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distribution†
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Triboelectric nanogenerators (TENGs) have demonstrated remarkable capabilities in energy harvesting

and self-powered sensing, while TENG theories have set the foundation for their further development.

This study presents a systematic theoretical analysis for contact-separation mode TENGs, including

theoretical models, analysis methods and validation approaches. Specifically, three infinite plate models

are proposed to cover typical forms of contact-separation mode TENGs. According to the physics of

charge conservation and electrostatic equilibrium, the distribution of initial charges on tribo-charge

layers, and redistribution of all charges on the TENG are determined, based on which the electric field,

charge transfer process, conduction current in the external circuit and displacement current inside

TENGs are mathematically deduced. TENGs’ characteristics and figure of merit can be directly obtained

from the proposed theory, which are consistent with phenomena in practice. This validates the

theoretical derivations, and better explains TENG performances in practice. Furthermore, applicability is

discussed by comparing the finite plate models and infinite plate models, and more accurate schematic

diagrams depicting the working principle of TENGs are created. Additionally, an electrodynamic model

with a solving approach is proposed that can be applied for TENGs of any size. Extended analysis for

different applications is performed, demonstrating the practicability of the proposed theory for TENGs.

This work may provide a solid and practical theoretical foundation for TENG development.

Broader context
Basic theories including rigorous theoretical derivations and precise analysis methodologies have set important foundations for the development of TENGs.
However, the theoretical framework is still incomplete with limited practical parameters, non-intuitive analysis processes, and lack of effective validation. This
study presents a systematic theoretical analysis with solid mathematical derivations for contact-separation mode TENGs. Using the essential variables of initial
source charges, theoretical models for different types of TENGs are created. Charge distribution/redistribution (not random but restrained by initial source
charges) and the charge transfer process are explained by the mechanism, and equations are deduced step by step rigorously according to basic physical
theorems. TENGs’ characteristics can be directly obtained from the proposed theory, providing a theoretical prediction/explanation for practical phenomena.
This study could be part of a rigorous, applicable and extensible theoretical foundation for TENGs.

Introduction

As an emerging technology for converting mechanical motions
into electricity, triboelectric nanogenerators (TENGs) have
demonstrated great potential in energy harvesting and self-
powered sensing.1–5 With significant advantages in terms of
cost efficiency, fabrication easiness and material availability,
TENGs have been developed for extensive applications such as in
environmental energy utilization,6–9 wearable electronics,10–13

human–machine interactions,14–16 and communication.17–19

As in most subjects, rigorous theoretical derivations and
precise analysis methodologies are the foundation for TENG

a Tsinghua-Berkeley Shenzhen Institute, Shenzhen International Graduate School,

Tsinghua University, Shenzhen 518055, China.

E-mail: dingwenbo@sz.tsinghua.edu.cn
b Marine Engineering College, Dalian Maritime University, Dalian 116026, China.

E-mail: xuminyi@dlmu.edu.cn
c Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences,

Beijing 100085, China. E-mail: zhong.wang@mse.gatech.edu
d School of Materials Science and Engineering, Georgia Institute of Technology,

Atlanta, GA 30332-0245, USA
e Yonsei Frontier Lab, Yonsei University, Seoul 03722, Republic of Korea
f RISC-V International Open Source Laboratory, Shenzhen 518055, China

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3ee04143c

‡ These authors contributed equally: Hongfa Zhao and Hao Wang.

Received 1st December 2023,
Accepted 7th February 2024

DOI: 10.1039/d3ee04143c

rsc.li/ees

Energy &
Environmental
Science

PAPER

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

3/
13

/2
02

4 
8:

27
:5

4 
A

M
. 

View Article Online
View Journal

https://orcid.org/0000-0002-9777-1930
https://orcid.org/0000-0002-5530-0380
https://orcid.org/0000-0002-3772-8340
https://orcid.org/0000-0002-0597-4512
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ee04143c&domain=pdf&date_stamp=2024-02-20
https://doi.org/10.1039/d3ee04143c
https://doi.org/10.1039/d3ee04143c
https://rsc.li/ees
https://doi.org/10.1039/d3ee04143c
https://pubs.rsc.org/en/journals/journal/EE


Energy Environ. Sci. This journal is © The Royal Society of Chemistry 2024

design/optimization.20,21 Proposed in 2012, theoretical models
of TENGs have been continuously improved, especially for the
most typical contact-separation (CS) mode TENGs.22–31 The
most noteworthy theoretical benchmark includes the capaci-
tance (CA) model proposed in 2013,32 in which the TENG is
treated as an infinite large capacitance model governed by the
Gaussian electric field law; the distance-dependent electric
field (DDEF) model and the finite-sized charged plane (FSCP)
model proposed in 2017,33,34 in which the TENG consists of
finite large plates that can be solved with electrodynamic
methods; and the quasi-electrostatic three-dimensional (QETD)
model proposed in 2023,35 in which the electric field distribu-
tion can be solved using finite element simulation. However,
the theoretical framework is still incomplete with limited
practical parameters, non-intuitive analysis processes, and lack
of effective validation.

In previous studies, a common assumption is that charge
distribution occurs, yet the charge transfer process and the
mechanism for charge distribution/redistribution have not
been addressed explicitly. This is inadequate for theoretical
analysis, as knowledge of charge distribution (the source, on
the right-hand side of Maxwell’s equations) is a prerequisite for
solving the electric field (on the left-hand side of Maxwell’s
equations). Therefore, more accurate charge distribution, more
clear process description, and more rigorous mathematical
derivation are what TENGs need within the theoretical dimen-
sions. They would enable accurate solution of both the dis-
placement current (within the TENG) and the conduction
current (in the external circuit). Correlating the predictions
(for TENG performances) with previous models is common in
examining the accuracy of a new model. This is acceptable but
not rigorous, as the predictions are based upon multiple input
parameters containing inevitable estimation errors. These are
the most significant problems lying in TENGs’ theory that have
not been addressed yet. In addition, the conditions applicable
for the infinite plate model and the finite plate model have not
been clarified.

In this study, a systematic theoretical analysis for contact-
separation mode TENGs is presented, which includes the
theoretical models, the analysis methods, validation approaches
and application analysis. In particular, the study takes into
account the initial charging from contact electrification (CE),
pre-charging of the dielectric material, and compensation

charging on the base electrode simultaneously for the first
time, and proposes self-consistent theoretical models that are
more practical for TENG devices. According to the physics of
charge conservation and electrostatic equilibrium, the distribu-
tion of initial charges and redistribution of all charges, in both
the open circuit and connected circuit of the TENG, are
revealed. On top of it, the distribution of the electric field,
the charge transfer process, the conduction current in the
external circuit and the displacement current inside the TENG
are derived rigorously. To validate the model, the ‘‘predicted
characteristics correlating’’ method is proposed. The solution
of TENGs’ characteristics and the figure of merit are consistent
with the results from the literature, providing a theoretical
explanation for the practical phenomena. By comparing the
finite plate model with the infinite plate model, their applicable
range is discussed. Subsequently, a set of more accurate sche-
matic diagrams for the working principle of TENGs could be
depicted. An electrodynamic model along with the solving
approach is proposed, so that it can be applied in TENGs of
any size. Finally, various applications based on the proposed
theory are discussed, providing paradigm for TENGs in prac-
tice. This study is the most practical theory for contact-
separation mode TENGs at present and is expected to provide
a rigorous theoretical foundation for the TENG development.

Results
Theoretical framework

The contact-separation mode TENG, which usually consists of a
charged dielectric material with a base electrode, a metal layer
serving as both the triboelectric charge layer and independent
electrode, a spacer that separates the two layers with a certain
distance, and other substrates or protective layers (Fig. 1(a)), is
the most common TENG configuration. For the conductor-to-
dielectric CS mode TENG, which is commonly used in practice,
the typical dielectric materials like polytetrafluoroethylene
(PTFE) and fluorinated ethylene propylene (FEP) usually
acquire negative charges through contact electrification with
other conductive materials. The conductive electrode, on the
other hand, often becomes positively charged due to the CE,
in which positive and negative charges are redistributed
to achieve electrostatic equilibrium (Fig. 1(b), more detailed

Fig. 1 Schematic diagram of the contact-separation mode TENG. (a) General structure of the TENG. (b) Distribution of charges and the electric field for
the TENG.

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

3/
13

/2
02

4 
8:

27
:5

4 
A

M
. 

View Article Online

https://doi.org/10.1039/d3ee04143c


This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci.

explanation is provided in Note S1, ESI†). As a result, the total
electric field intensity inside the electrode remains zero under
the net influences from all charges (including those on the
dielectric material as well as external charges). The resultant
electric field vector at any point in space is the superposition of
the electric fields generated by these charges. As such, the
electric field in space is generally curved and both the magni-
tude and the direction of the electric field vary with coordi-
nates. Under the influence of external forces, the TENG is
forced to move/deform, resulting in a varying distance between
the dielectric material and the electrode. This leads to varia-
tions of the electric field within space, which drives the charge
to flow from the electrodes. In the open circuit, charge redis-
tribution occurs on both electrodes. When the two electrodes
are connected (either through a short circuit or resistance), the
current is generated in the external circuit.

The calculation of charge and electric field distributions
mentioned above is based on the electrodynamic methods,
which is computationally intensive. Therefore, this approach
is not practical in optimizing TENGs. Alternatively, when the
size of the TENG significantly exceeds its internal gap, as
commonly utilized in the highly sensitive energy harvesters or
sensors, a uniform electric field can be approximated inside the
TENG. By utilizing the proposed infinite plate model to analyze
the charge and electric field distribution, calculations can be
significantly simplified while maintaining sufficient accuracy
(will be shown in the following sections). Therefore, it is more
suitable for optimizing TENG design in practice.

The outline of the study is shown in Fig. 2 and all the
different models proposed in this study (including their
detailed information, assumptions and limitations) are listed
in Table S1 (ESI†). Starting from the basic infinite plate models,
the charge distribution of both the dielectric material and the
independent electrode resulting from CE is illustrated more
precisely. Two types of TENGs are compared: one is formed by a
dielectric material and an independent electrode (to generate
charge through CE), while the other type is formed by pre-
charging the dielectric material with reserve charge via CE.
The analysis for the general model has taken into account both
types of charges mentioned above and the compensation charge
on the base electrode (obtained from external materials). The

distribution of charges and electric field under both open and
connected states of the TENG and the charge transfer process
(varying with the internal distance), are analyzed in detail. In
particular, the ‘‘predicted characteristics correlating’’ method is
proposed, which is to compare the characteristics (usually non-
intuitive) of the TENG with those derived from models and their
solutions. If the calculation results match the actual phenomenon,
the proposed theoretical model and the analyzing method can be
validated. The validity of this model is demonstrated by applica-
tions on transforming the contact-separation mode TENG into the
single-electrode (SE) mode TENG,19 as well as in deriving the V–Q
curve and the figure of merit.36 Furthermore, the accuracy and
applicability range of the infinite plate model is discussed, and an
electrodynamics-based analysis method is proposed to accurately
determine the charge and electric field distribution for TENGs of
any size.

Basic models for the tribo-charge layers

As mentioned above, the dielectric material and the indepen-
dent electrode acquire opposite charges (of equivalent amount)
in the CE, thus they can be described by the classic capacitance
model (Fig. 3(ai)) as follows:

V ¼ Q

C
¼ Qz0

e0S
¼ stz0

e0
(1)

E ¼ V

z0
¼ Q

e0S
¼ st

e0
(2)

where V, Q, C, E, and S are the potential, the charge, the
capacitance, the electric field intensity and the surface area,
respectively. z0 is the distance between the two materials, e0 is
the vacuum permittivity, and st is the initial charge density on
the dielectric material. A uniform electric field is formed
between the two materials, and its intensity is independent of
the distance. However, the potential difference between the two
materials increases proportionally with their distance, while
the electric field intensity at other positions is zero. This is
consistent with the simulation (simulation approaches for all
models are shown in the Experimental section) under the same
charge distribution (Fig. 3(b)), and more simulation results are
addressed in Note S2 (ESI†). If the independent electrode is

Fig. 2 Theoretical framework of the contact-separation mode TENG.
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grounded and a resistance is connected in the external circuit,
a single-electrode TENG model is formed. The infinite plate
model can only return its voltage theoretically, while the
transferred charges and the current should be obtained with
electrodynamic approaches (the details are shown in Note S3,
ESI†). For the same reason, the TENG models with two tribo-
charge layers should be analyzed with electrodynamic
approaches as the leakage field at the edge need be considered
for the output of the TENG.22,37

Common dielectric materials, such as polytetrafluoroethy-
lene (PTFE) and fluorinated ethylene propylene (FEP), possess
strong electronegativity and tend to accumulate charges
through the CE.38–40 Pre-charging is considered as a viable
approach for enhancing the TENG performance. In this case,
the TENG model is different from the first one (Fig. 3(aii) and (c)).
The electric field distribution is no longer confined between the
two materials. The electrode separates equal (but opposite)
charges on the upper and bottom surface so that an electrostatic
equilibrium is reached. However, when connected to a resistance
and grounded to fabricate a single-electrode TENG, the charge
distribution will be the same as the first model (detailed analysis
is provided in Note S4, ESI†).

Comparative analysis for two types of CS mode TENGs

Two types of tribo-charge layers have been discussed above. For
the first case, the corresponding TENG model is shown in
Fig. 3(d) (its open-circuit model is shown in Note S5, ESI†).
The two electrodes are connected by an external circuit, so their
potentials will be equal at equilibrium. At any point inside the
electrodes, the electric field intensity is zero. The potential at the
upper surface of the dielectric material is defined as Vt, and the
upward direction is defined as positive direction of the electric
field. Consequently, the following two equations can be derived:

� st
2e0
þ s1
2e0
þ s2
2e0
¼ 0

Vt � � st
2e0
� s1
2e0
þ s2
2e0

� �
z0 ¼ Vt þ

st
2e0er

� s1
2e0er

þ s2
2e0er

� �
d0

8>>><
>>>:

(3)

where s1 and s2 are the charge on the two electrodes, respectively.
er is the relative permittivity, and d0 is the thickness of the
dielectric material. The two unknown quantities can be

Fig. 3 Distribution of charges and the electric field for TENG basic models. (a) Schematic diagram of the models for the tribo-charge layers. Simulation
of the electric field distribution for (b) the first model and (c) the second model. (d) The TENG model with the tribo-charge layers from the first case.
(e) Distribution of the electric field and (f) variation of the electric field intensity with distance for the first type of TENG model. (g) The TENG model with the tribo-
charge layers from the second case. (h) Distribution of the electric field and (i) variation of the electric field intensity with distance for the second type of TENG
model. At the upper surface of the dielectric material, distance = 0, and E2 represents the electric field intensity inside the dielectric material.
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determined by solving the following equations:

s1 ¼
std0

erz0 þ d0

s2 ¼
sterz0

erz0 þ d0

8>>><
>>>:

(4)

The distribution of the electric field in the space can be
calculated as:

E1 = E4 = 0 (5)

E2 ¼
st

2e0er
� s1
2e0er

þ s2
2e0er

� �
ez ¼

stz0ez
e0 erz0 þ d0ð Þ (6)

E3 ¼ � st
2e0
� s1
2e0
þ s2
2e0

� �
ez ¼

�stz0ez
e0 erz0 þ d0ð Þ (7)

where ez is the unit vector pointing upward. To examine the
derivation, reasonable values are substituted into each para-
meter to calculate the charge on both electrodes. Then the
parameters (including the charge on electrodes) are input into
the finite element simulation. The electric field distribution
from the simulation is compared with the analytical solution.
It is assumed that z0 = 1.4 mm, d0 = 0.2 mm, st = 10�5 C m�2,
er = 2.2, and the charge on two electrodes is s1 = 5st/82 and s2 =
77st/82. The simulation results with these parameters are
shown in Fig. 3(e) and (f), which are consistent with the results
calculated from eqn (5)–(7): E1 = E4 = 0, E2 = 4.82 � 105 V m�1,
E3 = �6.89 � 104 V m�1. Similarly, the simulated potential
distribution also shows consistency with that from the analy-
tical solution, as detailed in Note S6 (ESI†).

For the second type TENG (corresponding to the second
model of tribo-charge layers in Fig. 3(aii)), the open-circuit
TENG model is solved and validated in Note S7 (ESI†). When
its two electrodes are connected by a resistance, the physical
model is depicted in Fig. 3(g). To fulfill charge conservation, the
zero electric field in the electrodes, and equal potential on both
electrodes, the governing equations can be written as:

where s1, s2, s3, and s4 are the charge density on the four surfaces
of the two electrodes, respectively. The solutions are as follows:

s1 ¼ s4 ¼
st
2

s2 ¼
std0

z0er þ d0

s3 ¼
stz0er

z0er þ d0

8>>>>>>><
>>>>>>>:

(9)

The distribution of the electric field is:

E1 ¼
st
2e0

ez (10)

E2 ¼
st

2e0er
þ s1
2e0er

� s2
2e0er

þ s3
2e0er

� s4
2e0er

� �
ez ¼

stz0
e0 z0er þ d0ð Þ ez

(11)

E3 ¼ � st
2e0
þ s1
2e0
� s2
2e0
þ s3
2e0
� s4
2e0

� �
ez ¼ �

std0
e0 z0er þ d0ð Þ ez

(12)

By substituting the same set of parameters adopted in the
first type TENG into eqn (9), the charge distribution is
obtained. These parameters are then taken into the finite
element simulation, which returns the results shown in
Fig. 3(h)–(i). The simulated electric field distribution is also
consistent with the analytical solution. It is clear that in this
model, charge transfer takes place between the two electrodes
of the TENG, resulting in a net charge on each electrode
(positive and negative charges are separated on each electrode),
maintaining an electrostatic equilibrium.

The two types of models analyzed above represent the
common approaches of initializing TENGs, while the former
has a stronger internal electric field, giving rise to higher open-
circuit voltage. When the two TENGs are of the same structure
and dimensions, the net charge difference between their two
electrodes is the same (equivalent amount of charge will be
transferred in both TENGs under identical motion). As the
distance between the dielectric material and upper electrode
increases, the transferred charge is:

st er zþ Dzð Þ � d0ð Þ
2 er zþ Dzð Þ þ d0ð Þ �

st erz� d0ð Þ
2 erzþ d0ð Þ ¼

sterDzd0
2 erzþ d0ð Þ er zþ Dzð Þ þ d0ð Þ

(13)

Different approaches should be considered in fabricating
different TENGs.

Analyzing a more general TENG model

So far, two types of TENG models have been analyzed. Earlier
TENG modeling studies have been mostly based on models
similar to the first type (and the comparisons are shown in
Table S2, ESI†). However, the second type, which involves pre-
charging of the dielectric material as an approach for enhan-
cing the TENG performance, is also analyzed in this study.
However, actual charge distribution is more complex. Previous

�s1 þ s2 þ s3 � s4 ¼ 0

� st
2e0
þ s1
2e0
þ s2
2e0
þ s3
2e0
� s4
2e0
¼ 0

st
2e0
þ s1
2e0
� s2
2e0
� s3
2e0
� s4
2e0
¼ 0

Vt � � st
2e0
þ s1
2e0
� s2
2e0
þ s3
2e0
� s4
2e0

� �
z0 ¼ Vt þ

st
2e0er

þ s1
2e0er

� s2
2e0er

þ s3
2e0er

� s4
2e0er

� �
d0

8>>>>>>>>>>><
>>>>>>>>>>>:

(8)
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studies by Prof. Wang have revealed that bias voltage can
significantly affect the ability of a material to gain/lose
electrons.41 It means the base electrode can easily acquire
positive charges under the influence of a negatively charged
dielectric material with a strong electrostatic field. As a result,
it may be inevitable for the base electrode to accumulate
positive charges when in contact with other substances (such
as human skin).

To cover all types of charges, including the pre-charging
charges st, the positive compensation charges acquired by the

base electrode sc, the contact-electrification charges s
0
t, and the

positive and negative charges separated by electrodes to achieve
electrostatic equilibrium s1, s2, s3, and s4 (Fig. 4(a), three
initial charge distribution and four induced charge distribu-
tion), a more general TENG model is analyzed. The simulated
electric field distribution for the open-circuit model (Fig. 4(aii))
is shown in Fig. 4(b) and (c), corresponding to the solution
detailed in Note S8 (ESI†), and its open-circuit voltage can be
derived as:

V ¼
st þ scð Þd0 þ st � sc þ 2s0t

� �
erz0

2e0er
(14)

The model with two electrodes connected via a resistance is
shown in Fig. 4(aiii). To fulfill charge conservation, electrostatic
equilibrium, and equipotentiality of the electrodes, a set of
equations have been derived:

The corresponding solutions are:

s1 ¼
st � sc

2

s2 ¼
st þ s

0
t

� �
d0

z0er þ d0

s3 ¼
st þ s

0
t

� �
z0er

z0er þ d0

s4 ¼
st � sc

2

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

(16)

The corresponding electric fields are:

E1 ¼
st � sc
2e0

ez (17)

E2 ¼
st þ s

0
t

2e0er
þ s1
2e0er

� s2
2e0er

þ s3
2e0er

� s4
2e0er

� �
ez ¼

st þ s
0
t

� �
z0

e0 z0er þ d0ð Þez

(18)

E3 ¼ �st þ s
0
t

2e0
þ s1
2e0
� s2
2e0
þ s3
2e0
� s4
2e0

� �
ez ¼ �

st þ s
0
t

� �
d0

e0 z0er þ d0ð Þez

(19)

E4 ¼
sc � st
2e0

ez (20)

By substituting the values in Note S8 (ESI†) into each
parameter, the electric field distribution can be calculated:
E1 = 2.26 � 105 V m�1, E2 = 4.82 � 105 V m�1, E3 = �0.69 �
105 V m�1, and E4 = �2.26 � 105 V m�1. The corresponding
numerical simulation results for the electric field distribution
are depicted in Fig. 4(d) and (e), in which the electric fields
inside the electrodes are zero, the two electrodes have equal
potential (E2d0 + E3z0 = 0 according to the data in Fig. 4e), and
the electric fields in the space are all equal to those calculated
using the equations, so the simulation results prove that the
calculation process is correct (more details for the numerical
simulations are shown in the Experimental section). Therefore,
the charge distribution on the two electrodes, the spatial
electric field distribution and the potential difference between
any two points of the TENG can be solved analytically under
either open-circuit or a connected state, given the source
charge, the material thickness, and internal distance of
the TENG.

Eqn (16) reveals that it is possible to have a net positive
charge, a net negative charge, or a net zero charge on the two

electrodes, and the difference in net charge between the two
electrodes is:

q zð Þ ¼ s3 � s4 � s2 � s1ð Þ½ �S ¼
st þ s

0
t

� �
zer � d0ð ÞS

zer þ d0
(21)

When the distance between the dielectric material and the
independent electrode increases by dz, the corresponding
transferred charge is:

dQ ¼ 1

2
q zþ dzð Þ � q zð Þ½ � (22)

The equation can be converted into the following form:

dQ

dz
¼ 1

2

q zþ dzð Þ � q zð Þ
dz

¼ 1

2

dq

dz
¼

st þ s
0
t

� �
erSd0

zer þ d0ð Þ2
(23)

�s1 þ s2 þ s3 � s4 ¼ s
0
t þ sc

�st þ s
0
t

2e0
þ s1
2e0
þ s2
2e0
þ s3
2e0
� s4
2e0
¼ 0

st þ s
0
t

2e0
þ s1
2e0
� s2
2e0
� s3
2e0
� s4
2e0
¼ 0

Vt � �st þ s
0
t

2e0
þ s1
2e0
� s2
2e0
þ s3
2e0
� s4
2e0

� �
z0 ¼ Vt þ

st þ s
0
t

2e0er
þ s1
2e0er

� s2
2e0er

þ s3
2e0er

� s4
2e0er

� �
d0

8>>>>>>>>><
>>>>>>>>>:

(15)
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The relationship between the transferred charge and the
distance z is:

Q ¼
ðz2
z1

dQ ¼
ðz2
z1

st þ s
0
t

� �
erSd0

zer þ d0ð Þ2
dz

¼ st þ s
0
t

� �
erSd0

ðz2
z1

dz

zer þ d0ð Þ2
¼

st þ s
0
t

� �
erSd0 z2 � z1ð Þ

z1er þ d0ð Þ z2er þ d0ð Þ
(24)

If the time increment is dt and the transferred charge is dq,
then the current is:

I tð Þ ¼ dQ

dt
¼ dQ

dz
v ¼

st þ s
0
t

� �
erSd0v

zer þ d0ð Þ2
(25)

It can be found that the current correlates positively with
velocity v, which is consistent with the experimental results
from many studies.42–45 From eqn (19), the displacement
current density can be derived:

@D

@t
¼ e0

@E3

@t
¼ e0

@Eb

@z

@z

@t
¼

st þ s
0
t

� �
d0erv

zer þ d0ð Þ2
(26)

where D is the electric flux density, so the displacement current
inside the TENG is:

Id ¼
ð
S

@D

@t
dS ¼

st þ s
0
t

� �
d0erSv

zer þ d0ð Þ2
(27)

Comparing eqn (25) with eqn (27) reveals that the displace-
ment current inside the TENG equals the conduction current in
the external circuit. When the TENG comes into contact, the
internal distance z of the TENG decreases. According to
eqn (16), s2 will increase while s3 will decrease, and a negative
value will be achieved from eqn (24). That means (positive)
charge transfer occurs from the base electrode of the dielectric
material to the independent electrode. While when the TENG is
in the separation process, charge transfer occurs from the
independent electrode to the base electrode of the dielectric
material (the details are shown in Note S9, ESI†).

The theoretical model and solution for the TENG are derived
rigorously, yet achieving accurate results relies on precise
knowledge of source charges and TENG motions. Reasonable
parameters reflecting charge distribution and motion states (as
in a previous study on the acoustic-driven TENG46) are provided

Fig. 4 Calculation and simulation results for the general model. (a) Schematic diagram of the model in different states. (b) Distribution of the electric
field and (c) variation of the electric field intensity for the model in (aii). (d) Distribution of the electric field and (e) variation of the electric field intensity for
the model in (aiii). (f) Theoretical voltage, (g) theoretical current density and (h) theoretical charge density for a contact-separation mode TENG.
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as the input to the theoretical model (details of estimated
parameters are shown in Note S10, ESI†), and the obtained
results are shown in Fig. 4(f)–(h). The open-circuit voltage, the
short-circuit current and the transferred charge measured
using the electrometer of the acoustic-driven TENG are
94.5 V, 13 mA, and 42 nC, respectively (Note S11, ESI†). The
voltage, the current and the transferred charge from analytical
solution are 95 V, 13.5 mA, and 43 nC, respectively. The analysis
has good agreement with the experiment, while the errors come
from the input estimation errors (i.e. TENG material charge,
internal distance, and actual motions). A more rigorous valida-
tion approach is introduced in the following section. In addi-
tion, this study mainly focuses on the conductor-to-dielectric
CS mode TENGs, but in fact, the proposed approach is quite
universal and can also be used to analyze the dielectric-to-
dielectric CS mode TENGs (Note S12, ESI†), which are also
commonly used in practice.47

Approach to validating the theoretical model

The theoretical model is derived from basic physics of TENG
devices, and the analysis results should be consistent with the
explicit characteristics of the TENG (Fig. 5). Previous studies
usually compare the voltage, the current and the transferred
charge predictions from a theoretical model with the experi-
mental data, as well as with the predictions from other theore-
tical models. Those are meaningful but incomplete, as
estimated values (rather than true values) are adopted in those
predictions, Therefore, an approach of ‘‘predicted characteris-
tics correlating’’ is proposed, which compares the non-intuitive
characteristics of the TENG with the theoretical predictions, as
shown in Fig. 5. If the predictions match the characteristics

(phenomena) in practice, the proposed theoretical model is
validated.

Our previous study indicates that a CS mode TENG can be
transformed into a SE mode TENG, with one electrode
grounded and the other as the output electrode. The output
performance will remain unchanged. The proposed model and
analytical approaches are used to analyze why TENGs have
these characteristics. In this section, the equations, theoretical
results, and experimental data for the CS mode TENG and
transformed SE TENG are compared, respectively. The theore-
tical model for the transformed single-electrode mode TENG is
shown in Fig. 6(a) (note that the initial charge distribution on
the dielectric material should be the same as the original CS
mode TENG, as shown in Fig. 4(a)). Since the electric field
inside the electrodes is zero and the potential of the electrodes
is zero, the following equations can be derived:

�st þ s
0
t

2e0
þ s2
2e0
þ s3
2e0
¼ 0

s3
e0er

d0 �
s2
e0
z0 ¼ 0

8>>><
>>>:

(28)

The corresponding solution is:

s2 ¼
st þ s

0
t

� �
d0

z0er þ d0

s3 ¼
st þ s

0
t

� �
z0er

z0er þ d0

8>>>><
>>>>:

(29)

Comparing the results with eqn (16), (18) and (19), the
charge distribution and the electric field inside the TENG of
the transformed SE TENG are exactly the same as those of CS

Fig. 5 Framework of the approach for validating the theoretical model.

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

3/
13

/2
02

4 
8:

27
:5

4 
A

M
. 

View Article Online

https://doi.org/10.1039/d3ee04143c


This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci.

mode TENG (Fig. 4(aiii)). The corresponding transferred charge
on the electrode and the current in the circuit is:

Q ¼
ðz2
z1

dQ ¼
ðz2
z1

ds2
dz

dz ¼
ðz2
z1

st þ s
0
t

� �
erSd0

zer þ d0ð Þ2
dz

¼
st þ s

0
t

� �
erSd0 z2 � z1ð Þ

z1er þ d0ð Þ z2er þ d0ð Þ

(30)

I tð Þ ¼ dQ

dt
¼ ds2S

dz

dz

dt
¼

st þ s
0
t

� �
erSd0v

zer þ d0ð Þ2
(31)

The comparison of eqn (30) and (31) with eqn (24) and (25)
shows that mathematically the output performances of the
transformed SE TENG are identical to those of the original CS
mode TENG. Moreover, the same values (as used in the CS
TENG) of the charge density on the dielectric material and the
motion states (as in Note S10, ESI†) are used for simulations.
The distribution of the electric field is shown in Fig. 6(b) and
(c), which is consistent with that from the contact-separation
model (in Note S13, ESI†). In the simulation, the charge on
the independent electrode induced by the charge on the
dielectric material can be calculated (Fig. 6(d)). Subsequently,
the transferred charge and current can be obtained based on
the simulation data (Fig. 6(e) and (f)), based on the parameters
of the acoustic driven TENG. The output parameters of the
transformed SE mode TENG from the theoretical results also
matches the output parameters from the CS mode TENG
(Fig. 4(g) and (h)). As for experiment results, the schematic
diagram, transferred charge and current of the original CS
mode TENG are shown in Fig. 6(g)–(i), and those of trans-
formed SE mode TENG are shown in Fig. 6j–l. The output
performance of the CS mode TENG is nearly the same as that of
the transformed SE mode TENG, which is consistent with the
theoretical results.

What’s more, if the electrode is not grounded, the output
current will be significantly reduced to almost zero. If the
independent electrode is grounded and the base electrode
serves as the outputting electrode, the output performance of
the TENG will remain unchanged. The corresponding theore-
tical model, solution and experimental details are shown in
Note S14 and S15 (ESI†), and the explanations for the ground-
ing method are provided in Note S16 (ESI†). All theoretical
analysis is consistent with the actual phenomena. It means
that the physical model and its corresponding solution have
effectively addressed the characteristics (the CS mode TENG
transforming into the SE mode TENG) of the TENG.

The figure of merit (FOM, derived from the V–Q curve of the
TENG) is proposed by Prof. Zi and has been an important index
of evaluating TENGs.36 The study proposed an approach for the
TENG to obtain maximum output energy from the V–Q curve
in one working cycle. It defined the structural FOM (FOMS,
dimensionless), performance FOM (FOMP), and material FOM
(FOMm) using parameters including charge density s and
maximum output energy Em. In the manuscript, we use math-
ematical analysis to describe the V–Q curve of the TENG during

the working process, and verify the dimensionless properties of
FOMS with more basic parameters.

Based on the theoretical model and equations above, the
V–Q curve and the figure of merit of the TENG can be compre-
hensively calculated and explained. When the external circuit is
open, the TENG is deformed by the external force and no
charge transfer occurs. Then the circuit is connected so that
the current flows through the resistors and enables maximum
energy output in a discharge process. If the initial distance
between the dielectric material and the independent electrode
is z1 (the charge distribution is in equilibrium), under the
excitation of external forces, the internal distance of the TENG
changes to z2 (during which the external circuit is open), then
according to the general TENG model (Fig. 4(a)) the potential
difference between the two electrodes changes from zero to:

V0 ¼ �
st þ s

0
t

� �
z1d0

e0 z1er þ d0ð Þ þ
st þ s

0
t

� �
d0z2

e0 z1er þ d0ð Þ ¼
st þ s

0
t

� �
d0 z2 � z1ð Þ

e0 z1er þ d0ð Þ
(32)

After connecting the external circuit, the total charge trans-
ferred from the independent electrode to the base electrode is:

Q0 ¼
st þ s

0
t

� �
erSd0 z2 � z1ð Þ

z1er þ d0ð Þ z2er þ d0ð Þ (33)

In the charge transfer process, when there is a charge of q
transferred from the independent electrode to the base elec-
trode, the voltage between the two electrodes is:

V ¼ �
st þ s

0
t þ

q

S

� �
z1d0

e0 z1er þ d0ð Þ þ
st þ s

0
t �

q

S

� �
d0z2

e0 z1er þ d0ð Þ

¼
st þ s

0
t

� �
d0 z2 � z1ð Þ

e0 z1er þ d0ð Þ � d0 z1 þ z2ð Þ
e0 z1er þ d0ð ÞSq

(34)

The correlation between the voltage V and the transferred
charge Q is linear, which is consistent with the simulation and
experimental results from the literature.36

In the first stage, if the two electrodes are connected by a
large resistor sufficient to affect the charge transfer process
during the change of the internal distance z, the voltage
between the two electrodes is:

V ¼
ð

st þ s
0
t

� �
d0

e0 zer þ d0ð Þ �
2d0z

e0 zer þ d0ð ÞS

ð
st þ s

0
t

� �
d0v dt

e0 zer þ d0ð ÞR

 !
dz (35)

The derivation process of eqn (35) is shown in Note S17
(ESI†). As the resistance R increases, the second term decreases.
As R approaches infinity, only the first term in the equation
remains, and eqn (35) will converge to the form of eqn (32).
When the distance reaches maximum, connect the two electro-
des in short circuit, thus the TENG returns to the discharge
process as expressed in eqn (34).
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In the first case, the maximum energy output in a discharge
process is:

Em ¼
ð
V dq ¼

st þ s
0
t

� �
d0 z2 � z1ð Þ

2e0 z1er þ d0ð Þ �
st þ s

0
t

� �
erSd0 z2 � z1ð Þ

z1er þ d0ð Þ z2er þ d0ð Þ

¼
st þ s

0
t

� �2
d0

2 z2 � z1ð Þ2S
2e0 z1er þ d0ð Þ2 z2er þ d0ð Þ

(36)

According to the definition, the figure of merit for structures
(FOMS) for the contact-separation mode TENG is:

FOMS ¼
2e0
s2

Em

Axm
¼ d0

2 z2 � z1ð Þ
z1er þ d0ð Þ2 z2er þ d0ð Þ

(37)

Meanwhile, the figure of merit for materials (FOMM) and the
figure of merit for performance (FOMP) are as follows:

FOMM ¼ st þ s
0
t

� �2
(38)

Fig. 6 Analysis of the transformed single-electrode TENG. (a) Schematic diagram of the TENG model. (b) Distribution of the electric field. (c) Variation of
the electric field intensity with distance. (d) Charge on the independent electrode derived from simulation. Comparison of simulation and calculation
results for (e) transferred charge and (f) current (derived based on the parameters of the acoustic driven TENG). Comparison of experimental results from
the CS mode TENG and transformed SE mode TENG. (g) Schematic diagram, (h) transferred charge and (i) current of the CS mode acoustic driven TENG.
(j) Schematic diagram, (k) transferred charge and (l) current of the transformed SE mode acoustic driven TENG.
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FOMP ¼
2e0d02 z2 � z1ð Þ

z1er þ d0ð Þ2 z2er þ d0ð Þ
(39)

It is worth noting that the FOMM introduced in the literature
is s2, which is derived from a TENG model similar to that in
Fig. 3(d). We can get the same result if the model in Fig. 3(d)
is used, while eqn (38) is more general. The dimensionless
property of FOMS can be validated using the basic parameters.
The consistency means the proposed model and analytical
approach can solve practical problems for TENGs, especially,
with the rigorous mechanism, to analyze characteristics for
TENGs when basic parameters are not finalized.

Comparison between infinite plate models and finite plate
models

In the previous sections, infinite plate models have been
utilized to analyze the TENG performance. In this section,
infinite plate models will be compared with finite plate models
to evaluate their accuracy and differences. For infinite plate
models, the electric field is uniform, directed along the z-axis
(see Note S18, ESI†). However, for finite plate models, neither

the magnitude nor the direction of the electric field is uniform.
It should be noted that the model used for Fig. 4 has infinite
element domains to make sure that it is an infinite plate model,
while a large air space is designed to make sure that the electric
field distribution from the TENG is slightly influenced (can be
neglected) by the space boundary. Other parameters for the
TENG models in the two simulations are identical. The com-
parisons are conducted between the simulation results from
Fig. 4 and 7. When the TENG size is obviously larger than its
internal distance, the simulation model is shown in Fig. 7(a)
(note that for the infinite plate model, large electric field
intensities appear at the corners, causing different color bars).
The electric field distribution is different from that of the
infinite plate model (Fig. 4(d)), while the z-direction component
of the electric field along the midline is similar (compare
Fig. 7(b) with Fig. 4(e)), especially for the internal electric field
E2 and E3.

The finite plate model is applied to estimate the perfor-
mance of the TENG (corresponding to the infinite models
introduced in Fig. 6, 4(f)–(h) and Note S10, ESI†). The two
different models are compared in Note S19 (ESI†). Although the

Fig. 7 Analysis of the finite plate model. (a) Simulation of the electric field distribution and (b) variation of the electric field intensity with distance for the
finite plate model which has a small internal distance. (c) Transferred charge and (d) transferred charge per unit area (for the output electrode) calculated
based on the simulation data. (e) Simulation of the electric field distribution and (f) variation of the electric field intensity with distance for the finite plate
model which has a larger internal distance.
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electric field distribution in the finite plate model shows
significant difference to those in the infinite plate model, the
mostly uniform electric field inside the TENG of the finite plate
model is very similar to that of the infinite plate model (Note
S19, ESI†). This should be attributed to its large size (20 mm)
relative to the internal distance (0.1 mm). In this case, the
transferred charge and transferred charge per unit area (trans-
ferred charge divided by the area of the electrode) of the TENG
from simulation are shown in Fig. 7(c) and (d). The comparison
of Fig. 7(d) and 4(h) shows that the transferred charge calcu-
lated from the finite plate model is very close to that from the
infinite plate model. When the electrode distance is compar-
able to the TENG size, the simulated electric field is shown in
Fig. 7(e) and (f). The electric field inside the TENG exhibits non-
uniformity in both magnitude and direction. These are signifi-
cantly different from those simulated with the infinite plate
model (see Note S20, ESI†).

Therefore, utilizing the infinite plate model to evaluate the
output performance of TENGs greatly reduces the analysis
intensity with acceptable accuracy, especially in predicting the
performance of TENG sensors with sizes much larger than
electrode distances. While for a TENG with larger electrode
distance, the finite plate model, along with electrodynamics
approach (will be introduced in the next section) should be
used. In addition, based on the theoretical model and its
solution, it is suggested that the schematic diagram showing
the working principle of the contact-separation mode TENG
should be as depicted in Fig. 8(a). Compared with the common
schematic diagrams (only one type of charge is distributed on
each electrode, and the charge is drawn in the central region of

the electrode), the proposed schematic diagram better reflects
actual charge distribution.

For many CS mode TENG sensors, if they are designed to detect
small-scale variables (forces, motions, etc.), the internal distance of
the TENG sensor will also be very small, like the acoustic sensor
for robotics,48 the paper based acoustic sensor,49 the eye motion
sensor,50 the pulse sensor,51 and the vibration sensor.8 Even quite
a few energy harvesters also have a small internal distance, like the
wave energy harvester,52 human motion harvester,53 and TENG
cardiac pacemaker.54 The common point of these CS mode TENGs
is that their sizes (centimeters) are much larger than their internal
distances (hundreds of micrometers). The simulation for the CS
mode TENG in a working cycle is shown in Fig. 8b. Due to the
relatively small internal distances of the TENG compared to its
size, variations in electric field are not significant. This is consis-
tent with many TENG sensors in practice.

Electrodynamic model for the TENG

Solving the electrodynamic model is a more precise approach to
predict the TENG performance, which works with any electrode
size and electrode distance. This section adopts the same
derivation method as in previous sections.

Charge redistribution takes place in all materials (see Note
S21, ESI†). This process is instantaneous for conductors, while
for dielectric materials, it may take considerable time, ranging
from hours to even months. A previous study has revealed the
bulk charge distribution inside dielectric materials of TENGs.55

For the infinite plate model, it is not necessary to consider bulk
charge distribution, as both surface and bulk charges have an
equivalent effect on the electric field in space and on the charge

Fig. 8 Working principle and simulations for the TENG. (a) Schematic diagram of the working principle and (b) finite element simulation for the contact-
separation mode TENG.
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transfer process. However, it makes a difference for the electro-
dynamic model. Considering the vast range of materials for
TENGs, the distribution of bulk charge rt and electric dipole p
is implemented in the electrodynamic model.

The schematic diagram of the electrodynamic model is
shown in Fig. 9(a). Based on the principle of electrostatic
equilibrium, which requires zero electric field within the elec-
trodes and equal potential between them, as well as charge
conservation, the following equations can be written as:

�smu þ smd þ seu � sed ¼ �s
0
t þ sc (40)

where r denotes the position of the field point, while r0 denotes
the position of the source point. smu, smd, seu, and sed

represent the distribution of the charge density on two surfaces
of the two electrodes, respectively. rmo is the central position of
the independent electrode. reo is that of the base electrode (for
symmetric geometry. If not symmetric, rmo and reo represent
the internal points within the electrodes where electric fields
generated by charges separated from that electrode cancelled
out). S is the area and V is the volume for the materials, n is the
unit vector perpendicular to the surface of the dielectric mate-
rial, and P is the polarization electric field intensity generated

Fig. 9 Analysis of the electrodynamic model. (a) Schematic diagram of the TENG electrodynamic model. (b) The simulation result for the TENG based on
the model.
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by electric dipoles, which has important applications like ferro-
electric material based TENGs56 (more discussion is provided
in Note S22, ESI†). Based on these equations, the charge
distribution on the two electrodes can be analyzed.

The potential j(r) at any point can be evaluated by summing
the potentials generated by the charges distributed in the
dielectric material jm(r), independent electrode jd(r), and base
electrode je(r)(detailed in Note S23, ESI†). Then the electric
field intensity can be derived from the potentials:

E rð Þ ¼ �=j rð Þ

¼ �@j rð Þ
@r

@r

@x
ex �

@j rð Þ
@r

@r

@y
ey �

@j rð Þ
@r

@r

@z
ez (44)

The transferred charge and the current between the two
electrodes are:

Q ¼
ðr2
r1

dQ ¼
ðr2
r1

d seu � sed � smd � smuð Þ½ �S
2dr

dr (45)

I tð Þ ¼ dQ

dt
¼ dQ

dr
v ¼ d seu � sed � smd � smuð Þ½ �S

2dr
v (46)

The electrodynamic model is simulated as shown in Fig. 9(b).
In the simulation, the dielectric material, electrodes and sub-
strates are all finite plates. Different colors in the simulation
diagram represent the distribution of the potential. The arrows
are used to describe the distribution of electric field intensity.
For the infinite plate models, the electric fields are uniform,
and the direction of the electric field intensity is the same in
one region, so we use the unit vector ez to describe it. The
analysis for the dynamic model is more complex, in which we
use the special vector r (r = rxex + ryey + rzez, where rx, ry, and
rz are the components of r in x, y, and z axis respectively)
to describe the magnitude and direction. So, the electric
field intensities for the electrodynamic model have three inde-
pendent directions. In the simulation diagram, the direction of
the arrow represents the direction of the electric field intensity
at the point of the arrow root, and the density of the arrows
means the magnitude of the electric field intensity. In the
middle line of the model, the direction of the electric field
intensity is nearly along the line (pointing at ez direction),
while at the edge of the model, the arrows point at different
positions. Comparing the electrodynamic model with the
infinite plate models, the electrodynamic model is a more
precise approach to predict the TENG performance, which
works with any electrode size and electrode distance. The
solution of charge and electric field distributions is based on
the electrodynamic methods, which is computationally inten-
sive. The infinite plate model approach significantly simplifies
calculations while maintaining sufficient accuracy when the
size of the TENG is much larger than its internal distance.
Intuitive analytical solutions can be obtained from infinite
plate models, while finite plate models usually only have
numerical solutions (like the result in Fig. 9b).

Practical applications based on the proposed theory

In this section, three applications based on the theory are
analyzed. They are the effect of the pre-charging charges,
variation of the output performance with the working fre-
quency, and the explanation for the TENG-based electric field
communication. These show the good practicability of the
theory, and also further verify the validity of the theory.

(1) The effect of the pre-charging charges. In the section of
‘‘Comparative analysis for two types of CS mode TENGs’’, it has
been proved that pre-charging charges play important roles in
TENGs in theory. The schematic diagrams are shown in
Fig. 10a–b. The TENG with a pre-charging dielectric material
has larger charge distribution in each surface and will have
more transferred charges when the two materials are in
contact-separation motion. Since the dielectric materials used
to fabricate TENGs usually have strong electronegativity, they
easily gain electrons from other materials in the environment
(like paper and human hand). Pre-charging charges can be
acquired for the dielectric material by the triboelectrification
process. The comparison between the original FEP film and the
pre-charging FEP film (with the PET material) is shown in Note
S24 (ESI†). The pre-charging FEP film has a high surface
potential, indicating that there have been more surface charges
on the material. The two types of FEP films are used to fabricate
acoustic driven TENGs, and the output performance of the
TENGs are compared in Fig. 10e and f. Obviously, the voltage
and transferred charge of the TENG with a pre-charging dielectric
material are much larger than those of the TENG with a normal
dielectric material. Therefore, the theory and experiments all show
that pre-charging charges on the dielectric material can improve
the output performance of the TENG, providing an approach to
fabricate high-performance TENGs in practice.

(2) Variation of the output performance with the working
frequency. If the movement of the TENG is regarded as a
sinusoidal motion: z(t) = A sin(ot + j), then

I tð Þ ¼
st þ s

0
t

� �
erSd0

zer þ d0ð Þ2
2pAf cosð2pftþ jÞ (47)

We can see that the current is proportional to the working
frequency of the TENG, while the voltage is related to the position z
but not the frequency (in the situation where frequencies influence
the movement of the TENG, like in resonance, the voltage is also
affected by the position intrinsically). Irregular motions can be
expressed according to the Fourier series:

zðtÞ ¼
Xn
k¼1

ak sin kotþ jkð Þ (48)

Then the current can be derived as:

IðtÞ ¼ 2pf
Xn
k¼1

kak cos 2pktþ jkð Þ (49)

It is still proportional to the frequency. A previous study57

has shown the relationship of the output performance of the CS
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mode TENG with the frequency. As the frequency increases,
the current is approximately proportional to the frequency
while the voltage remains the same. Therefore, the theory can
explain the output performance of the TENG with the
frequency.

(3) Explanation for the TENG-based electric field com-
munication. TENG-based electric field communication has
attracted many researchers in the TENG field due to its
interestingness.58,59 But corresponding theories are still inade-
quate, and many phenomena cannot be explained. A recent
study60 has introduced an approach for TENG-based electric
field communication. The TENG is in contact-separation
motion by a linear motor. One electrode of the TENG is
grounded and another electrode is connected to the transmit-
ting electrode. The electric field in the space can be received by
the receiving electrode, which is connected to the electrometer
(details are shown in Note S25, ESI†). But we do not know why

one electrode of the TENG should be grounded, so this will be
explained based on the proposed theory.

The theoretical model of the TENG-based communication
system is shown in Fig. 11. When the base electrode on the
dielectric material is not grounded, the model for the TENG is
shown in Note S25 (ESI†). Based on the analysis of Fig. 4aii in
the manuscript and Note S8 (ESI†), we can get the charge
density on the transmitting electrode:

s5 ¼
st � scð ÞSe

2St
(50)

It is not related to the internal distance of the TENG, so in
this model, the radiated electric field remains unchanged when
the TENG moves. While when one electrode is grounded, as
shown in Fig. 11a, to fulfill the electrostatic equilibrium of
the independent electrode of the TENG and the transmitting

Fig. 11 Analysis of the TENG-based communication. (a) Theoretical model for the TENG-based communication system. (b) The electrical signals
received by the receiving electrode.

Fig. 10 The effect of the pre-charging charges. (a) Schematic diagram of the TENG with the pre-charging dielectric material. (b) Schematic diagram of
the TENG with more pre-charging charges on the dielectric material. Comparison of the (c) voltage, (d) transferred charge of the TENG with normal FEP
material and pre-charging FEP material.
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electrode, we can get

s2
2e0
�stþs

0
t

2e0
þ s3
2e0
¼ 0

� s2
2e0
þstþs

0
t

2e0
� s3
2e0

� �
d0�

s2
2e0
�stþs

0
t

2e0
� s3
2e0

� �
z0¼

s3�s
0
t

� �
Se

Ct

8>>>><
>>>>:

(51)

where Ct is the capacitance of the transmitting electrode, and Se

is the area of the independent electrode. The solution is

s2¼
stþs

0
t

� �
z0Ct�ste0Se

d0Ctþ z0Ct� e0Se

s3¼
stþs

0
t

� �
d0Ct�s

0
te0Se

d0Ctþ z0Ct� e0Se

8>>>><
>>>>:

(52)

The charge density on the transmitting electrode is

s5 ¼
st þ s

0
t

� �
d0CtSe � stee0Se

2

2St d0Ct þ z0Ct � e0Seð Þ (53)

In this case, the charge density on the transmitting electrode
changes with the internal distance of the TENG, and thus an
alternative electrical signal can be received by the receiving
electrode. If the base electrode on the dielectric material is not
grounded but connected to a conductor with a capacitance of
Cs, we can derive the charge density on the transmitting
electrode as follows:

s5 ¼
� st þ s

0
t

� �
e0CtSb þ sce0CtSb þ std0CsCt � s

0
te0CsSe

� �
Se

2St �e0CtSb þ d0CsCt � e0CsSe þ z0CsCtð Þ
(54)

In this case, the charge density on the transmitting electrode
changes with the internal distance of the TENG, but the value is
less than that from eqn (53). The electric field can be radiated
when the charges are on the transmitting electrode:

Ep ¼
1

4pe0

þ
Str

�s5 r0ð Þ � ðr� r0Þ
r� r0j j3

dS0 (55)

The equation shows that the radiated electric field decays
quadratically with the distance, while the received electrical
signals may decay logarithmically.

The equations are derived based on the infinite plate
models. For the TENG-based communication experiment,
when the TENG is in contact-separation motion, it can be
regarded as a combination of the infinite plate model
(when the size is much larger than the internal distance) and
finite plate model. Therefore, when the base electrode is not
grounded, the electrical signal received by the receiving elec-
trode will be very small. When the base electrode is grounded,
the received signal will be much larger. When the base elec-
trode is connected to a conductor, the received signal will be
larger than the first case while smaller than the second case.

Experiments are designed to verify this. The details of the
experiment are provided in Note S25 (ESI†). The experimental results
are shown in Fig. 11b. When the base electrode is not connected to

other things, the electrical signal received by the receiving electrode
is small, while when the based electrode is grounded, the received
signal becomes much larger. Therefore, the experimental results are
consistent with the theoretical analysis. This study provides a
demonstration to use the theories in practical scenario.

Conclusion

In summary, this study has presented a systematic theoretical
analysis with solid mathematical derivations for contact-
separation mode TENGs. It is the authors’ insight that the
multiple variables to describe the charge densities on the TENG
usually include initial charges and induced charges. The multi-
ple variables can be unified into less variables based on initial
source charges that determine the electric field of the CS mode
TENG necessarily and sufficiently. Using the essential variables,
the study has created models for the electric field of the CS
mode TENG (validated convincingly in the rest of the paper),
which precisely addresses the charge transfer of the CS mode
TENG in motion or under deformation.

Starting from the infinite plate model, the charge distri-
bution of both the dielectric material and the independent
electrode resulting from CE is determined first. On top of it,
three types of models are proposed so that various forms of
contact-separation mode TENGs can be covered. Charge dis-
tribution/redistribution (not random but restrained by initial
source charges) and the charge transfer process are explained
by the mechanism. Both the conduction current in the external
circuit and the displacement current inside the TENG can be
deduced rigorously. And equations are deduced step by step
rigorously according to basic physical theorems. The study
introduced the ‘‘predicted characteristics correlating’’ method
to validate the theoretical models and the analytical solutions.
The theoretically predicted TENG characteristics are all consis-
tent with the actual phenomena in practice. This indicates that
the highly accurate theoretical analysis could also be the frame-
work for better understanding of the practical performances of
TENGs. The applicability of various models is discussed by
comparing the simulation and analytical results from infinite
plate models and those from finite plate models. On top of it, a
set of more accurate schematic diagrams for the working
principle of TENGs is first proposed. Then, an electrodynamic
model with its solving approach is proposed, which is applic-
able for contact-separation mode TENGs of any size. Finally,
applications are analyzed based on the proposed theory, show-
ing the theory may provide guidance for TENGs in practice.

Basic theories have always set important foundations. This
study has analyzed that infinite plate models and their equa-
tions can be used for designing TENGs in practice. This
simplifies calculations while maintaining sufficient accuracy.
But it should be noted that infinite plate models are solved
based on an assumption that the charge/electric field distribu-
tion is uniform. They are analyzed in an ideal situation and
cannot match the actual experiment 100%. The study also
analyzed some classical cases with the proposed approaches

Paper Energy & Environmental Science

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
02

4.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

3/
13

/2
02

4 
8:

27
:5

4 
A

M
. 

View Article Online

https://doi.org/10.1039/d3ee04143c


This journal is © The Royal Society of Chemistry 2024 Energy Environ. Sci.

as necessary steps to make the theoretical framework complete
and rigorous. The analysis from the theory shows that to
increase the output of the TENG, the initial charging from
contact electrification and pre-charging of the dielectric mate-
rial should be increased while considering suitable internal
distance. The expected characteristics of the TENG, and the
charge distribution and charge transfer process of the TENG
can be analyzed using the theoretical approaches proposed in
this study. Therefore, the study could be a part of a rigorous,
applicable and extensible theoretical foundation for TENGs.

Experimental section
Fabrication of the acoustic driven TENG and measurement
equipment

The acoustic driven TENG consists of a modified Helmholtz
resonant cavity, an aluminum film with acoustic holes, and a
FEP film with a conductive ink-printed electrode. The conduc-
tive ink is composed of carbon and other conductive particles.
The conductive ink-printed electrode is about 5 micrometers,
with good conductivity. The FEP film with the electrode is
relatively low-cost, easy-fabricated, flexible, and easy to vibrate
with the acoustic wave. The resonant cavity has dimensions of
73 mm � 73 mm � 40 mm. Two tubes with an inner diameter
of 5.0 mm and a length of 32 mm are fixed on the resonant
cavity. The aluminum film with uniformly distributed acoustic
holes is used as the electropositive triboelectric layer. The
length, width, and thickness of the film are 45 mm, 45 mm,
and 0.1 mm, respectively. The FEP film is used as the electro-
negative triboelectric layer due to its strong electronegativity
and good flexibility. A screen-printing device is used to print the
conductive ink (CH-8(MOD2)) on the FEP film (WitLan).
The shell is printed using a 3D printer with the PLA material.

When measuring the electrical output of the TENG, the device
was mounted on an optical plate with a loudspeaker, which is
driven by a sinusoidal wave from a function generator (YE1311).
The output signals, including the open-circuit voltage, short-
circuit current, and transferred charges, are measured using a
Keithley 6514 electrometer.

Simulation approaches

COMSOL Multiphysics software is used for all the finite ele-
ment simulations in this study. As we have derived the theore-
tical equations, we can obtain the analytical results directly.
To achieve the numerical result (as verification), the boundary
conditions are set up based on the problem in the software,
while the governing equations are not changed. In this way, the
simulation results are independent solutions to the same
problem and therefore can be used as the verification and
visualization for the analytical results.

The AD/DC modules, electrostatic interfaces and steady state
analysis are adopted in these simulations. For the infinite plate
models, in addition to setting the normal simulation area, all
edges of the simulation model should be set as infinite element
domains. Fig. 12a shows the details in simulating Fig. 3b. The
dielectric layer is set as the FEP material, and the conductive
electrodes are set on the lower side and upper side of the
dielectric material, respectively. With the infinite element
domains, the dielectric layer and the electrode are infinite large
plates for numerical simulations. Other spaces are filled with
air and also infinite large in numerical simulations. Fig. 3c is
from the same simulation model but with different charge
distribution on the dielectric layer and the electrode.

Fig. 12b shows the details of the simulation image corres-
ponding to Fig. 3e in the manuscript. Fig. 12a shows the
simulation result for tribo-charge layers, while Fig. 12b shows

Fig. 12 Detailed explanation for simulation images from infinite plate models. Detailed explanation for the model structure corresponding to (a) the
simulation image Fig. 3b, (b) the simulation image Fig. 3e, and (c) and (d) the simulation image Fig. 6b.
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the simulation result for a TENG. The infinite large plates for
the simulation model in Fig. 12b are the independent elec-
trode, dielectric layer and base electrode. Different colors
represent different electric field intensities. Uniform electric
field is formed in each space because infinite plate models are
used in numerical simulations. Comparing Fig. 3e with Fig. 3f,
at the upper surface of the dielectric material distance = 0. E1

and E4 represent electric fields in outer spaces, E2 represents
the electric field inside the dielectric material, and E3 is the
electric field at the internal space of the TENG. They are vectors
with magnitudes and directions, while E1, E2, E3 and E4 are
scalar electric field intensities. Fig. 3h, 4b and d can be
analyzed in the same way.

Corresponding to the simulation image Fig. 7a, the model
structure designed in the simulation is shown in Fig. 13a and b.
The top layer is the independent electrode and bottom layers
are the dielectric material and base electrode. Fig. 13a is a part
of the whole model shown in Fig. 13b. Unlike infinite plate
models, infinite element domains are not used for finite plate
models, but a large air space is set to make sure that the electric
field distribution from the TENG is slightly influenced (can be
neglected) by the space boundary. It should be noted that for
the simulation image from the finite plate model, large electric
field intensities appear at the corners due to the edge effect,
corresponding to very different color bars compared with that
from the infinite plate model.

For the three-dimensional simulation corresponding to the
simulation image Fig. 9b, the structure simulated is shown in
Fig. 13c. To design thin layers (50 mm for dielectric layer and
electrodes) for the three-dimensional model, two cuboids with
dimensions 6 mm � 6 mm � 0.4 mm are utilized as substrates,
and thin layers can be designed using the ‘‘layer’’ function in
COMSOL software. Both surface charge distribution and bulk
charge distribution are setup for the dielectric material layer,
and the complex electric field distribution inside the TENG
from the independent electrode to the dielectric material can
be shown from the simulation.

For all calculations and simulations in the study, the dielec-
tric permittivity is set as 2.2. If we want to analyze TENGs with
other dielectric materials, we can input the practical values to
parameters including dielectric permittivity, thickness, and
charge density (according to the actual situation). We focus
on the charge distribution of the TENG in a steady state. Since
that the charge transfer velocity is much faster than the move-
ment velocity of the TENG, the charge transfer process of the

TENG can be seen as a quasistatic process. Therefore, for the
conductive electrode (Al, Cu, Au, conductive ink, or other
material with good conductivity) in electrostatic analysis, we
always think that they are in electrostatic equilibrium states
with zero electric field intensity (and equal potential if the two
electrodes are connected). Once the model for the dielectric
material and conductive electrodes have been developed, we
can substitute specific values into parameters according to the
actual situation of the TENG device, so the influence of differ-
ent materials can be accounted.
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Fig. 13 Model structure designed in simulations corresponding to (a) and (b) the simulation image Fig. 7a, and (c) the simulation image Fig. 9b.
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