-pairs contact—separate
from each other, both of the dielectric surfaces generate
charges of opposite signs because of the triboelectric
effect. Simultaneously, charges are induced on the
electrodes under the action of electrostatic induction.
The charges in metal electrodes could transfer via the
external circuit to balance the potential difference. This
forms the TENG’s output current, which is essentially
Maxwell’s displacement current. To describe the genera-
tion mechanism of displacement current, the funda-
mental theories of TENGs are established, based on
which two main theoretical models for TENGs are
developed: the parallel-plate capacitor model and the
DDEF model. When the device has a planar configura-
tion and the thickness of the dielectric is far smaller than
its plane size, the parallel-plate capacitor model can be
used to describe the electrical performance of TENGs.
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However, when the device has a non-planar configura-
tion, the parallel-plate capacitor model no longer
applies. Instead, the DDEF model is proposed for non-
planar TENGs, which is more accurate because of the
introduction of the DDEF.

2.1 The origin of the output current of
TENGs

The concept of displacement current was first raised by
Maxwell in 1861. The displacement current is the partial
derivative of the electrical displacement flux with respect
to time rather than the current that is caused by charges
moving in a directional motion. Wang revealed the
relationship between TENGs’ output current and displace-
ment current, which explains the origin of TENGs’ output
current from an essential perspective [42]. Maxwell’s
displacement current is defined as follows:

oD 0E oP
= £

= = 1
a P T @

b
where D is the displacement field; &, is the permittivity in
vacuum; E is the electric field; and P is the polariza-
tion field.

The corresponding displacement current density of a
TENG is as follows:
_ 9Dz _ 90i(z, t)

= = 2
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where oy(z,t) is the charge density accumulated in the
electrode.

On the other hand, the output current of TENGs can
also be represented by

_d0_ ,do

I= .
dt dt

3)

We may see from equations (2) and (3) that the
origin of TENGs’ output is essentially Maxwell’s dis-
placement current.

2.2 The parallel-plate capacitor model for
TENGs

As mentioned above, the parallel-plate capacitor model
can be applied to TENGs with planar configurations.
Because of the inherent capacitive behavior of TENGs, the
parallel-plate capacitor model can be used to construct
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the theoretical frame under two basic assumptions
[45,48]: (1) the charges are assumed to be evenly
distributed on the surface of the dielectrics; (2) there is
only an electric field component perpendicular to the
plate inside the dielectric, and the component parallel to
the plate is neglected. The V-Q-x relationship is an
important part of the parallel-plate capacitor model for
TENGs. The V-Q-x relationship formulates the relation-
ship of three important parameters for TENGs: the output
voltage V, the amount of transferred charges between the
two electrodes Q, and the separation distance x, with the
expression of

V=1 04 v,

o %)

where V is the electrical potential difference between the
two electrodes, V,.(x) is the potential difference con-
tributed by the polarized charges, and —-Q/C(x) is the
potential difference contributed by the transferred
charges. Both contact-mode and sliding-mode TENGs
conform to equation (4) and they have different
expressions of Vy.(x) and C(x).

2.2.1 Contact-mode TENGs

Contact-mode TENGs have two categories according to
the materials used and device structures: dielectric-to-
dielectric contact (Figure 1a) and conductor-to-dielectric
contact (Figure 1b) structures. According to the basic
assumptions, the length and the width of tribo-pairs
should be far greater than their thickness, and the area
size of the electrodes should be much larger than their
separation distance. With the above model and assump-
tions, V,.(x) and C(x) of contact-mode TENGs can be
figured out based on  electrodynamics as
Voo(X) = ox(t)/go and C(x) = £0S/(do + x(t)), where ¢ is
the vacuum permittivity, o is the charge density at the
contact surface of the tribo-pair, and S is the contact area

Theories for triboelectric nanogenerators —— 613

of the tribo-pair. The equivalent thickness d, is defined as
di/eq + db/g,, and for conductor-to-dielectric contact
TENGs, d, is equal to O.

Substituting the expressions of Vi.(x) and C(x) men-
tioned above into equation (4), we will have the V-Q-x
relationship of contact-mode TENGs as follows [45]:

ox(t)

V= —i(do + x(t)) + . (5)
SE() &

Combining Ohm’s law and equation (5), we will have the
first-order ordinary differential equation about Q as follows:
dQ Q ox(t)

R— = _S—so(do +x(t) + ——

dt o (©)

which could be used to describe TENGs’ output proper-
ties. When the initial condition Q(t = 0) = 0 is adopted,
equation (6) can be solved and the expression of Q will
be obtained. According to the relationship between Q
and V, the output voltage will be as follows:

dQ
V(t) =R—
(t) it
__0dy  0(do +x(1))
&o &o
t
x exp| — dot + Ixt dt
P " Rse, | % J © %
N o_do doy + x(t)
& RS€0
t t
X I exp —M _ 1 jx(z)dz dr.
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0 T

2.2.2 Sliding-mode TENGs

Similar to the contact-mode TENGs, the sliding-mode
TENGs can also be divided into two categories according
to the difference of materials used as triboelectric layers:

(a) * ° (b) .
electrode electrode
a, ! IDielectric e RI Vi) " FE+ T AT T+ RI Vi)
| TG L
d, E I Dielectric layer2 €, (') d, : | Dielectric layer ¢, (')

Figure 1: Basic structure and model of a contact-mode TENG: (a) dielectric-to-dielectric contact-mode TENG; (b) conductor-to-dielectric

contact-mode TENG [41,54].
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dielectric-to-dielectric (Figure 2a) and conductor-to-di-
electric (Figure 2b). For sliding-mode TENGs, two
conditions need to be met to satisfy the basic assump-
tions. First, the length [ should be much larger than d,
and d,, otherwise the electric field component parallel to
the plate cannot be ignored. Second, the separation
distance x should be smaller than 0.91. If not, due to the
too-small overlapping area, the capacitance of the
overlapping area will no longer represent the capaci-
tance of the device. In addition, the charge distribution
on the electrodes and dielectric surfaces will also deviate
from the basic assumption. When the above two
requirements are met, the edge effect can be neglected
and the total capacitance has the expression
as C(x) = gow(l — x)/do.

The expression of V,.(x) is dependent on the charge
distribution on the electrodes. When the two dielectric
plates separate laterally, there exist charges on the lower
surface of dielectric 1 and the upper surface of dielectric 2
at the non-overlapped part. Under the above assump-
tions, the surface charge density for the overlapped region
on the top and bottom electrodes is ¢ and - o,
respectively. And the surface charge density for the non-
overlapped region on the top and bottom electrodes is
ox/(l — x) and - ox/(l - x). Combining the charge dis-
tribution mentioned above and Gauss theorem, we can
obtain that V. = oxdg/(go(l - X)).

Substituting the expressions of Vy.(x) and C(x)
mentioned above into equation (4), we will have the
V-Q-x relationship of sliding-mode TENGs as follows:

dy odyx

V= Q+ 8)

Cweol—x) el -x)

Combining Ohm’s law and equation (8), the first-
order ordinary differential equation about Q could also
be obtained, which could be solved with the initial
condition Q(t = 0) = 0. And according to the relationship
between Q and V, the output voltage of sliding-mode
TENGs could be obtained as follows:

(a) (b)
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4

L
o
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In addition, although the free-standing triboelectric-
layer based nanogenerators (FTENGs) and single electrode
triboelectric nanogenerators (SETENGs) have special struc-
tures, their output performance can also be simulated with
the capacitor model because they can still be treated as
capacitors with their output expressed by equation
(4) [46,47].

There are two kinds of FTENGs: contact-mode
(CFTENG in Figure 3a) and sliding-mode free-standing
triboelectric nanogenerator (SFTENG in Figure 3b). The
capacitance ratio between the two electrodes and charged
surfaces changes with the movement of the free-standing
layer, thereby generating the output current. For
CFTENGs, the theoretical analysis indicates that V. and
Qs have a linear relationship with displacement x, which
provides a potential method for displacement sensing
(Figure 3a). SFTENGs have superior tolerance to the free-
standing height h (Figure 3b), which enables them to
work with high performance in non-contact mode [47].

In contact-mode SETENGs (Figure 3c), the portion of
the capacitance between the dielectric and the reference
electrode that is not electrostatically shielded by the
primary electrode affects the output behavior directly.
And the maximum value of charge transfer efficiency of
SETENGs can only reach 50% compared to 100% in
paired-electrode structured TENGs. The basic output
characteristics of sliding-mode SETENGs are similar to
those of contact-mode SETENGs. [46]

It should be pointed out that the accuracy of the parallel-
plate capacitor model is limited by the configurations of
devices and the edge effect. If the TENG device has a
palpable non-planar configuration, the parallel-plate capa-
citor model is not applicable. As for the edge effect, it is

t
do l J‘
+ exp
RS 1 - x(t)
0

N

\: 5 G i s +Ql§!§gtrlc l

H e

Figure 2: Theoretical model of a sliding-mode TENG: (a) dielectric-to-dielectric sliding-mode TENG; (b) conductor-to-dielectric sliding-mode

TENG [41,55].
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Figure 3: Typical models of a (a) dielectric CFTENG, (b) dielectric SFTENG, and (c) dielectric-to-dielectric contact-mode SETENG [46,47].

mainly caused by the uneven distribution of charges on the
edges of electrodes. For example, when the displacement x
is close to the length I of the tribo-pair during the working
process (Figure 2), the charge density at the edges will be
too high causing an obvious edge effect [48]. As long as the
TENG devices are designed to meet the basic assumptions
and specific conditions listed above, the error caused by the
edge effect can be neglected.

2.3 The DDEF model for TENGs

As mentioned in Section 2.2, the parallel-plate capacitor
model is only applicable to TENGs with a planar form. To
provide a universal method to estimate the properties of
TENG devices with a non-planar form, the DDEF model is
proposed [49,56]. Instead of regarding the triboelectric
layer as an infinite plate, the DDEF model takes into
account the change in the electric field with the spatial
position and the overall electric fields acting in a TENG,
which is more reasonable for simulation of TENGs with
limited size. The electric field generated by the charged
surface is calculated by integrating the charged micro-
elements along the charged surface. Hence this electric
field is distance-dependent rather than being uniform
throughout the space. Because of the integration
process, even if the charged surface is non-planar, the
model is also theoretically applicable, which enables a
more flexible design and expands the development
potential of TENG devices.

In general, the DDEF model provides a simulation
method both for planar and non-planar TENG devices, in
which the DDEEF is the core. As for the planar configuration
(Figure 4a), there is a rectangular plate (L x W) with the
charge density o on its surface. In this case, the electric field
over the midpoint along the z axis can be calculated
utilizing Gauss’s law, which is

E, = j dE,
A arctan Liw (10)
e 2z/W)J4(z/W)? + (L/W)* + 1
- L),
yics

where z is the distance to the surface and ¢ is the
permittivity of the medium. Equation (10) is the
expression of the DDEF for a rectangular plane.

As for non-planar surfaces, the DDEF can also be
calculated using the same method. Taking an arc curved
surface with a diameter of w and a length of L as a
typical example, the overall electric field over the
midpoint of the convex surface (Figure 4b) along the z
axis can be represented as follows:

WZ

z+ % - /X xzj
( 2 Ve &, D

R?\J4R} + I?

w/2
0

oL
TTEY

Ez,convex =

where

RE=x2+ (z+w/2 — w4 — x?)2

Similarly, the overall electric field over the midpoint
of the concave surface (Figure 4c) along the z axis can be
represented as follows:

w/2 [Z _w + W_z _ ij
E _ oL I : v & (12
'Z,concave 7'[80 ) Rfm ’
where

R} =x%+ (z - w/2 + yW?/4 — x?)2.

With the expression of the DDEF, the electric potential of
the two electrodes can be calculated by considering the
contribution of free charges on electrodes and tribo-
electric charges on dielectric surfaces. Then combining
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Figure 4: Deriving the DDEF equations for the (a) planar, (b) convex, and (c) concave TENG surfaces [49].

Ohm’s law, a first-order ordinary differential equation
similar to equation (6) could be obtained.

The DDEF model has been proven to be applicable to
contact-mode TENGs, single electrode mode TENGs, and
free-standing triboelectric layer mode TENGs [56].
Modifying the DDEF function f(z) according to the
configuration of the TENG device, the DDEF model can
be applied to various non-planar TENG devices. How-
ever, if the shape of the curved surface is too
complicated, the integral expression of the corre-
sponding electric field may be difficult to calculate
accurately. Further research is needed to confirm the
convenience and universality of the application of the
DDEF model.

2.4 Single parameter analysis and
optimization for TENGs

The establishment of the parallel-plate capacitor model
and the DDEF model for TENGs provides the theoretical
basis for output behavior analysis and structural
optimization of TENGs with planar or non-planar forms.
Some achievements in working mechanism analysis and
output promotion based on these theoretical models
have been obtained.

Using the parallel-plate capacitor model, Niu et al.
studied the relationship between the resistance and the
output performance of TENGs with four different modes by
specifying the device parameters under the excitation with
constant velocity motion or harmonic motions [45-48]. The
influence of different resistances on output performance
was analyzed theoretically with this model. Accordingly,
some output characteristics of TENGs were revealed. For
example, the different output characteristics under different
external resistances result in “three working regions” of

TENGs, which could be explained both physically and
mathematically [45]. By investigating the effect of resistance
on the output of the device, Niu et al. gave the expression of
optimum resistance, which maximizes the output power
of a TENG [45]. For FTENGs and SETENGs, the influence of
some structural parameters on output properties and load
characteristics is investigated by a similar method [46,47].
For example, FTENGs and SETENGs have a fixed gap
distance between the two electrodes, and it is indicated that
the gap distance affects the performance by changing the
capacitance of the TENG. Corresponding experiments also
support the numerical results.

Utilizing the DDEF model, the relationships between the
structure parameters and the TENG outputs are investigated
[49], which provide both the qualitative judgment and the
basis of quantitative calculation. The effects of surface area
and layer thickness on output performance are analyzed
[49], which indicates that a larger surface area with thinner
layer thickness may result in better output. And these results
were validated by experimental results to prove the accuracy
of the DDEF model.

In addition, we firmly believe that these theoretical
models will give effective guidance for TENGs’ practical
application or experimental investigation. Theoretical
models may be used to predict the effect of device
parameters on output in advance, according to which
the experiments could be carried out more purposefully
and efficiently. The theoretical guidance will effectively
prevent the waste of time and resources caused by blind
trial-and-error experimental processes. For example,
Jiang et al. studied the load characteristics of TENGs
considering the air breakdown effect [57]. Based on the
theoretical prediction, the corresponding experiment
was well designed and optimization strategies were
obtained.

Generally speaking, the parallel-plate capacitor and
DDEF models are two basic models for the simulation of
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TENGs. In the parallel-plate capacitor model, the electric
field is obtained under the assumption of an infinite
charged plane. The tribo-pairs are parallel to each other,
and the electric field between the tribo-pair is uniformly
distributed. Therefore, the TENG devices should have
planar configurations and satisfy some assumptions
until they can be simulated with the parallel-plate
capacitor model. While in the DDEF model, the tribo-
pair can be non-parallel and of arbitrary curved
configurations. The electric field of the charged surface
is calculated by integrating the charged micro-elements
along the charged surface, which brings a wider range of
applications for the DDEF model.

3 Figure of merit (FOM) for
standardization of TENGs

The optimization methods mentioned in the previous
section regard several major output characteristics (open
circuit voltage V., the maximum output power, etc.) as the
evaluation indexes of TENGs’ output performance. This is a
direct but one-sided approach because these indexes only
characterize the peak values which TENGs achieve instan-
taneously and they cannot reflect the effect of the device
itself on the output of TENGs. What’s more, for diverse
TENGs which have different structures, materials, contact
areas, resistances, etc. it is difficult to assess and compare
the performance of all these different TENGs just with the
Voc, Qsc, and output power. Therefore, a standardized
characterization method is needed to quantitatively eval-
uate the performance of different kinds of TENGs, which is
of great significance for the commercialization and mass
production of TENGs. Different FOMs for TENGs are thereby
proposed as standard methods: the material FOM, device
FOM, and performance FOM [50,51]. They reflect the output
of TENGs and the influence of device parameters on the
output from different angles.

3.1 The material FOM of TENGs

Practice has pointed out that the material used in the
triboelectric layer affects the performance of TENGs
directly. Thus, the material FOM (FOM,,) is derived to
evaluate the performance of TENGs from the material
perspective and it serves as a material evaluation
criterion [50]. According to equations (5) and (8), the
transferred charge Q and output voltage V are dependent
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on the surface charge density o showing a linear
relationship. In other words, when all other conditions
are the same, the increment of o will lead to the
proportional increase of output voltage and a squared
growth of the average output power. The possible
maximum surface charge density is directly determined
by the type of material. Thus, the surface charge density
is used to define the FOM,, which is given as
follows: [50]

FOM,, = 04(C?/m*), (13)

The FOM,, represents the contribution of material
property to the output power, and it only contains the
parameter o. Hence, it is of great importance to obtain
the corresponding surface charge density o of different
materials. Although there has been a triboelectric series
that evaluates triboelectric performances of many
materials, it is just a qualitative criterion. Therefore, a
method is developed to quantify the triboelectric series
[58]. To ensure the intimate contact between the tribo-
pair, liquid metal is used as one of the triboelectrification
materials. The accurate value of o for one kind of
material is measured by contacting and separating it
from the liquid metal under strictly controlled experi-
mental conditions. Through this method, the tribo-
electric charge density of a series of commonly used
materials has been acquired [50,58]. With this quantita-
tive triboelectric series, it is convenient to choose a
suitable material during the design phase and assess the
influence of the material via FOM,,.

3.2 The device FOM of TENGs

In addition to the influence of the material, other device
parameters related to the structure should be considered
because different structures and structure parameters also
remarkably affect the output performance and character-
istics. Structure parameters are the most intuitive design
parameters used directly in the design. The selection and
optimization of structure parameters are inevitable and
irreplaceable. The device FOM (FOMgevice) can help to find
the optimized structure parameters [51].

As demonstrated in Section 2, a TENG can be
regarded as a capacitor from the device structure and
working mechanism points of view, which means that
the device capacitance will affect the performance of the
TENG notably. Structural parameters are important
factors affecting the device capacitors. However, the
influence of capacitance has not attracted enough
attention in mainstream studies. Therefore, Peng et al.
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studied the effect of capacitance on TENGs’ performance
and proposed FOMgeyice [51]. The FOMgevice reflects the
structure influence from the perspective of optimizing
the performance by considering the optimized device
capacitance. Specifically, in the periodic working pro-
cess of TENGs, the characteristic frequency of the
1/RCiota (RC product) should better match the mechan-
ical motion frequency w to convert mechanical energy
into electricity more effectively [51]. However, the
capacitance of the device is variable with the motion of
the tribo-pair for most of the TENGs. The change of the
RC product is much small when 1/Cgevice is large, which
leads to better matching and higher output power. Thus,
they pointed out that the optimization by tuning
capacitance should be considered as well rather than
the resistance only [51]. With the optimized resistance
and capacitance, the FOMgevice Will be

— O%WXpax

.
FOMgovice = P* - 0.064-2Y,

&o €o

(14)

where V = wxnax/7 is the average speed of the mechan-
ical motion, noting that the mechanical motion here is a
sinusoidal motion. The derivation process can be found
in ref. [51]. The average dimensionless power P* reaches
its maximum value with particular dimensionless resis-
tance R* and capacitance C*, which are determined by
some structure parameters such as contact area S and
the maximum displacement x;.x. Thus, the FOMgeyice
reflects the influence of the device structure and
provides a useful tool for structural parameter optimiza-
tion of TENG devices.

3.3 The performance FOM of TENGs

Different from FOMgevices FOMp evaluates a TENG from the
perspective of the maximum output energy by tuning
structural parameters. The ultimate goal of the optimization
is to improve the performance of TENGs in which the output
power is a major index. The FOMp represents the greatest
possible average output power and it is a quantitative
standard, which is suitable for different modes and sizes of
TENGs [50]. Hence, FOMp can serve as a universal standard
to evaluate varieties of TENGs. FOMp is defined as follows:

FOMp = 26020,

Xmax

(15)

where E, is the largest possible output energy per cycle,
Xmax 1S the maximum displacement of the tribo-pair, and
A is the contact area. Next, we introduce the derivation
of FOMp.
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A V-Q plot simulated for a TENG is shown in Figure
5a. The steady cycles formed under stable operation
(Figure 5b) are called “cycles for energy output” (CEO).
The area of CEO is the output energy per cycle. The
difference between the maximum and the minimum
transferred charges Q¢ reaches its peak value Qsc, max
under short-circuit conditions. However, the area of CEO
is very small if the TENG is always under the SC
conditions. To solve this problem, a four-step process is
designed to achieve instantaneous SC conditions during
operations with the use of a switch in parallel with the
external load [50]. Keeping the switch off at steps 1 and
3, and switch on at steps 2 and 4, the maximized Q¢ and
output energy could be achieved simultaneously. The
resulting cycles shown in Figure 5c are named “cycles
for maximized energy output” (CMEO).

The area of CMEO becomes larger with the increase
of resistance. Therefore, the maximized output energy
per cycle could be obtained under the open circuit
conditions as follows:

Em = %QSC, max(VOC, max t V1fnax)’ (16)
where Qscmax is the short-circuit transferred charge,
Voc,max is the maximum open-circuit voltage, and V), is
the maximum achievable absolute voltage.

Ignoring the discharging process in the whole TENG
operating process, the average power output P is
given by

17

where v is the average velocity of the relative motion in
the tribo-pair.

The area A should be taken into account to exclude
the effect of the TENG size on the output energy. Thus,
the FOMp can be defined depending on the parameters
Em, Xmax,> and A as equation (15).

In other related studies, some modifications were
made in the original FOM;p to make it more practical and
realistic. First, the maximum output power of TENGs can
only be achieved with an infinite load resistance but there
may be an arbitrary resistance attached to TENGs in most
practical situations. Therefore, Shao et al. defined a
resistance related structural figure of merit (FOMgs), which
can provide the optimum resistance and estimate the
performance under different resistances [59]. Second, the
FOMp is based on the maximized output energy per cycle
E.,, which is difficult to realize because of the breakdown
effect. The breakdown effect is a key limit of the
maximized effective energy output of TENGs. Thus, Xia
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Figure 5: (a) Voltage—charge (V-Q) plot for CEO, (b) working process of TENGs, and (c) V-Q plot for CMEO [50].

et al. developed a process to measure the maximized
effective energy output E.p, which considers the break-
down effect [53]. And they revised the FOMp by
substituting E,, with Eey,.

3.4 Application of FOM

A series of quantitative standards to design and evaluate
TENGs are established using the FOMs mentioned above.
FOMs enable us to compare the performance of different
modes of TENGs, and they offer guidance for TENG
design and optimization. Optimization studies based on
FOMs have made some progress and we believe that
these studies will greatly promote the practical applica-
tions and industrialization of TENGs.

Utilizing FOM,,, we emphasize the importance of
surface charge density. FOM,, drives advances in the
measurement of charge density. With the measurement
method and the standard, it is convenient to evaluate a
TENG device from the material perspective quantitatively
and choose the most suitable materials of tribo-pairs. The
establishment of a quantitative triboelectric series is a very
important basic work [58]. The research based on FOM,,
and the quantitative triboelectric series indicate that the
tribo-pair should be in opposite polarities, and larger
polarity differential between the materials leads to a higher
output performance [50].

FOMgevice provides an evaluation tool for TENGs
under the optimized capacitance, which has not gotten
enough attention in the previous literature. Using
FOMgevices We can design and evaluate a TENG device
without its output characteristics [51]. Some conclusions
were found from the related work on FOMgeyice [51]: (1)
the optimization considering both resistance and capa-
citance may lead to noticeable growth of output power;
(2) parasitic capacitance will cause power reduction, and

increasing the area of dielectric can minimize the effect
of parasitic capacitance.

FOMp is a comprehensive evaluation index for the
performance of TENGs. It can be used as a universal
standard to quantitatively calculate the power output of
TENGs. That is to say, we can calculate and compare the
output power of different kinds of TENGs with FOMp [60].
It is convenient to figure out the maximum output power
for a known TENG because the output characteristics are
used to define FOMp. On the other hand, FOMp also
reflects the influence of structural parameters on device
performance and gives guidance on parameter setting
such as load resistance, X.x. Especially, some conclu-
sions are given in the studies based on FOMp [50,59]: (1)
the increase of X,,,x can improve the output performance
directly; (2) contact-separation action brings higher
output than sliding action under the same X.,; (3) the
paired-electrode TENGs have higher energy conversion
efficiency than single-electrode TENGs with the same size
and materials.

4 Multi-parameter optimization for
TENGs

The output performance of a TENG device is co-regulated
by a group of factors including the material properties,
device structure, dimensions of tribo-pairs, loading
process, etc. Because these parameters function jointly,
the adjustment of one of these parameters not only
affects the output performance but also may affect the
optimized value of the other parameters. However, the
optimization methods mentioned above mainly take a
single parameter as the optimization object, which
restricts the optimization effect. It is of great significance
to optimize and evaluate the output performance of
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TENGs via theoretical models based on multi-parameter
analysis rather than single parameter analysis.

4.1 Dimensionless expressions for TENGs

Zhang et al. developed a series of normalized expres-
sions for TENGs’ output voltage and output power in
dimensionless forms for contact-mode and sliding-mode
TENGs [54,55]. These expressions provide a group of
scaling laws that can analyze the effects in different
aspects and consider the effects of several parameters
simultaneously. The output voltage and output power
can be optimized by tuning different physical properties
simultaneously based on these scaling laws rather than
only focusing on one physical property.

For contact-mode TENGs, the voltage output under
an external resistance could be derived by combining the
V-Q-x relation and Ohm’s law and specifying the
boundary condition (equation (7)). Further, Zhang
proposed the dimensionless expressions for output
voltage and output power based on equation (7) [54],
which can be given by

V(T)SO —
oA —VA[

A RSSO
do AT

__do (do
= A+(A+X(T))

(18)

i ngoj A
T
| e
0

PTey . (A RSeoj

¢
r)% v [ #6as {|ag

T

ng 0

oas  Pay AT (19
where 7 = t/T is the dimensionless time. A and T are,
respectively, the oscillation amplitude and the period of
the separation—contact cycle.

We can see that the dimensionless output voltage and
output power depend on two combined parameters: A/d,
and RSey/AT. A/d, represents the relative oscillation
amplitude and RSeo/AT represents the hybrid impact of
contact area, electrical resistance, oscillation amplitude,
and motion frequency. We can optimize the performance
of TENGs by tuning these two combined parameters or
only adjusting one parameter with the others fixed.
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However, the respective effects of oscillation amplitude A,
contact area S, and loading period T are not clear from
equations (18) and (19) because they are involved in both
the combined dimensionless parameter and the normal-
ized electric output. To solve this problem, we can apply
some equivalent transformations to equations (18) and
(19) and then we will get:

2
P Reg

_ (A RSgqy
= Ty T 20
0-2A2 pAR[dO ATJ ( )
V(r)eo _i[A A RSgq
(Td() dO do
=-1+ (1 + %2(1)]
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0 o doT o“dg 22)
ﬁ A RSSO
dR do’ doT

Equation (20) can be used to examine the effect of S
on the output power, while equations (21) and (22)
enable us to investigate the effects of oscillation
amplitude and period.

Analogously, Zhang provided the dimensionless
expressions of output voltage and power for sliding-
mode TENGs, which are given by [55]
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Figure 6: (a) Validation of the scaling laws for dimensionless peak output voltage through comparisons with experimental measurements with
different setups for contact-mode TENGs, and (b) comparison between theoretical results and experimental results for sliding-mode TENGs [54,55].

There are also two compound parameters A/l and
&oRS/dyT affecting the dimensionless output character-
istics of devices. A/l is related to the dimensionless
capacitance C whose expression is C = C4/Co =1 - A/l,
with Cy and C, being the capacitance when x = 0 and
X = a, respectively. And £gRS/dyT can be defined as the
dimensionless time constant T, which reflects the time
constant for the first-order circuits with C = Cy, to the
period of the alternating current. With the definitions of C
and T, equations (23) and (24) can be written in a form
that provides a better understanding from a physical
point of view. Similar to equations (20)—(22), the formulas
can be rewritten in an equivalent form to figure out the
influence of dy and R. These equations enable us to
investigate the comprehensive impact of the load resis-
tance R, planar area S, loading period T, and maximum
sliding distance A on the output voltage and power.
Specific information can be seen in ref. [55].

To verify the dimensionless expressions, the analytical
results calculated utilizing these dimensionless equations are

compared with the experimental data (Figure 6a for contact-
mode TENGs and Figure 6b for sliding-mode TENGs). As
shown in Figure 6, the theoretical predictions are highly
consistent with experimental data, which proves the accuracy
of these dimensionless expressions. There are two groups in
the contact-mode case: in Group I, the oscillation frequency
1/T varies from 1 to 6 Hz with the load resistance fixed at
R =100 MQ, while in Group II, the load resistance R varies
from 1 MQ to 1,000 MQ with the oscillation frequency fixed at
1/T = 5 Hz. The experimental results of these two groups
agree very well with the same theoretical prediction although
with different device structures, mechanical loading, and
circuit conditions. From the single-analysis point of view, T
and R are different parameters that affect the output
performance independently. While in the scaling laws, the
individual variation of either T or R causes the change of the
compound parameters and the compound parameters
determine the output performance directly. That is to say,
different combinations of T and R may lead to the same
output performance.
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4.2 Optimization based on scaling laws

In addition, to predict the output performance of a TENG,
the scaling laws in dimensionless expressions can also
provide optimization strategies and guidance. By observing
the change of the device output with the adjustment of
combined parameters and single parameters, it is proved
that the scaling laws from dimensionless expressions can
achieve the optimization for TENGs.

For contact-mode TENGs, the corresponding scaling
laws can be calculated based on dimensionless expressions.
We can achieve the best output performance of TENGs by
tuning multiple physical parameters simultaneously [54]. For
example, an optimized RSeo/AT which leads to maximum
dimensionless output power is observed for each given value
of A/dy. In single parameter analysis means, there exists an
optimized R for the maximum output power when the other
parameters are fixed. The same optimization is suitable for
other individual parameters including the oscillation ampli-
tude and contact area.

Similarly, the scaling laws for sliding-mode TENGs are
illustrated in Figure 7. These scaling laws also provide a lot of
optimization strategies from both multi-parameter and single
analysis points of view [55]. In multi-parameter analysis, it
can be observed in Figure 7 that larger A/l leads to a higher

output voltage and power. In Figure 7c and d, for each A/l,
the value of &£yVeax/0dy grows monotonically with the
increase of £gRS/dy T and approaches a constant value when
goRS/dyT = 1. In Figure 7k and 1, there exists a peak value
for £9 TP/ 0°dyS and the corresponding £9RS/dyT or T is
just the optimal value. In single-parameter analysis, the
optimization process is similar to that for contact-mode
TENGs. For example, by tuning one parameter and keeping
other parameters fixed, the best value of this parameter for
the highest £yRS/doT and A/l can be obtained for
optimizing the output power for TENGs.

The multi-parameter analysis for TENGs is based on
dimensionless expressions of the electrical output, which
reflects the scaling laws of TENGs’ output. The scaling
laws reveal the inner law that multiple parameters are
correlated. Compared to single parameter analysis, which
can only adjust a single parameter at a time to optimize
the performance, combined parameters can be tuned to
reach better optimization with multi-parameter analysis.

5 Conclusions and perspectives

In this article, we have reviewed the theoretical simula-
tion approaches for evaluating TENGs® electric
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performance including the parallel-plate capacitor

model, the DDEF model, the FOM and multi-parameter

analysis for TENGs, which can be summarized as
follows.

(1) The parallel-plate capacitor model is the most
fundamental model for TENGs. It is suitable for
TENGs with planar configurations and does not
apply to non-planar TENGs. The simulation accuracy
will also be limited by the edge effect if the basic
assumptions of the model are not satisfied.

(2) The DDEF model is proposed for TENGs with
arbitrary configurations. According to this model,
the electric field generated by the charged surface
changes is distance-dependent.

(3) For standardization of TENGs, a series of FOMs are
proposed to reflect the influence of device para-
meters on the output from different aspects. The
FOM,, reflects the impact of different materials on
the performance. The FOMgevice reflects the impact of
structure on performance from the perspective of
optimal capacitance, while the FOMp describes the
maximum output power of TENGs and reflects the
influence of some structural parameters.

(4) In single parameter analysis based on traditional
methods, only one parameter can be considered at a
time. Nevertheless, the output of TENGs is co-regulated
by a group of parameters. The multi-parameter analysis
could consider the impact of multiple parameters
simultaneously to achieve better optimization because
it reveals the inherent laws that multiple device
parameters affect the output of TENGs.

The theoretical methods introduced in this review
could be used to guide the experimental work on TENGs
and boost the device optimization in commercial
manufacturing. Here, we present some prospects for
TENGs. First, how to reasonably consider the edge effect
to make the models more widely applied is a problem to
be solved. Second, the theoretical model for the tribo-
pair with micro-/nano-textured surfaces also needs to be
established so as to investigate the relationship of the
output performance of the device with the kind of
material. Also, TENGs have great application potential
and development space in the field of sensing. Compared
with energy harvesting, the application of TENGs in the
field of sensing requires greater development of theories.
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