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Preface

Since its invention, triboelectric nanogenerator (TENG) has experienced
development for over 10years, like a big tree grown from a tiny seed. 10years
ago, we were still working on the basic modes, fundamental theories, evaluation
standards, etc. Five years ago, we studied mechanisms and designs that can enhance
the output performance of TENGs. Nowadays, TENG has become a well-recognized
energy harvesting technology with output energy density of 10° J/m? level while the
peak power density can achieve 15 MW/m?, and scientists are working on TENG’s
applications in various scenarios. As recommended by authors, we believe the
topics selected are important research topics in TENG, which may not only con-
tribute to the development of science in TENG, but also promote the applications.
The significance and the related questions of these chapters are stated below:

1) Chapters1and 2 state how the triboelectric charge was generated and discharged,
which highlights the charge transfer flow in TENG. In the meanwhile, an issue
worthy to discuss is how the energy conversion in TENG was completed at the
beginning, and how a large portion of the electrostatic energy was wasted if they
were not used in applications.

2) Chapter 3 regarding the standardization of TENG is touching a key question of
TENG, that is how much energy can TENG provide? The provided standards are
all related the output energy density of TENG, which is now around 10° J/m?3.
As comparison, the lithium ion battery can achieve around 10° J/m3, while the
limit of the breakdown discharge of materials is around 108 J/m3, which means
we may still have some gaps to catch.

3) Chapters 4-8 discuss about different methods to promote and/or config the
output performance of TENGs. The gas environment can impact the breakdown
discharge limits as well as equivalent resistance of among triboelectric layers
and electrodes. Liquid-solid interface may provide a way for triboelectric charge
generation with little energy waste in friction. Electromechanical structures may
provide means to excite the charge in circles until breakdown limit. DC-TENG
provides a new design that can directly supply direct current output. The
power-management and energy storage systems provide solutions to manage
and store the generated power, which is also necessary in the system.

Xi



xii | Preface

4) Chapters 9-12 outlook four new related research areas, which are all related
to potential applications. Tribotronics utilizes TENG to serve as a gate voltage,
which can be triggered by simply touching. Tribophotonics couples the tribo-
electricity as the power source and photonics as the wireless transmission means,
targeting at self-powered wireless systems. Combined with artificial intelligence
(AI), sensing systems based on TENG mechanisms will become more accurate,
with advantages of high signal-to-noise ratio. High-voltage output from TENG,
with thousands or even tens of thousands volts in voltage, may be a new appli-
cation area that is promising to trigger breakdown discharge, electrospray, field
emission, etc.

In light of the four parts as stated above, we can see that TENG is experienc-
ing a rapid development in the past five years. Compared with the book Triboelec-
tric Nanogenerators published in 2016 by Springer, the contents of this book cover
more in-depth mechanism studies, discuss more methods to promote/regulate the
output performance, and expands more applications with new research directions
proposed. Hopefully with this new book, readers can understand the progress in this
exciting field, and facilitate mutual communications among scientists, engineers,
students, and public, which may end up with better utilization of TENG technology
to serve the people’s life.



Introduction of Triboelectric Nanogenerator

.1 What is a Triboelectric Nanogenerator (TENG)?

To meet the rapidly increased energy demands of the Internet of Things (IoT) and
modern smart cities, a new type of energy harvesting technology, nanogenerator,
has been invented to provide sustainable power source by collecting energy from
the ambient environment. In them, the triboelectric nanogenerator (TENG), which
is based on the coupling of triboelectrification and electrostatic induction effects,
is focused in recent years [1-6]. This emerging technology was predicted to play a
critical role in harvesting low-frequency energy such as body motion energy and
ocean-wave energy [7-9]. Due to its advantages of lightweight, low cost, and high
efficiency, plenty of research has demonstrated the great potential of TENGs on
numerous applications [10-13].

The term “nanogenerator” is defined as an emerging type of technology that
can convert small-scale mechanical and thermal energy into electricity. Different
from traditional generators, nanogenerator usually utilizes Maxwell’s displacement
current initiated by the static charges, which were generated by triboelectric,
piezoelectric, and pyroelectric effects, to drive effective energy conversion [14, 15].
TENG is the major type of nanogenerator which utilizes the charge generated
in triboelectric effect, which is also the most powerful energy harvester in
nanogenerators.

1.2 First-Principle Theoretical Model

Traditionally, it is believed that TENG is operated based coupling effects of tribo-
electrification and electrostatic induction. Triboelectrification (triboelectric effect)
describes the origin of the static charges, while electrostatic induction explains the
power generation. However, further theories from fundamental physics are still
required to understand the operation of TENG.

Triboelectric Nanogenerators: Technology, Applications, and Commercialization, First Edition.
Yunlong Zi, Hengyu Guo, Jie Wang, Chi Zhang, Xiangyu Chen, and Qing Zhao.
© 2025 WILEY-VCH GmbH. Published 2025 by WILEY-VCH GmbH.
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Wang demonstrated the first-principle theoretical models from Maxwell’s
displacement current [14, 15]. Maxwell’s equations are shown below:

V.-D=p
V-B=0
VxE:—%
VxH=J+2

L1)

Here, D = ¢E is the electric displacement field, B is the magnetic field vector, E
is the electric field, H is the magnetic field strength, J is the current density, and p
is the volume charge density. The term dD/ot can be also written as Jy,, as named
Maxwell’s displacement current. Wang proposed an additional polarization term Pg
in the electric displacement field due to the static charge generation in nanogenera-
tor, and thus Jp, can be written as:

JP.
JD=%=e%—f+a—f (1.2)

Therefore, the volume charge density p and current density J can be redefined as

p' and J', respectively:

p=p-V-Pg (1.3)
oP

J=J4+- 1.4

5 (14)

And they still satisfy the charge conversion and continuation equation:

op'

V . f + — = 0 I.S

Y 1.5)

Through this displacement current as the driving force in nanogenerators, the
conduction current can be driven on the external load, forming a complete loop.
And then, the output characteristics of TENGs can be further discussed in theoreti-
cal models such as Displacement Current Theory model [16, 17], quasi-electrostatic
model [18-20], and Distance-Dependent-Electric-Field (DDEF) mode [21-23],
which can be used to calculate electric potential and power generation accurately.

.3 Equivalent Circuit Models and Basic Operation
Modes

I.3.1 Equivalent Circuit Models

As stated above, the TENG is operated based on the additional displacement cur-
rent term, originating from the static charge generated from triboelectric effect. The
maintained opposite static charge in triboelectric surfaces determines the inherent
capacitive behavior of the TENG. At the open-circuit condition, the potential dif-
ference V5 accumulated between electrodes originates from the additional polar-
ization term Py, as a function of the displacement x of the moving part in TENG.
In the meanwhile, if we assume no charge generation in TENG, the device can be
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Figure .1 Equivalent circuit models and basic operation modes of TENGs. (a) Basic
equivalent circuit of TENG. Source: Reproduced with permission of [2], 2015 © Elsevier.
(b-e) The theoretical models of contact-separation (CS), lateral-sliding (LS),
single-electrode (SE), freestanding triboelectric-layer (FT) modes TENGs. (f) The EDAEC
method for quantitatively analysis of all modes of TENG. Source: Reproduced with
permission of [26], 2019 © Royal Society of Chemistry.

treated as a pure capacitor with capacitance C determined by x as well. So in the
generalized case, the output voltage V and the charge transfer Q between electrodes
are determined by the equivalent circuit of a voltage source V,(x) in parallel with
a capacitor C(x) as shown in Figure I.1a, with the governing equation described by:
[2, 24]

1

V= —@Q + Vo) (1.6)

3
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In short-circuit condition, full charge transfer (Qg.) can be obtained as driven by
the voltage source, and hence: [25]

Qsc(®) = CX)Vc () (1.7)

From such the V-Q-x relationship, we can derive the lumped parameter equiva-
lent circuit mode, which can be used to predict characteristics of TENGs in different
modes.

TENG has four basic operation modes: contact-separation (CS), lateral sliding
(LS), single electrode (SE), and freestanding triboelectric layer (FT), with detailed
structures shown in Figure I.1b-e. In them, SE and FT modes can be further
divided into SE contact (SEC), SE sliding (SES), sliding FT (SFT), and contact FT
(CFT) modes, depending on whether they are triggered by contact separation or
sliding motions. These modes have their own equivalent circuit models available for
simulations and theoretical calculations. Here, a universal method for quantitative
analysis of all modes of TENG is used for analysis, as shown in Figure L.1f [26].
This method is based on the edge approximation-based equivalent capacitance
(EDAEC). The equivalent capacitance models are used to demonstrate charge
distributions on each electrode. Due to contact electrification, static triboelectric
charges — Qs Will be dispersed on the dielectric surface y after contacting the
metal electrodes. According to charge conservation, the metal electrodes would
have the same amount of opposite-sign charges in total [27-29]. By defining the
charges distributed on electrodes 1 and 2 as Q, and Q,, respectively, the relation can
be given below:

Q,+Q, = Qtribo (1.8)

Under short-circuit conditions, two electrodes would have the same potential. For
simplicity, the two electrodes and the dielectric surface can be defined as node 1,
2 and surface y (can be different letters for different surfaces), with capacitance

between them as C, ; 1, and C,, ;1,1 respectively, as shown in Figure 1. Therefore,
the following equation can be obtained.
== v, % (19)
Cxl,total sz,total

Thus, the short-circuit equilibrium charges Q, and Q, on electrodes 1 and 2,
respectively, are given as: [30]

1
Ql = 2 1+ Cy2.total Qtribo,l

C./1 total
tll‘t tal (I l :)
Q2 Z 1 Cy1.total Qtribo,,y

sz,mml

Sum symbol )’ is used here to indicate the charge contributions from different
surfaces. And then:

Qsc(0) = [Q1(x) — Q1(0) | (I.11)

From the equations above, the working mechanism of TENGs can be easily illus-
trated. When the distance between surface a and electrode 2 is zero the capacitance
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across them would be much larger than that across electrode 1 (C,; 411> C,1 total)-
Most of the positive tribo-charges would be attracted to electrode 2. Q, is close
to Quipo and Q, is approximately zero. On the other hand, when the distance
is quite large, the capacitance across surfaces a and electrode 2 would be much
smaller than that across electrode 1 instead (C,; op > C,s0ta)- SO Qg is close
t0 Quino and Q, is approximately zero. Thus, Qq-(x) can be calculated by the
difference between Q,(x) and Q,(0) or between Q,(x) and Q,(0), and the total
capacitance C(x) = C,; tora1Cyaotal/ (Cit otal T Caoral)- According to this EDAEC
method the charge distributed on each electrode could then be quantitatively
calculated.

1.3.2 CS Mode TENG

CS mode TENG was the original type TENG demonstrated in early-stage studies
[1, 3]. Based on triboelectric materials used, the CS-mode TENG can be divided
into two types: dielectric/dielectric contact and dielectric/metal contact. However,
since there is no fundamental difference in operation mechanism between these two
types, we just take the dielectric/metal contact type as an example, with the model
shown in Figure I.1b. The dielectric layer with a thickness of d and relative dielectric
constant ¢, is directly facing metal surface as one electrode, and another electrode
is attached on the backside of the dielectric layer. Under external excitation, the dis-
placement x is defined as vertical distance between two surfaces. After triboelectric
effect, the surface charge density —c was generated in the dielectric surface a with
area S = wx L, making Q,;,, = So. By choosing the minimum achievable charge
reference state (MACRS) [30], with the charge transfer of Q, the top electrode (elec-
trode 2) is with total charge of Q, = So—Q, and the bottom electrode (electrode 1)
is with total charge of Q, = Q. As shown in Figure I.1{-I, the two electrodes and the
dielectric layer surface form two capacitances: C,, o, (X) is the capacitance between
electrode 2 and the dielectric surface a, depending on x; and C,; ;. is the capaci-
tance between the dielectric surface a and electrode 1, which is a fixed value which
can be considered as parallel-board capacitance. If S > x?, the capacitance C,, i (X)
can be also considered as parallel-board capacitance C,,(x) without considering the
edge effect, and we can derive:

Quc(x) = d/i% (1.12)
S
k) = ﬁ (113)
Voc(x) = Z_x (114)
0
_ 1 _ _d/b‘r +Xx fopd
V——%Q'PVOC(X)— ‘EO—SQ‘F&—O (115)

While if the edge effect is considered, the total capacitance of C,, (o, (x) should

include capacitance contributions from edge effects C,yeqq(x) in parallel, as shown

5
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Figure I.1{f-I. Based on previous studies, this capacitance can be estimated as: [31]
L w w
Cazedge = €r€0 {; [1 +1n (1 + ZRE +1n (1 + ZTEE)>]

+%’ [1+1n <1+2n§+ln (1+2n§>>]} (I.16)

With that, we can calculate numerous values for Qg (x), C(x), and V-(x), obtain-
ing the governing equation.

1.3.3 LS Mode TENG

Traditionally, by assuming the parallel-board capacitance model, the total capaci-
tance C(x) fully depends on the capacitance of the covered part between electrodes
1and 2, as described in Figures I.1cand I.2a [24, 32, 33]. The length L and the width w
of the electrodes and dielectric layers are all defined as 100 mm. The dielectric layer
with the thickness of d,, is stacked on electrode 1 and the gap between the dielectric
layer and the sliding electrode 2 is defined as d. The total capacitance C(x), which
is based on a traditional unlimitedly large plane, can be described as the equations
below:

gL —x)w
Cx)= ——— 1.17
=3/ +d @17)
And the equivalent capacitance of C(x) can also be described as the series connec-
tion of C,, (x) and Cj,(x), in which:

{Cbl(x) - Erfu(i—x)w

d (1.18)
Cia) = 2

Here, a new analytical EDAEC model is built, taking the capacitance of edge effect
into consideration, to quantitatively describe the TENG’s outputs. The real equiva-
lent capacitance of C(x) is shown in Figure 1.2b, which includes three parts. Part 1
shows the edge capacitance C,,(x) between the surface a (dielectric layer) and elec-
trode 2, and the capacitance C, (x) between surface a and electrode 1. C,(x), which
is almost a constant, is quite small when comparing to C,,(x). Therefore C,,, can
be approximated as a small constant through:

C — E,EOXW
{ (%) 4 (1.19)
Ca2(x) = Ca

Part 2 in Figure 1.2b shows the edge capacitance C,,; between electrode 1 and
electrode 2, which is also considered as a small constant for easy calculation. And
Part 3 shows the capacitance C,;, based on traditional parallel-board capacitance
model between the covered part of electrode 1 and electrode 2.

Therefore, the total capacitance C(x) can be calculated as:

£.£0W - C

a £,.60(L —x)w

CO)=Cigp+Cipq+Cpp = ed+d
r 0

+Cipq + (1.20)

£,.£0w + Cod,



(d)

1.3 Equivalent Circuit Models and Basic Operation Modes
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Figure 1.2 The traditional mode (a) and the mode of EDAEC method (b) of the LS mode
TENG. The comparison of transferred charge by traditional and EDAEC methods (c-e). The
comparison of short-circuit current by traditional and EDAEC methods. Source: Reproduced
with permission of [26], 2019 © Royal Society of Chemistry.

7



8 | Introduction of Triboelectric Nanogenerator

With triboelectric charge density o, total triboelectric charge on surface sections
a and b can be defined as the equations below:

Q, = ow(x)
{ Or = oWl — %) (1.21)

Under the short-circuit (SC) condition, electrode 1 and electrode 2 will have the
same electrical potential. Therefore, the total charges on each electrode can be
derived from Equation (I.10) by overlapping electrostatically induced charges from
Q. and Qy:

£,£0XW

rQal (x) =

CotC 20 = epawtd,C, O
j— Ca2 — dOCa
Gax(%) = Cy+Cys Q= £,600w+dyC, owx
1 c d (1.22)
—_ bl — r! —_
Ip (X) = Cp1+Chy Q= €,d+d, ow(L —x)
_ _Cn _ _4 _
(%) = Cp+Cy Q= €,d+d, ow(l = X)

Therefore, the total charges on electrode 1 Q, can be calculated as:

Q, (%) + ErfoW wx + £,d w(L — x)
= = [0} [0} -
! a1 7 G £.£0XW + dC, €.d+d,
( 40C )Zow
d £,.E 13 d d C
= (aw 0 >x+ '°wdc +owL——— — 22 (1.23)
e,d+d, x4 B e, d+d, £,&9
r<o

When x = 0 is assigned to be the initial state, the initial Q, is defined as:

Q,(0) = owL (1.24)

r
e, d+d,
The transferred charges Qg is equal to the change of the charge on electrode 1,
therefore the transferred charge Qg can be calculated as the difference between
the induced charges Q,(x) and the initial state charges Q;(0) on electrode 1. The
short-circuit charge Qg can be calculated by the equation below.

) . Zow
gd+d, x+Z,
In the equation above, Z,, is a constant when the structure is fixed:

CadO

Z, = (1.26)
£,E0W

Qsc™®) = Q00 — Q1 (0) | = (fFW —owZ, (1.25)

It should be noticed that the first item of Qg has a linear relationship with dis-
placement x, representing the part of cwx from traditional method. The second item
of Qqc is a non-linear item, and the third item is a constant.

Traditionally, the graph of traditional Qg has a strictly linear relationship with x.
However, in the new EDAEC method, as we consider the edge effect, the Qg does
not have a strictly linear relationship with the displacement. As shown in Figure I.2c,
the graph of Qg has a flatter start at the beginning (Figure I.2d), and then the slope of
Qg will increase until it has almost the same slope with the traditional graph when
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d =0 (Figure 1.2e). In order to validate the above theoretical derivation, an LS mode
TENG model is simulated by finite element method (by COMSOL Multiphysics soft-
ware package), and the corresponding results are plotted in Figure I.2c-e. It should
be emphasized that the theoretically calculated Qg by COMSOL simulation is closer
to that from our EDAEC model than traditional Qg.. According to the results of
Qgc, the graph of current and displacement is also plotted with a constant sliding
speed of 0.01 m/s. Unlike the traditional graph which gives constant current, the
EDAEC method shows that the current would be much lower when x is small and
then sharply increase to the traditional value (in Figure I.2f). These results demon-
strate that our EDAEC model which considers the edge effect is more suitable when
describing the LS mode TENG.

With the total capacitance C(x) and the short-circuit charge Qg. known, the
open-circuit voltage can be obtained. The capacitance calculated by the EDAEC
method is demonstrated to be more accurate than traditional values (Figure I.3a)
as compared to the COMSOL results. The open-circuit voltages are also plotted in
Figure 1.3b, which gradually increase with displacement x, and increase sharply
when x is quite close to L. The total capacitance of the LS TENG will be zero accord-
ing to the traditional method at x = L. At this position, the open-circuit voltage will
be infinitely large, which is far away from the real situation. The EDAEC method
takes the edge capacitance into consideration, and thus the open-circuit voltage can
be accurately calculated even when x = L. Compared to traditional calculation, the
EDAEC method shows that the voltage will give a result which is more consistent
with that by COMSOL, as shown in Figure I.3b.

According to Equation (1.24), the transferred charge Qg is also affected by the
TENG's structural parameters, for example, the distance d between the dielectric
material and electrode 2, and the thickness d,, of the dielectric material. Therefore,
the short-circuit transferred charges and open-circuit voltages with different gap
d is also demonstrated in Figure 1.3c,d. It is obvious that the slopes of Qq- and
Vo against the change of x become much smaller when the gap d increases. This
result can explain experimental phenomenon of why the outputs (Qq- and V)
of the LS TENG become quite low when the gap between the dielectric material
and electrode 2 is larger than a threshold value. The thickness d,, of the dielectric
material will also affect the LS TENG’s outputs, as shown in Figure I.3e,f. The Qg
against x will become a bit smaller when the dielectric thickness d,, increases, while
the V5 will become much larger due to the decrease in the total capacitance. These
results are also compared with the simulation results by COMSOL, which shows
a high degree of agreement. Based on the above analysis, the EDAEC method, by
considering the edge effect, shows high accuracy in calculating the capacitance
C(x), short-circuit charge Qg- and open-circuit voltage V- of LS mode TENGs
under different conditions. It should be emphasized that this EDAED method is
quite important for the grating structured TENGs. Because the electrode sizes of
the grating structured TENGs are much smaller than other sliding TENGs, the
electrodes could not be regarded as the traditional unlimitedly large plane anymore.
Therefore, the influence of the side-effect capacitance will become much more
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Figure .3 Comparison of traditional and the EDAEC method on capacitance (a) and
voltage (b). The insets are the magnified graph of the dotted part. (c) The relationship
between transferred charges at short-circuit and the separation distance d. (d) The
relationship between open-circuit voltage and the separation distance d. (e) The
relationship between transferred charges at short-circuit and the thickness of dielectric
layer d,. (e) The relationship between open-circuit voltage and the thickness of dielectric
layer d,,. Source: Reproduced with permission of [26], 2019 © Royal Society of Chemistry.

significant. The short-circuit charge of the grating structured TENGs is no longer a

straight line [34].

1.3.4 SE Mode TENG

SE mode TENG is a design that utilizes only one electrode to collect output and
connect to the external device, getting rid of the moving electrode which may bring
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limitations in applications. However, in practical applications, the other connection
node of the external devices is always connected to the ground, so the ground should
be considered as a reference electrode for SE-TENGs. Here we will introduce models
for SEC and SES modes TENGs.

(1) SEC mode TENG

We take the conduct-to-dielectric SEC TENG as an example, with the structure
shown in Figure 1.1d. The output of dielectric-to-dielectric SEC TENG will be
slightly different, but they follow similar characteristics. The top dielectric serves
as the moving part, with the bottom surface a taking charge density of -, and the
surface area of S = wx L, making Q;,, = So. The electrodes in TENG and the
ground are marked as nodes “1” and “2”, respectively. The gap between the electrode
and the ground is g, while the displacement of the dielectric is x which is defined
as the gap between the dielectric bottom surface a and the electrode. By choosing
the minimum achievable charge reference state (MACRS), with the charge transfer
of Q, the electrode is with total charge of Q; =So—Q, and the ground is with total
charge of Q, =Q. As shown in Figure L.1f-V, the electrode, dielectric surface a,
and reference electrode forms 2 capacitances: C,, is the capacitance between the
electrode and the dielectric surface a, depending on x, which is infinite at x = 0; C,,
is the capacitance between the ground and the dielectric surface a, depending on x.
In this mode, the direct capacitance C; between the electrode and ground should
also be considered, except the short-circuit condition [25]. The actual capacitance
between the electrode and ground can be obtained by considering the connections
among the three capacitances:

c,,C
Cx)=Cy+ 272 (1.27)
Cal + Ca2

Therefore, according to Egs. 1.7, 1.10, and I1.11, the short-circuit charge can
obtained as:

oS oS Ca

QscX) = Q,(x) — Q,(0)| = — c =0 (1.28)
Car G0 cC.,+C
1+ Caj 1+ ) al a2
X SC
Voc) = et _ i (1.29)

C(x)  CyCyp+CyyCs+CpCs
Please note that in SEC TENG, if we use the parallel-board capacitance for these
capacitances, there will be no output, since the edge effects play an important role
in SEC TENG. We can use Equation (1.16) to calculate these capacitances, obtaining
numerous values for Qg (x), C(x), and V4(x), and the governing equation.

(2) SES mode TENG

Owing to only one electrode, it is difficult for researchers to quantitatively describe
output performances of the SES TENG [25]. The EDAEC method mentioned above
can solve this problem. The mode in Figure I.4a is designed to demonstrate the
working principle of the SES TENG, as the ground could be regarded as the second
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Figure 1.4 The schematic (a) and equivalent capacitance (b) of SES TENG. (c) The
relationship of transferred charges with the displacement. (d) The relationship of
open-circuit voltage with the displacement. (e,f) The relationship between transferred
charges at short-circuit (e) and open-circuit voltage (f) with the distance between the
dielectric layer and the ground d,. Source: Reproduced with permission of [26], 2019
© Royal Society of Chemistry.

electrode of the single-electrode TENG. Similar to the method described before,
the metal electrode 1 and the dielectric layer are defined with length L = 100 mm
and width w = 100 mm. The distance between dielectric layer and electrode 1
is defined as d, and the distance between the dielectric layer and the ground is
defined as d,. The surrounding environment connected to the ground will have an
effect to the d,, which could be regarded as a big conductive box containing the
SES TENG.

The equivalent capacitance of C,, is shown in Figure I1.4b, which includes three
parts, including the capacitances between electrode 1 and the ground electrode
via surfaces a (C,; and C,,), and b (Cy,; and Cp,). Because the ground electrode is
surrounding the dielectric layer, therefore there are several in-parallel capacitances
Chpgn between the dielectric layer and each surrounding surface, and Cy, is the total
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capacitance. And C, is the direct capacitance between electrode 1 and the ground
electrode. The capacitance can be defined by the following equations.

-

_ gwW(lL—x)
Cal(x) == d
_ ggW(L—x)
Cag(x) - dg
< C (1.30)
bg(x) — " qg
1 _ no 1
dy Zl:l dy;

According to the EDAEC we described before, the edge capacitance C,; is quite
small as compared with other capacitances. Therefore, C;; can be approximated as
a small constant. The total capacitance could be defined as:

Cy * Cag Cpy * Cbg

——+Cpy+ ——— (1.31)
Car + Cyq 8 T Cy+ Chg

Ctotal = Clag + Clgd + Clbg =

After contact electrification, the upper surface of the dielectric layer would be

filled with triboelectric charges. Under short-circuit conditions, the total charges on
electrode 1 can be calculated by the following equations.

1 1
Q) =g +qp = Cot Q,+ Cor Qp
1+ C_al 1+ C_bl
= dg ow(L — x) + Zow <1 -z ) (1.32)
d, +d Z+x )
In the equation above, to facilitate the calculation, the constant is defined as:
C,.d
7= (1.33)
We,,

Thus, the short-circuit charge Qg can be calculated by the equation below.

Qsc™) = 1¢,(0) — ¢, () |= (ﬁ) owx + z2owZ ix - Zow (1.34)

Due to the characteristics of the single electrode TENGsS, the short-circuit charge
Qqc is noticeably lower than the total charges on the electrode 1 Q,,,;, which is equal
to the total triboelectric charge of the dielectric layer. From Figure I.4c, at x = L, the
short-circuit charge Qg only reaches around 70% of the total movable charge Q,, ;.
This phenomenon could explain why the output power or the efficiency of SE TENG
is quite lower than LS or SFT TENG. To validate the above equations, a SES TENG
model is simulated by COMSOL. The transferred charge from the equation and the
numerical results simulated from COMSOL are plotted in Figure I.4c which are quite
consistent with our model.

With the total capacitance C,y, and the short-circuit charge Qg. known, the
open-circuit voltage can be obtained by Equation (I.7). The open-circuit voltage
from the equation and the results simulated from COMSOL are plotted on the
same graph to compare, in Figure 1.4d. The theoretical calculation coincides with

13
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numerical simulation, which demonstrates the accuracy of the proposed theoretical
model.

According to Equation (1.34), the distance d, between the dielectric material and
the ground electrode will significantly affect the transferred charge Qg.. Therefore,
the transferred charge and open-circuit voltage with different distance d, is also
demonstrated in Figure L4e.f. It is interesting to notice that the slope of Qg will
be much smaller when the distance d,, increases, while V. will be much larger.

1.3.5 FT Mode TENG

FT TENG is another two-electrode TENG design that can make both electrodes keep
static, while the high output performance can be guaranteed [30]. It can also be dis-
tinguished from CFT and SFT modes.

(1) CFT mode TENG

The CFT can also be divided by the different material selections as dielectrics or con-
ductors, while their output characteristics are quite similar. Here, we just introduce
a typical one with the dielectric freestanding layer and metal electrodes, as shown in
Figure I.1f-II1. The dielectric freestanding layer serves as the moving part, with the
top and bottom surfaces a and b taking charge density of —o for each, and the surface
area of S =w X L, making Qi 2 = Quivop = So- The top and bottom metal electrodes
are marked as nodes “1” and “2”, respectively. The gap between the electrodes is g,
while the displacement of the dielectric layer is x, which is defined as the distance
between the bottom dielectric surface b and the bottom electrode 2. The dielectric
thickness is d with relative dielectric constant £,. As shown in Figure L.1f-III, the
electrodes 1, 2, and dielectric surfaces a, b can form 3 capacitances: C,, is the capac-
itance between the top electrode 1 and the dielectric surface a, depending on g—x,
which is infinite at x = g; C,;, is the capacitance of the dielectric layer, which is a con-
stant estimated by the parallel-board capacitance; Cy, is the capacitance between the
electrode 2 and the dielectric surface b, depending on x, which is infinite at x = 0.

Q, and Q, of this CFT TENG can be derived as the sum of charge contributed from
two charged surfaces a and b, and then:

1 2

— 1 1 _ Cap | Cp
Q = 14 Caztol Quiboa + 13 ozl Qtibop = 05 ﬁ
Cal,total Ch1,total Ca1  Cap  Cp2 13
1,2 (1.35)
— 1 1 — S o Ca
Qz - 1.4 Caltotal Qtribo,a + _1+ CoL.total Qtribo,b =097, T, T
Caz,total Ch2,total Ca Cap  Cp2
And then:
1 2
—_— + _
Ca = Gy C,(0)
Qsc® = 1Q () = QO] = 0| 2 — 8 — (1.36)
—+ —+ — a]( ) + ab
Cal Cab Cbz
Cx) = Cal ”Cab ”Cbz (1.37)

S0 V() can be also calculated correspondingly. If S>> g2, the capacitance C,;(x)
and C,,(x) can be also considered as parallel-board capacitances without considering
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the edge effect, and we can derive:

2Sox

Qsc) = m (1.38)
_ £,S
Cx) = —d/e, Tz (L.39)
VocX) = 20% (1.40)
)
V==GmQt Voctw = oS Q+ - (1.41)

If the edge effect is considered, the total capacitance of these two capacitors
should include capacitance contributions from edge effects in parallel, as shown
in Figure L.1f-I11. Based on previous studies, this capacitance can be estimated by
Equation (I1.16). With that, we can calculate numerous values for Qq(x), C(x), and
Ve (x), obtaining the governing equation.

(2) SFT mode TENG

The capacitance caused by edge effect in sliding FT (SFT) TENG is significant and
brings a much more obvious influence than that for LS TENG. The simplest structure
of the SFT TENG, shown in Figure I.1e, consists of two adjacent metal electrodes
(Iength: L = 100 mm, width: w = 100 mm) with a gap g and a movable dielectric
layer with identical size to each electrode. The dielectric layer is placed above the
electrodes at a distance of d. Due to impact of the edge capacitance, the sliding dis-
placement of the TENG can be divided into three sections according to x, 0 <x<g
(Part 1, Figure 1.5a,b), g<x<L (Part 2, Figure 1.5¢,d), and L <x<L+g (Part 3),
which is symmetric to Part 1. Therefore, both the short-circuit transferred charge
Qg (Figure I.5e,f) and open-circuit voltage (Figure I.5g,h) can be divided into 3 parts
correspondingly: the first flat part corresponding to 0 < x < g, the second linear-like
part corresponding to g <x <L and the third flat part corresponding to L <x <L +g.

When g<x<L, the total capacitance (Figure 1.5c) consists of the capacitances
between electrodes via surfaces a (C,; and C,,), b(C,; and Cp,), and ¢ (C,; and C,,),
and the direct capacitance between electrodes (C,,;). Traditionally, only C,, and C,,
are considered, which can be given by the following equations.

C oo = goW(L—X)

al(x,

c g (1.42)
c2(x) — d

Similar to the Equation (1.19) of LS TENG, C,, and C,, are quite small, which

can be approximated as small constants. Due to the structural symmetry, C,; is

equal to Cy,, thus Y, = C,/Cy; = 1. Therefore, according to the charge distribution
Equation (1.10), the charge distributed on the electrode 1 can be defined as:

1

1 1
Q0= oy + i + 0 = e Qu Q+—c Q- g=sxs<Ll) (143)

C
+ =2 1+ 2 1+
Cal cbl Ccl
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Figure 1.5 The schematic (a) and equivalent capacitance (b) of SFT TENG part 1. The schematic (c) and equivalent capacitance (d) of SFT TENG part 2.

(e) The total transferred charges of three parts with the displacement. (f)The magnified graph of the dotted part 1 of (e). (g) The total open-circuit voltage
of three parts with the displacement. (h) The magnified graph of the dotted part 1 of (g). (i,j) The relationship between transferred charges at short-circuit
(i) and open-circuit voltage (j) with the separation distance d. (k,l) The relationship between transferred charges at short-circuit (k) and open-circuit
voltage (1) with the gap g. Source: Reproduced with permission of [26], 2019 © Royal Society of Chemistry.



