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1. Introduction

Utilizing a time-varying electric field to 
convert mechanical energy into electricity 
is the basic characteristics of triboelectric 
nanogenerators (TENGs).[1–4] The electric 
field originates from the different charged 
layers in a TENG as a result of tribo-
charges created on the contacting surfaces 
due to contact electrification (CE).[5,6] The 
existence of tribocharges leads to polari-
zation of the dielectric material. Induced 
charges are generated at the interface of 
the dielectric and electrode whereby an 
electric potential difference between the 
two electrodes is maintained. When a 
periodic mechanical force acts, the elec-
tric field due to the charge distributions 
and the induced polarization varies in 
time, leading to the generation of Max-
well’s displacement current (i.e., ID  = 
ε0∂E/∂t+∂P/∂t, where ID, E, and P rep-
resent the displacement current, elec-
tric field, and polarization, respectively; 
ε0 is the permittivity of vacuum) inside 
the TENG.[7,8] In the external circuit, the 
potential difference between the electrodes  
drives charges to flow through a connected 

load, resulting in a conduction current governed by Kirchhoff’s 
law.[1–3,9–11] Maxwell’s displacement current inside the TENG 
and the conduction current in the external circuit are equal 
and joined at the electrodes of TENGs so as to form a complete 
loop.[2,4,11] Magnetic fields can be neglected owing to the low 
operation frequency of TENGs. This is the physical mechanism 
of a TENG from the first principles of classical electrodynamics.

Through Maxwell’s displacement current, mechanical energy 
is converted into electrical energy and stored in TENG as quasi-
electrostatic energy. Part of the electrical/quasi-electrostatic 
energy is extracted to the external circuit.[4,11] TENGs have 
several potential applications such as a micro/nano-energy 
source for blue energy and self-powered sensors.[12–16] In gen-
eral, energy harvesting involves two processes: energy conver-
sion and energy extraction, which are closely interconnected 
during the operation of TENGs.[4,11,17] A detailed understanding 
of the two processes and how they interact is necessary to 
determine the maximum output power.[17–21] However, we first 
have to obtain the electric field, electric displacement-time rela-
tionship at different conditions so as to determine how much 
electrical energy can be extracted from TENGs to the external 
circuit. The impact caused by the device parameters including 
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the relative permittivity, dielectric thickness, and contacting 
surface, et  al., must be clarified as well. Furthermore, one of 
the open questions in determining the output performance 
of a TENG is the influence of fringing electric fields.[22–25] 
The edge effect is practically inevitable, since the electric field 
around the edges of TENGs cannot suddenly decrease to zero 
due to the properties of electrostatics. In order to address this 
problem, details of the mechanical excitation, device geometry, 
and external circuit conditions must be treated together.[4,9] In 
addition, the influence of boundary conditions for a compli-
cated multi-body structure must be addressed.

We first determine how the electric field E, electric displace-
ment D, and dielectric polarization vary in space and time using 
a 3D mathematical model. Then, we quantitatively calculate the 
electrical energy stored in TENGs and the energy extracted by 
the external circuit. The ratio of the two energies defines the 
output efficiency. In this work, the edge effect is considered 
when we calculate the output efficiency of a single TENG 
device or a TENG array. The external force-time relationship 
at different conditions is obtained following the principle of 
virtual work. The power density and energy density of TENGs 
are also determined. Using these concepts, the influences of 
device parameters and geometry structures on the E, D, and the 
optimum output power are investigated. On the other hand, a 
systematic study, including FEM simulation and experimental 
verification, is carried out for a TENG array. The results provide 
further evidence that a fringing electric field is proactively inev-
itable, and adjustment of the gap distance between each TENG 
devices is strongly beneficial for enhancing the output power.

2. Theory

2.1. Driving Force of the Contact-Separation (CS) Mode  
TENG: Displacement Current

The displacement current, originating from a time-varying elec-
tric field and dielectric polarization of the media, constitutes 
the driving force for the conversion of mechanical energy into 
electricity of mechanical energy harvesters.[1–3,11] For a TENG, 
due to the triboelectric charges generated by CE, a new term 
PS, known as the Wang term, is added to Maxwell’s equations.[2] 
The displacement current density (JD) is expanded according 
to:[1,2,10,11]
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where PS originates from the presence of electrostatic surface 
charges. The first term (ε∂E/∂t) is the electromagnetic wave 
that operates at high frequency, while the second term (∂PS/∂t)  
is for low frequency. For our purpose of TENG, we only  
consider the second term. Under the initial action (several 
cycles) of a mechanical force, the generated tribocharge on 
the contacting surfaces reaches steady-state.[5,7,11,23] Then,  
we have:
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The displacement current ID is calculated as a surface inte-
gral of JD:

I dS
t
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n  (2.2)

Consider a CS mode TENG as shown in Figure 1a. Maxwell’s 
displacement current and other output parameters can be cal-
culated using a 3D mathematical modeling (a 3D geometric 
structure of this model is shown in Figure S1, Supporting Infor-
mation).[3,9,11] When a load resistor Z is connected between the two 
electrodes, charges flow in the external circuit to reduce the poten-
tial difference. The presence of four charged plans in the CS mode 
TENG allows us to write for the displacement current through the 
entire surface z (ID,Z) (Note S1, Supporting Information):
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where ±σ(t) represents the charge density in the electrodes. z1, z2, 
z3, and z4 represent the positions of the bottom electrode, dielectric 
1, dielectric 2, and top electrode, respectively. x’ and y’ represent 
the locations of the electric charges in the 3D mathematical mod-
eling (Note S1, Supporting Information). It has been proven that 
the present model and the DDEF model are in exact agreement 
in predicating the basic output behavior of the vertically CS mode 
TENGs, which thereby demonstrates the feasibility and validity 
of the 3D mathematical model.[9] Unless explicitly stated, the fol-
lowing study will be carried out under a steady state. If z = z1, the 
above equation is simplified to (Note S1, Supporting Information):

( )
D,Z

σ
= = =I ab

d t

dt

dQ

dt
I  (4)

That is, ID,Z through the entire surface z1 is equal to the con-
duction current. For short-circuit (SC) conditions, the current 
ISC is exactly equal to the displacement current ID,SC (Note S1, 
Supporting Information). Several general conclusions can be 
drawn from the above results: a) when a TENG is operated in 
steady state, the displacement current is equal to the conduction 
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current if there is no leakage current; b) the displacement cur-
rent and conduction current are joined at the electrodes of 
TENGs forming a complete loop; and c) the displacement 
current has the same direction as D when ∂D/∂t > 0; but the 
displacement current is opposite to D when ∂D/∂t < 0. In par-
ticular, it is apparent that the displacement current field is dis-
tributed throughout the volume between the two electrodes.

2.2. Optimum Load of the CS Mode TENG

Converting mechanical energy into electricity through Max-
well’s displacement current is the main characteristic of 

TENGs. Every conversion from one form to another is related 
to the equation: effect = cause/opposition.[26] As proved earlier, 
a TENG is represented by a voltage source in connection with 
a variable capacitor[27–29] and the only loss mechanisms of a 
TENG are due to structural damping, dielectric loss, and cur-
rent leakage, etc.[3,11,17] During the energy conversion process, 
resistance to current flow is a result of the reactance of the 
variable capacitor, that is, the internal impedance of the TENG 
(ZT). According to the maximum power transfer theorem, the 
maximum power of a TENG is transferred when its internal 
impedance is equal to the external load resistance (ZL), and this 
load resistance is called the optimum resistance (Zopt). We have 
already demonstrated that the optimum resistance Zopt is equal 

Figure 1. Finite element modeling (FEM) simulation of a typical CS mode triboelectrical nanogenerator (TENG) at OC conditions. L represents the 
length of the 2D FEM mode, and L = 7.622 cm. a) Structure of the FEM model for a dielectric-to-dielectric CS mode TENG. Simulation results for 
the z-component of b) the electric displacement (Dz) and c) polarization (Pz) distributed at the edges of the CS mode TENG. Such leakage field is 
important for optimizing the output power density of TENG arrays. d) Dz, e) Ez, f) Pz, and g) VOC distributed inside the dielectrics and air gap when the 
maximum relative movement zmax = 1 mm. h) Comparison of EZ from the FEM simulation and the method of 3D mathematical modeling at SC condi-
tions. Comparison of EZ at positions of z1 and z4 at i) SC, and j) OC conditions, respectively. k) Comparison of SC current and displacement current 
(ID,SC) calculated by the 3D mathematical modeling. Detailed parameters are shown in Table S1, Supporting Information.
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to the root mean square value of ZT(t) for the LS mode TENG, 
a result which is applicable to any other types of TENGs with 
different configurations.[3] So, the Zopt of a CS mode TENG can 
also be calculated through this method, which is:

1
( )opt rms

2

0∫ [ ]= =Z Z
T

Z t dtT
T  (5)

where ZT(t) represents the internal impedance of the CS mode 
TENG, and T is the period if one operational cycle. Except for 
the rms method, another way to get the Zopt is proposed based 
on a dimensional analysis,[17] that is, Zopt  = 1.3902/(ωCdevice), 
where ω = 2π/T represents the angular frequency of the TENG, 
and Cdevice is the capacitance contributed by the dielectric mate-
rials (Note S2, Supporting Information). For the CS mode 
TENG (Figure 1a), we have 1/Cdevice = 1/Cdie1+1/Cdie2, where the 
Cdie1 and Cdie2 represent the capacitance of the dielectric 1 and 
dielectric 2, respectively. Besides, it is obvious that the Zopt of a 
TENG is a function of frequency and structural parameters but 
is not dependent on the σs, ZL, and the external circuit.

2.3. Electrical Energy and External Force of TENGs

A TENG is an electromechanical device that converts mechan-
ical energy into electricity. The operation of a TENG device 
can be described quasi-electrostatically by virtue of the low 
operation frequency.[3,4] Part of the electrostatic energy (Wes) is 
extracted by the external circuit. There are two different ways to 
get Wes. The first way is by computing the total work required 
to bring a group of discrete point charges together. The second 
way is by calculating an integral over the electric field. In the 
following, we choose either way as is most convenient.

Using the 3D mathematical model, analytic expressions for 
the variation of electric field E and D of the CS modes TENG 
can be easily derived (Note S1, Supporting Information). Then, 
the Wes stored in a TENG is given by:

1
2

1
2

es D Ee= ∫ = ∫ ⋅W w dV dV  (6.1)

where we represents the energy density (per unit volume) of 
the TENG. For a typical CS model TENG (Figure  1a), Wes is 
written as:
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where Eair, Edie1, and Edie2 represent the overall electric field in 
the air gap, dielectric 1, and dielectric 2, respectively; Ddie1 and 
Ddie2 are the corresponding electric displacement, and Vair, Vdie1, 
and Vdie2 are the corresponding volume element, respectively. 
To quantify the instantaneous energy distributed in a TENG 

and determine the relationship with the instantaneous output 
power, Pes is defined by writing Equation (6.1) as:

es escycle∫=W P dt  (6.3)

where Pes represent the instantaneous power of a TENG device. 
The average power (Pav,es) is now obtained as:

1
av,es escycle∫=P

T
P dt  (6.4)

In addition, for steady state operation, the electrical energy 
(WZ) extracted by the external circuit at one cycle is given by:

Z Z0
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where PZ represents the instantaneous power delivered to the 
resistor Z. According to energy conservation, the total energy 
(Wtotal) of a TENG energy harvesting system originates from 
two components: Wes and WZ. Hence:

total es Z= +dW dW dW  (8)

The external force (F) driving the TENG is strongly affected 
by the electrostatic force and the external conditioning cir-
cuit.[30–32] As shown in Figure 1a, when the top part (including 
the top electrode and the dielectric 2) moves up and down, the 
overall electric field in the air gap changes resulting in a vari-
ation of the electrostatic force. In addition, the fringing elec-
tric field near the edges of TENGs generates electrostatic forces 
acting on the dielectrics and electrodes (Figure  1b). One par-
ticular approach to determine the relationship between the 
external force and energy conversion of TENGs is by applying 
the principle of virtual work. Thus, if an external force displaces 
the TENG by a differential distance dℓ (a small virtual displace-
ment), the mechanical work w required by the system is:

dW dF = ⋅  (9)

As the mechanical work comes at the expense of the total 
energy of the TENG, one has dW = Wtotal = F⋅dℓ. Note that F is 
the external force, to counteract the electrostatic force f on the 
TENG, then F = −f. Since dℓ is arbitrary:

Wƒƒ = −∇ total  (10)

In Cartesian coordinates, the components electrostatic forces 
are:
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For the CS mode TENG (Figure  1a), since the electric 
field components in the x (Ex) and y (Ey) directions vanish 
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identically due to antisymmetry,[9,11] the related electrostatic 
force components can be ignored. An external force must be 
applied to overcome the electrostatic force f component along 
the z direction:

total es Z≈ = +F
dW

dz

dW

dz

dW

dz
z  (12.1)

At open-circuit (OC) or SC conditions, there is no electrical 
energy extracted, Equation (12.1) is rewritten as:

es,OC
total es,OC≈ =F

dW

dz

dW

dz
 (12.2)

es,SC
total es,SC≈ =F

dW

dz

dW

dz
 (12.3)

Where Fes,OC and Fes,SC represent the external force at OC 
and SC conditions, respectively, and Wes,OC and Wes,SC are the 
corresponding quasi-electrostatic energies stored in the TENG. 
Moreover, when an optimum resistor Zopt is loaded, Equa-
tion (12.1) is changed to

z,Zopt
total es,Zopt Zopt≈ = +F

dW

dz

dW

dz

dW

dz
 (12.4)

where Fz,Zopt is the external force, and Wes,Zopt is the electrical 
energy stored in the TENG at optimum resistance conditions. 
Note that the “≈” utilized in Equations (12.1)–(12.4) is due to 
the fact that the energy contributions from the effects of elastic 
deformation of dielectrics, structural damping, current leakage, 
etc. are not considered. In other words, the calculated external 
force is the minimum required force to drive a TENG. In the 
TENG quasi-electrostatic system we have ∇ × E = 0, and hence 
the fringing field is always there. However, through above 
method, we can determine the external force without knowing 
the change of electric fields.

2.4. Output Efficiency of TENGs

In most energy conversion systems, the efficiency of the 
energy harvesting system is defined as the ratio of the power 
output (Pout) to the power input (Pin) of the system, that is, 
η = Pout/Pin. This definition is not appropriate for the TENG 
energy harvesting system. Indeed, the internal impedance 
of a TENG is relatively large and changes with relative dis-
placement. Hence, if the loaded impedance satisfies ZL ≥ ZT 
or ZL ≤ ZT, apparently only a small portion of energy would 
be extracted from the TENG transducer to the external cir-
cuit based on the standard definition of energy conversion 
efficiency which is not an appropriate measure of efficiency 
for the TENG. What happens instead is that the TENG source 
current is split and flows through impedances ZL and ZT, 
simultaneously.[33,34] Thus, only part of the electrostatic energy 
(WZ) is extracted while the other part (Wes) does not appear in 
this definition.

An appropriate definition is to define the efficiency for 
TENGs as the ratio between the energy delivered to the load 

(WZ) and the total energy (Wtotal) converted from mechanical 
energy. The latter efficiency is referred to as the output effi-
ciency of TENGs:

Z
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Z

es Z
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+
dW
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dW dW
T  (13.1)

where ηT represents the output efficiency of a TENG 
energy harvesting system. The efficiency can be calculated 
as a ratio of integrals evaluated over one cycle. Then from 
Equation (13.1):
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P dt
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where Pz is the instantaneous power of ZL. Further, based on 
the maximum power-transfer theorem, the maximum output 
efficiency (ηT,max) is obtained at the optimal load impedance 
Zopt. Therefore, parameters WZ, Wes, PZ, and Pes should be 
replaced by the WZopt, Wes,Zopt, PZopt, and Pes,Zopt respectively.

As stated above, Wes can also be obtained via an integral 
over the charge configuration. With reference to Figure 1a, we 
denote the electrical potential of the top and bottom electrodes 
as ϕ+ and ϕ_ and the free charges on each electrode as Q and 
−Q, respectively. Then, Wes is derived by (Note S3, Supporting 
Information):

1
2

1
2

1
2

es 0 0∫ ∫ϕ ϕ ϕ= + = ∆+ −
−

W dq dq Q
Q Q  (14)

where Δϕ is the potential difference between the two 
electrodes.

2.5. Power Density and Energy Density of TENGs

The electrical energy extracted into the external circuit is the 
power supplied to the load. The average power density per unit 
volume (PV,Z) is defined by:

1 1
V,Z Z Zcycle∫= =P

TV
P dt

TV
W  (15)

and the energy density per unit volume (EV,Z) of a TENG is 
given by:

1
V,Z Z V,Z= = ∆E

V
W P t  (16)

Note that V represents the maximum volume of a TENG, cal-
culated by S(ddie  + zmax). The time Δt denotes an appropriate 
time interval such as one cycle time. Expressions for the power 
density per unit mass/area and the energy density are given 
in Note S4, Supporting Information. Considering the Zopt of 
a TENG device (Equation (5)) and Equations (15) and (16), the 
largest outputs can be obtained, which provide basic design 
rules in the development of optimum TENG for future appli-
cations. There are three key points to keep notice of. First, the 
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power density and energy density should be calculated at steady 
state and not in a transient state. Second, the main interest 
here is the available energy during the conversion process, that 
is, the electrical energy delivered to the external circuit. Third, 
it should be noticed that the power density and energy density 
are calculated based on the average power and average electrical 
energy.

2.6. Structures Figure-of-Merit of TENGs

Using Equations (6.2) and (14), we can calculate Wes of a TENG 
with various charge distributions. When z = zmax, the potential 
difference is at its maximum value and Δϕ = VOC. If all charges 
are transferred between the electrodes, similar to the case of SC 
conditions, we have Qmax  = QSC. The largest possible electro-
static energy (Wes,max) of a TENG is given by:

1
2

1
2

es,max OC SCϕ= ∫ =W dq V Q  (17)

This equation indicates how the largest possible energy 
storage capacity of a TENG is obtained. Note that Wes,max is 
closely related to the tribocharge density, geometry structure, 
and device parameters of the TENG. In addition, Wes,max has 
a physical meaning significance similar to Em, with the latter 
representing the largest possible output energy per cycle. 
Therefore, Wes,max can also be utilized to calculate the structure-
figure-of-merits (FOMS) of TENGs.[18,21] As a result, the struc-
ture FOMes of a TENG is rewritten as:

2
es

0
2

es,max

max

ε
σ

=FOM
W

Ax
 (18)

where A represents the contact area. While the FOMes cannot 
be achieved in reality, it is still a useful measure of the perfor-
mance of a TENG. In practice, the FOMes is always lower than 
the FOMS owing to the fact that the Wes,max is generally smaller 
than the Em (Note S5, Supporting Information).

2.7. Effects from Device Parameters and Geometry Structure

The two main parameters characterizing a TENG energy 
harvesting system are the energy conversion and energy 
extraction.[4,11,17] So, optimization principles for the max-
imum output power must consider these two parameters 
together. The aims are to convert and store in the TENG 
the maximum possible quasi-electrostatic energy Wes, and 
second, transfer the converted energy into the external cir-
cuit according to the maximum power transfer theorem. 
Till now, most optimized strategies have been proposed 
focusing on the second step, that is, try to get a perfect 
match between the mechanical frequency ω and 1/ZLCT;[17,33] 
but seldom consideration is paid to convert and improve the 
energy storage of a TENG.[11,17,33,35] In general, the first step 
is strongly dependent on the device parameters, such as the 
dielectric constant, dielectric thickness, contacting surface 
area, et al.

3. Output Performances of a Network 
Structure of TENGs

3.1. Capacitance of TENGs

We have previously derived the expression for the electric 
potential in a homogeneous medium, that is, when the permit-
tivity ε is constant in space, due to a charge distribution along 
the z direction.[9,11] According to the built 3D mathematical 
modeling, consider metallic electrodes positioned at z = z1 and 
z = zN+1 and additional charges are placed at the interfaces zi, 
where i = 2, 3,…, N. The potential difference between the elec-
trodes at zN+1 and z1, evaluated at x = 0 and y = 0, is (Note S6, 
Supporting Information):
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where εi denotes the permittivity of the dielectric slab j, and 
(zj-1-) = zj+1 − δ, and (zj+) = zj − δ, where δ is an infinitesimally 
small positive number. Here, we used that the potential is con-
tinuous across interfaces between different media. By use of 
the integral expressions (Note S6, Supporting Information), 
we find:
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Note that the function of f (z) is represented by Equation (S32),  
Supporting Information. Equation (20) gives an analytical 
expression for the potential difference. We can now obtain the 
capacitance C in the usual way, that is:

ϕ
σ

ϕ
=

∆
=

∆
C

Q ab
 (21)

where σ  = σN+1  =  −σ1 is the positive electrode charge density 
per area. If all charge densities σi (i = 2, 3,…, N) are related to 
σ by a multiplying factor, the capacitance defined above does 
not depend on σ as in the usual case. Using Equation (20), 
the capacitance of a standard capacitor C = εab/L is obtained, 
as required (Note S6, Supporting Information). In conse-
quence, based on the 3D modeling and Equations (20) and 
(21), we can get the capacitance of TENGs even with different 
configurations.

3.2. Output Performances of a Network Structure of TENGs

Consider a series of CS mode TENGs positioned along the x 
and y directions, that is, forming a 2D distribution (Figure S1d, 
Supporting Information). L represents the length of a TENG 
and W is the gap distance between any two TENG devices along 
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the x and y directions. Tribocharges are positioned at z = d1 and 
z = d1 + zmax. Additional free charges are on the electrodes posi-
tioned at z  = 0 and z  = d1  + zmax  + d2, respectively. All of the 
charge distributions are described using a Dirac delta function:
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where σ(t) represents the free charge density in the electrodes, 
and σs is the tribocharge density. d1 and d2 are the thicknesses 
of dielectric 1 and dielectric 2, respectively. z(t) denotes the gap 
along the z direction and changes in time. Since the CS mode 
TENGs are positioned at iλ, where λ = W + L, and i = 1, 2, 3,…, 
N, the electric potential at an arbitrary point r = (x, y) is:
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and the related electric field is:
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Using this equation, the electric field distributed in dielectric 
1 (E1), air gap (E0), and dielectric 2 (E2) can be fully evaluated 
(Note S7, Supporting Information). Then, the potential drop 
(Δϕ) between the top and bottom electrodes is derived by:
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When a load Z is connected between the electrodes, Kirch-
hoff’s law states:
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This is a time-dependent differential equation in σ(t) that 
allows determination of σ(t). Upon obtaining σ(t), the trans-
ferred charges, current, power, and output energy of the net-
work structure of TENGs can be evaluated. Investigating the 
output performance and the optimum conditions of this net-
work structure allows us to design and construct more efficient 
types of networks for TENGs. In addition, based on Equation 
(15), the average power density per unit area (PS,Z) of a special 
network structure of TENGs is defined by:

P
TS

P dt
TS

WZ∫= =1 1
S,Z Z

cycle
 (26.1)

and the energy density per unit area (ES,Z) is given by:

E
S

W P t= = ∆1
S,Z Z S,Z  (26.2)

where S represents the area occupied by a TENG in the net-
work structure, and S = LW (Figure  7a). Note that Equations 
(26.1) and (26.2) are important to quantitatively evaluate the 
conversion capacity of a network configuration composed by 
TENGs, for instance, a TENG network structure for harvesting 
blue energy at a large scale.[1,16] By combining Equation (5), 
the optimal outputs of a network structure can be predicated, 
which paves design maps for developing optimum TENG con-
figuration in practice.

4. Numerical Implementation

Computing the electric field distribution and the dielectric 
polarization is important to determine the output performances 
of a TENG. Figure  1 shows FEM simulations of a typical CS 
mode TENG at OC and SC conditions. A non-uniform electric 
displacement (along the z direction, Dz) exists near the edge of 
the TENG (Figure 1b). The distribution of Ez is uniform in the 
internal domain of the TENG but non-uniform at the edges, a 
result that also applies to Dz. The fringing electric field is inevi-
table and a consequence of electrostatics, that is, the line inte-
gral of the electric field around any closed path is zero hence 
the electric field does not decrease to zero at the edges. Further, 
because of the fringing electric field, a non-uniform polariza-
tion results inside the dielectrics (Figure 1c). The distributions 
of Dz, Ez, Pz, and VOC in the internal domain of the TENG are 
illustrated in Figure  1d–g. Due to the generated tribocharges, 
a discontinuity of the Dz exists across the contacting surfaces 
(Figure  1d) determined by the tribocharge density. A larger 
electric field is distributed in the air gap but the electric field 
decreases abruptly to zero inside the electrodes (Figure  1e). 
The polarization of dielectric 1 is larger than that of dielectric 
2, indicating a larger polarization charge stored in the former 
(Figure 1f). On the other hand, the potential difference between 
the top electrode (z4) and the bottom electrode (z1) can be calcu-
lated from Figure 1g. Further, we obtain continuity in the elec-
tric potential across the boundary as required.

Comparisons of the electric field from the FEM simula-
tion and the 3D mathematical model at various zmax are illus-
trated in Figure  1h. The two numerical results agree well 
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thereby demonstrating the feasibility and validity of the 3D 
model (Figure 1h). A linear relationship between Ez and zmax is 
observed at OC conditions (Figure 1j); however, under SC con-
ditions a dramatic decrease of the Ez first occurs, then it gradu-
ally approaches a stable state (Figure 1i). The variation of Ez is 
strongly affected by the charge distributions. At SC conditions, 
free charges are transferred between the two electrodes so as to 
establish the same electric potential. As a result rapid fluctua-
tions of the charge distribution arise. In addition, the displace-
ment current (ID,SC) is equal to the conduction current (ISC) 
when there is no current leakage (Figure  1k). The above two 
currents are joined at the electrode forming a complete loop. 
This result was also found by the present authors in our earlier 
published work.[2–4,9,11]

The changes of E, D, and the dielectric polarization P of the 
TENG have been calculated numerically as shown in Figure 2. 
It follows from Figure 2a,b that the amplitude of DSC is larger 
than that found for an optimum resistance either in the air 
gap (DSC_air and DZopt_air) or inside the dielectrics (DSC_die and 
DZopt_die). This is caused by the small electric field and dielectric 
polarization in the case when Zopt is applied as compared to 
SC conditions (Figure  2c–f). At a small external electric field, 
several dipoles are induced inside the dielectric, that is, the die-
lectric is macroscopically polarized with a polarization oriented 
along the applied electric field. The larger the dielectric constant 
is the larger macroscopic polarization is possible. So, dielectric  
1 (ε1 = 3.4) can be more polarized than that of dielectric 2 (ε2 = 2.1);  
hence, the electric field in dielectric 1 (EZopt_die1) is smaller com-
pared to the electric field in dielectric 2 (EZopt_die2). In conse-
quence, a larger Wes is distributed in the latter (Figure 2g,h).

Either at SC conditions or in the case with impedance Zopt, 
Wes in the air gap (Wair_SC and Wair_Zopt) is larger than that in 
the dielectric (Wdie1 and Wdie2), owing to the bigger electric field 
distributions between the contacting surfaces (Figure 2i). If an 
external load is connected, the charge transfer rate between the 
two electrodes is limited and residual charges lead to a higher 
amplitude of Wtotal (Figure 2j). Moreover, as ZL becomes larger, 
the energy Wtotal at the first cycle also increases (Figure  2k,l). 
On the other hand, the maximum output average power Pav 
delivered to a load is obtained at steady state.[3,11,27,28] A shown 
in Figure  2m, one “optimum resistance” is obtained in the 
first half cycle or in the transient state (Zopt,1half).[27,28] Another 
optimum (Zopt,steady) is obtained according to Equation (5). 
Although the peak power of Zopt,1half is much larger than that 
of Zopt,steady in the first half cycle, the Pav for Zopt,steady is almost 
three times higher than that delivered to Zopt,1half, indicating the 
rationality of Equation (5) (Figure 2m).

It should be noticed that the quasi-electrostatic energy/
electrical energy stored in a TENG can be calculated directly 
by Equation (6.2) which provides one method to quantitatively 
compare the electrical energy stored in a TENG and the part 
extracted to the external circuit. As depicted in Figure 2c–j, as 
the electric field increases/decreases, the quasi-electrical energy 
increases/decreases simultaneously. In other words, mechan-
ical to electrical energy conversion must overcome the change 
of the electric field. And vice versa, the quasi-electrostatic 
energy decreases continuously when the electric field is 
reduced to 0, that is, energy is converted from the electrical 
domain to the mechanical field. Therefore, effective conversion 

of mechanical energy to electricity occurs when the moveable 
part of the TENG moves such that the electric field distributed 
inside the TENGs is reduced.

Based on Equations (12.2)–(12.4) the external force along 
the z direction under different conditions has been calculated 
numerically (Figure 3). Although there is no electrical energy 
delivered to the load, an external force is still needed to drive the 
movement of TENGs. As depicted in Figure 3a,b, the external 
force component that should be applied to overcome the elec-
trostatic force in the air gap (Fair,SC) is much larger than that 
acting on the dielectrics (Fdie,SC). This is due to the fact that 
Wes stored in the dielectric is lower than the energy distributed 
in the air gap (Figure  2g–i). Furthermore, the external force 
changes dramatically at small gap distances and cannot be 
scaled up to macro scales (Figure 2b) because the electrostatic 
force induced by the charge distributions is reversely propor-
tional to the square of the distance between the contacting 
surfaces. A comparison of the total external force (Ftotal,SC) and 
Fair,SC components at different zmax indicates that the Ftotal,SC is 
generally larger than the Fair,SC, yet both of them increase when 
zmax increases (Figure 3c).

Under OC conditions, the quasi-electrostatic energy in the 
air gap (Wair,OC) is much higher than that stored in the dielec-
tric (Wdie,OC) which is similar to the SC conditions (Figure 3d). 
As shown in Figure  3e, Fair,OC and Fair,SC are in phase and 
both of them are characterized by the same peak force. How-
ever, the variation of Fair,Zopt is phase-lagging. Increasing the 
load resistor will lead to a lag in the phase of the external 
force thereby decreasing its peak value (Figure  3f). When an 
external resistance is applied, the charge transfer rate is lim-
ited. The charge transfer rate and the relaxation time can be 
quantitatively expressed by the product ZCT.[3,17,21] Since CT 
changes with zmax, ZCT is time-varying; this is the essential 
reason why the total quasi-electrostatic energy and electrostatic 
force are not in phase with the external excitation. The electro-
static force generated in the air gap is exactly opposite to the 
external force components. Thus, the variations of Fair,OC, Fair,SC, 
and Fair,Zopt directly dictate the change of the quasi-electrostatic 
forces between the contacting surfaces. In general, the quasi-
electrostatic forces are caused by the tribocharges and/or the 
free charges on the electrodes. However, forces also act on the 
tribocharges so as to pull the two charged contacting surfaces 
together whereby motion of the TENG is initiated.

As stated above, a TENG only dissipates a small amount of 
energy yet it is effective in converting mechanical energy to 
electrical energy. However, due to different external circuit con-
ditions, only part of the electrical energy can be extracted, that 
is, ηT,max is less than 1. The relationship between Wes and WZopt 
is shown in Figure 4. It should be noticed that the fringing 
effect of TENGs is considered for all the variations unless 
otherwise noted. As illustrated in Figure  4a, ηT,max gets close 
to 1 at a small zmax; as zmax increases to 0.1 m, ηT,max reduces 
to 0.25. This confirms that the TENG as a quasi-electrostatic 
energy harvester is most efficient at the micro scale but it does 
not scale well to macro or centimeter scale. A similar trend in 
WZopt/Wes is shown in Figure  4b and Figure S2a, Supporting 
Information, which provides a direct evidence for the change 
of ηT,max. The variations observed are attributed to two reasons. 
First, the variation of Wes is mainly affected by the change 
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in electric field distributions. As shown above, much of the 
electrical energy is stored in the electric field distributed in 
the air gap of TENGs. Hence, increasing zmax influences the 

phase and frequency of Wes in particular in the transient state 
(Figure S2b, Supporting Information); under steady state condi-
tions, although the working period of the Wes increases, there 

Figure 2. Variation of the electric field, displacement current, and electrical energy (or quasi-electrostatic energy) versus time at different conditions. 
Variation of the electric displacement distributed in the air gap (DZopt_air), dielectric 1 (DZopt_die1), and dielectric 2 (DZopt_die2) versus time at a) the 
optimum resistance (Zopt), and b) SC conditions. Variation of the polarization and electric field distributed in dielectric 1, and dielectric 2 versus time at 
c,d) the SC conditions (PSC_die1, PSC_die2, ESC_die1, and ESC_die2), and e,f) Zopt conditions (PZopt_die1, PZopt_die2, EZopt_die1, and EZopt_die2). Variation of the elec-
trical energy stored in g) dielectric 1 (Wdie1_ Zopt, Wdie1_SC), h) dielectric 2 (Wdie2_Zopt, Wdie2_SC), i) air gap (Wair_Zopt, Wair_SC), and j) the total transferred 
energy (Wtotal_Zopt, Wtotal_SC) versus time at SC and Zopt conditions. k) Variation of the total transferred energy (Wtotal) versus time at different loading 
resistances, and l) time dynamics during the first two operation cycles. m) Comparison of the average power (Pav) for two different situations: steady 
state (Zopt,steady) and transient state (the first half cycle) (Zopt,1half) operations. Detailed parameters are shown in Table S2, Supporting Information.
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is a gradual saturation of Wes (Figure S2c, Supporting Informa-
tion). Second, increasing zmax corresponds to a growth in Zopt 
and ZoptCT as per Equation (5) (Figure S4b, Supporting Infor-
mation). Either too small or too large zmax values will cause a 
mismatch between the quantity 1/ZoptCT and the mechanical 
frequency ω, giving rise to a small instantaneous power and low 
electrical energy (WZopt). If 1/ZoptCT is equal/close to ω, WZopt 
and Pav,opt are obtained (Figure S3, Supporting Information).

Moreover, the power density Pv,opt and energy density Ev,opt 
at different zmax are shown in Figure  4c, as per Equations 
(15) and (16). Obviously, comparison of Pv,opt and Ev,opt for a 
particular set of TENG structures with different TENG con-
figurations allows us to find the best performing TENG. The 
power density per unit mass/area and relevant energy density 
are calculated (Figure S3b,c, Supporting Information). As per 
Equation (17), Wes,max at different zmax is calculated (Figure S4a, 
Supporting Information), whereby the largest possible elec-
trostatic energy of a TENG can be predicted. Evidently, this 
method is also applicable to other types of TENGs. Further-
more, the reverse effects of the external circuit on ηT are dem-
onstrated in Figure  4d–f. At different loading conditions, ηT 
first increases and then decreases, and a peak ηT appears even-
tually (Figure 4d). A similar trend is observed for the variations 
of Wz/Wes, Pv,opt, and Ev,opt (Figure 4e,f). The impedance, asso-
ciated with the peak value of ηT, is Zopt, for which the largest 
electrical energy can be extracted by the external circuit. This is 
how the largest Wz (Figure S4c, Supporting Information), Pv,opt, 
and Ev,opt are obtained. Note that the relationship between Pv,opt 
and Ev,opt, illustrated in Figures 4c,f, is also described by Equa-
tion (16). Besides, the power density per unit mass/area and 

related energy density of this CS mode TENG at different Z are 
computed (Figure S3e,f, Supporting Information).

Optimized power output of TENGs is a multi-parameter 
optimization problem due to strong couplings between the 
TENG parameters.[36,37] In general, variables are mainly com-
prised of three parameter types including external excitations 
(external force Fext, mechanical frequency ω, and velocity v), 
device parameters (dielectric thickness d, dielectric constant ε, 
contacting surface area S, and maximum relative displacement 
zmax), and external circuit conditions (load resistance ZL, capac-
itor C, inductor L, and so on). The influence of various device 
parameters on the average electrical energy Wav,total and ηT,max 
are investigated systematically (Figure 5a–c), which is critical to 
find optimized conditions. Note that here Wav,total = (Wes,Zopt + 
WZopt)/T. Since Wes,Zopt and WZopt vary in time, Wav,total is a 
better choice to represent the converted energy at steady state. 
As shown in Figure  5a, both Wav,total and ηT,max decrease as ε1 
increases which leads to a reduced WZopt. The change of ε1 has 
no effect on VOC, QSC, and the transferred charges (QZopt) for 
an optimum resistance (Figure 5e–g; Figure S5a,b, Supporting 
Information) because there are no changes in EZopt and DZopt 
(Figure S6a,b, Supporting Information). Instead, the electric 
field in dielectric 1 (EZopt,die1) decreases as ε1 increases leading 
to a decreased potential difference (VZopt) across the optimum 
resistor, eventually resulting in a smaller output power  
(Figures  5f,h; Figure S5c, Supporting Information). This is 
attributed to the fact that the variation of the dielectric constant 
has no influence on the transferred charges. Therefore, the 
apparent simple choice of increasing the dielectric constant is 
not a good strategy to improve the output of a TENG.

Figure 3. External force versus time/zmax at SC and different loading resistances conditions calculated numerically using the virtual work principle. 
Minimum required external force versus time caused by a) the dielectrics (Fdie1_SC, Fdie2_SC) and b) air at SC conditions (Fair_SC). c) Comparison of the 
required force (Fair_SC) due to Wair_SC stored in air and total external force (Ftotal_SC) at different zmax at SC conditions. d) Total quasi-electrostatic energy 
versus time distributed in dielectric 1 (Wdie1_OC), air gap (Wair_OC), and dielectric 2 (Wdie2_OC) at OC conditions. e) Comparison of external force caused 
by air at SC, OC, and Zopt conditions (Fair_Zopt). f) Comparison of required forces (Fair_Zopt) due to Wair_Zopt stored in air at different loading resistances. 
Detailed parameters are shown in Table S2, Supporting Information.
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Since Wav,total is proportional to the dielectric thickness d1, 
a peak in ηT,max exists as d1 increases (Figure 5b). A large die-
lectric thickness leads to a small CT and decreased QZopt and 
QSC values (Figure  5i; Figure S5e,f, Supporting Information). 
On the other hand, the electric field distributed in the air gap 
and dielectric increases (Figure  5k,l; Figure S6d,e, Supporting 
Information), resulting in a growth of Vzopt and output power 
PZopt (Figure  5j; Figure S5g, Supporting Information). Thus, 
increasing the dielectric thickness improves the output power 
of the TENG, but ηT,max does not increase accordingly; so it 
also does not mean that the thickness of the dielectric can be 
increased unlimitedly. Typically, the thickness is limited from 
many tens microns to a few hundred microns range. In addi-
tion, as shown in Figure  5c and Figure S5i–k,m, Supporting 
Information, Wav,total and ηT,max are all proportional to the con-
tacting surface area (S1); however, ηT,max shows a rapid growth 
first before it reaches a saturation plateau above which it is dif-
ficult to extract electrical energy from the TENG device. This 
is owing to the fact that increasing the contacting surface 
area leads to much charge transfer between the electrodes 
(Figure S5j, Supporting Information) but it has no effect on E 
and D (Figure 5n; Figure S6g,h, Supporting Information), thus 
limiting the increase of VOC and Vzopt. On the contrary, PZopt is 
substantially improved due to the decrease of Zopt (Figure S5k,l, 

Supporting Information). Furthermore, the effects of device 
parameters on the optimum resistance are illustrated in Fig-
ures  S5d, S5h, and S5l, Supporting Information. Hence, 
although an increase in the contacting surface can enhance the 
output power of TENGs, the largest output efficiency is limited.

To verify the effects of geometry structures on the output 
power for four different structures of CS mode TENGs are 
designed and depicted in Figure 6. It should be noticed that xa, 
xb, xc, and xd represent the size of electric electrode, dielectric, 
and air gap in Case a–Case d, respectively. As per Equations (17) 
and (18), Wes,max and FOMes are calculated based on FEM simu-
lations. The fringing field capacitance caused by the non-uni-
form electric field near the edge of TENGs is also considered. 
Interestingly, from Case a to Case c, Wes,max and FOMes are 
proportional to the ratio of X/L; however, a negative relation-
ship takes place in Case d (Figure 6d). Here x = xa, xb, xc, or xd, 
which depends on the specific case. These results are mainly 
caused by the products of VOC and QSC of each TENG device. 
First, the potential difference is determined by the electric 
potential at each electrode but it does not depend significantly 
on the electrode size and geometry (Figure S7a, Supporting 
Information). So, VOC in Cases a and b changes very little when 
increasing X/L (xa/L, and xb/L). Moreover, the size of the dielec-
tric and electrode strongly affect the transferred charges (QSC). 

Figure 4. Output characteristics of the CS mode TENG at different zmax and loading resistances. The maximum output efficiency (ηT,max) of the CS 
mode TENG at a) different zmax and d) loading resistance conditions (ηT). The extracted electrical energy delivered to the general load (WZ) and the 
optimum resistance (WZopt), the quasi-electrostatic energy (Wes), and their ratios at b) different zmax and e) loading resistances conditions. Power 
density (PV,Zopt) and energy density (EV,Zopt) (per unit volume) at c) different zmax and f) loading resistance conditions. Detailed parameters are shown 
in Table S2, Supporting Information.
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Figure 5. Critical effects of relative permittivity (ε), dielectric thickness (d), and contacting surface area (S) on the output performances of the CS mode 
TENG. Variation of maximum output efficiency (ηT,max) and quasi-electrostatic energy stored in the TENG at different a) relative permittivity ε, b) dielec-
tric material 1 thickness d, and c) contacting surface area S, respectively. d) A Gaussian “pillbox” straddling the interface between the electrode and 
dielectric material. e) QZopt-time, f) VZopt-time, g) DZopt,die1-time, and h) EZopt,die1-time at the ε1 = 3.4 and ε1 = 68, respectively. i) QZopt-time, j) VZopt-time, 
k) DZopt,die1-time, and l) EZopt,die1-time at the d1 = 1.25 × 10–5 m and d1 = 1 × 10–3 m, respectively. m) VZopt-time, and n) EZopt,die1-time at S = 1.94 × 10–3 m2 
and S = 8.71 × 10–3 m2, respectively. QZopt and VZopt represent the transferred charge and voltage at optimum resistance conditions. DZopt,die1 and EZopt,die1 
are the electric displacement and electric field in the dielectric material 1 at optimum resistance conditions, respectively. ε1 and d1 represent the relative 
permittivity and thickness of the dielectric material 1, respectively. Detailed parameters are shown in Table S3, Supporting Information.

Adv. Energy Mater. 2021, 2100065



www.advenergymat.dewww.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2100065 (13 of 17)

As seen in Figure S7b, Supporting Information, increasing the 
electrode and dielectric length area generates more transferred 
charges. From Equations (17) and (18) Wes,max and FOMes are 
calculated as shown in Figure 6. These results confirm that CT 
is mainly influenced by the electrode area. On the other hand, 
as shown in Figure  6a,b, CT is increased with the electrode  
size (Figure S7c, Supporting Information). However, increasing 
the dielectric size (area) has little effect on CT (Figure 6c,d, where 
X/L = xc/L, or xd/L). This is due to the fact that the capacitance 
of the dielectric material is smaller than that of the air gap.[17] So, 
we can change the size and geometry of either the electrode or 
the dielectric or both depending on the actual conditions.

In reality, many different TENGs can be connected in par-
allel or series to construct a network structure according to 
purpose. However, owing to the edge effects, the arrangement 
of each TENG device is a critical issue. A 2D network architec-
ture composed by the CS mode TENGs is shown in Figure 7a, 
through which general design rules for the best positioning can 
be established. Note that L and W represent the length and gap 
distance between each TENG, respectively. Figure  7b depicts 
the equipotential lines and electric field distributions at zmax = 
3 mm from a selected area with a red box marked in Figure 7a. 
It is apparent that the electric field lines interfere according 
to the superposition theorem hence affecting the total output 
power. Therefore, each TENG must be placed appropriately. 

The output characteristics of a representative TENG (a1 in 
Figure  7a) are demonstrated in Figure  7b–h. As illustrated 
in Figure  7c, FOMes increases as W/L gets larger due to the 
increase in Wes,max shown in Figure S8a, Supporting Infor-
mation. In particular, Wes,max increases with W/L, a behavior 
which is apparent at a large zmax (7 mm). This happens because 
Wes,max is the product of VOC and QSC (Figure S8b,c, Supporting 
Information). The former is approximately proportional to zmax 
in a certain range;[9,19] in particular at a large zmax, VOC increases 
continuously with the increase of W/L (Figure S8b, Supporting 
Information). In contrast, at a small W/L, there is almost no 
change in VOC. Clearly, a small W/L implies a small distance 
between the TENGs such that the electric fields originating 
from the edges of TENGs interfere significantly with each 
other thereby generating distortion electric field distributions. 
As W/L decreases, the fringing of the electric field increases 
and the latter eventually penetrates into the internal part of the 
TENG. On the other hand, Ey in the air gap becomes small with 
a decrease in W/L (Figure S8c, Supporting Information), con-
sequently leading to a decrease in VOC between the electrodes.

Besides, it is known that most of the electrical energy is stored 
in the electric field distributed in the air gap of TENGs. A strong 
electric field intensity indicates a large stored quasi-electrostatic 
energy (Figure S8c, Supporting Information). So, the fringing 
electric field outside the TENG affects the capacitance and leads 

Figure 6. Finite element modeling (FEM) simulations for four different structures of the CS mode TENG. Numerically calculation of the largest pos-
sible electrostatic energy (Wes,max) and structure-figure-of-merits (FOMes) of a) Case a, b) Case b, c) Case c, and d) Case d. Corresponding distributions 
of electric potential and electric field for Case a, Case b, Case c, and Case d at zmax = 0.001 m. Note that xa, xb, xc, and xd represent the size of electric 
electrode, dielectric, and air gap in Cases a and b, Case c, and Case d respectively. Detailed parameters are shown in Table S4, Supporting Information.
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to storage of quasi-electrostatic energy (Figure  7d). Hence, a 
distorted electric field generates a larger fringing field capaci-
tance and a correspondingly larger amount of stored electrical 
energy. In other words, decreasing W/L leads to the generation 

of a certain amount of unusable electrical energy stored in the 
fringing electric field thereby limiting the total output power of 
the network structure of TENGs. This phenomenon explains 
why the output efficiency of TENGs cannot reach 100%. In 

Figure 7. FEM simulations of a special TENG array composed by CS mode TENGs. a) Structure of the FEM model; a1, a2, a3, and a4 represent the four 
typical positions in the network structure of TENGs. L is the length of the CS mode TENG, L = 5 cm; and W is the gap distance between neighboring 
TENG devices. b) Corresponding distributions of electric potential and electric field at four typical positions. Variations of c) FOMes and d) capacitance 
(CT) at different zmax. e) Relationships between the maximum average power density (Pav,zopt/S) and W/L at a fixed zmax = 1 mm. Note that the inset 
shows the comparison of the two optimum loads from W/L = 0.7 and W/L = 0.1 respectively. f) Average power (Pav) output of the CS mode TENG 
located at a1 position against different load resistors when W/L = 0.7. g) VOC and h) QSC of the a1 at different W/L and zmax. Detailed parameters are 
shown in Table S5, Supporting Information.
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brief, the non-uniform electric field at the edge of the TENG is 
practically inevitable, owing to the property of electrostatics.[7] 
Hence, the electric field distortion always exists with a certain 
part of unusable electrical energy as it cannot be extracted by 
the external circuit making the output efficiency less than 1. The 
way around this degradation is to optimize zmax or W/L so as to 
extract maximum electrical energy into the external circuit.

As depicted in Figure  7e, the maximum average power den-
sity Pav,Zopt calculated based on Equation (26.1) increases first and 
then decreases, showing an optimum W/L (0.7 in this case) for 
the largest output average power. Note that the optimum W/L = 
0.7 presented here hardly applies to other TENG arrays, since the 
value changes depending on the different boundary conditions, 
such as the variation of zmax and tribocharge density. Because of 
edge effects, the optimum load at W/L  = 0.7 (Zopt,edge  = 2.02  × 
107  Ω, L  = 5  cm) is bigger than that of the load when W/L  = 
0.1  (Zopt,edge  = 1.98 × 107  Ω). This means that decreasing W/L 

reduces the optimum load Zopt,edge and Pav,Zopt in a TENG array. 
Relationship between the average power (Pav) and load resis-
tors considering edge effects is shown in Figure  7f, where the 
largest Pav is obtained at an optimum load. On the other hand, 
the fringing electric field changes with zmax, thereby affecting 
the basic outputs of TENG arrays (Figure 7g). When the TENGs 
are placed closely (W/L = 0.14), a peak of VOC appears; this phe-
nomena is due to the change of the penetration of electric field 
lines in TENGs. Since there is no resistance in the external cir-
cuit, QSC is not affected by W/L. However, it becomes larger as 
zmax increases (Figure  7h), which is mainly a consequence of a 
large number of free charges transferred to shield the electric 
field generated by the tribocharges, making the TENG device 
electrically neutral at any time. Finally a particular variation of CT 
is found (Figure S9a, Supporting Information).

To verify the above conclusions, a TENG array composed 
by CS mode TENGs is constructed and depicted in Figure 8a, 

Figure 8. Experimental verification of a special network configuration composed by CS mode TENGs. a) Structure of the experimental model; a0 
represents the typical position in the network structure of TENGs. L represents the length of the CS mode TENG, L = 2 cm, and W is the gap distance 
between neighboring TENG arrays. Experimental results of b) FOMes, and c) relationships between the maximum average power density (Pav,zopt/S) 
and W/L at a fixed zmax = 10 mm. Note that the inset shows a comparison of the two optimum loads from the ideal case (zopt,ideal) and experiment 
when considering edge effects (zopt,edge). d) Average power (Pav) output of the CS mode TENG located at a0 position against different load resistors 
when W/L = 2.5. The inset shows the corresponding peak voltage and current obtained from the experiment directly.
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in which a0 is surrounded by four other similar TENGs. It is 
seen in Figure 8b,c that FOMes and Pav,Zopt are strongly affected 
by W/L and zmax, providing directly evidence for the successful 
theoretical analysis. The inset in Figure  8b clearly shows the 
change of FOMes at a small range of W/L values through the 
logarithmic coordinate axes. Figure 8d exhibits the peak power 
(Ppeak) versus load resistance and corresponding peak voltage 
and current (the inset) obtained from the experiments. We 
notice that a bigger optimum W/L value (W/L  = 2.5) appears 
in Figure  8c, and the optimum load (Zopt,edge) is smaller than 
the one calculated by Equation (5) in an ideal case (Zopt,ideal). 
These results are attributed to the larger zmax (10 mm) and tri-
bocharge density (≈91 µC m−2) from experiments when com-
pared to those in Figure 7e. As stated before, severe edge effects 
will be produced at a large tribocharge density, thus affecting 
the optimum distance between each TENG devices. As the 
TENGs are brought closer, there is an increase in both the 
fringe field capacitance (Figure 7c) and distortion electric field. 
Thus, decreasing the load resistance is a valid way to reduce 
the effects of fringe field at a given W/L. Moreover, because this 
TENG array (Figure  8a) effectively supports the basic conclu-
sion, that is, adjustments of the gap distance and zmax can lead 
to improvements in the average output power; so a network 
configuration similar to Figure 7a is not designed. Moreover, if 
we arrange these TENG arrays vertically or along the z-axis, var-
iations of the inter-TENG distance (W/L) and zmax will affect the 
fringing electric field and fringing field capacitance, which thus 
affects the output performance of the vertically TNEG array. 
Such TENG arrangements will be investigated in detail in our 
next work based on a similar approach.

5. Conclusion

In summary, the variation of the electric field and electric dis-
placement of TENGs is calculated using a 3D mathematical 
modeling based on which the process of energy conversion is 
quantitatively clarified. The output efficiency was defined as the 
ratio of the energy extracted by the external circuit to the energy 
stored in the TENG. The power density and energy density of 
a TENG were also defined. The virtual work principle is a con-
venient tool to examine the external force-time relationship at 
different conditions. In order to find the physical mechanisms 
governing the optimization principles of a TENG, the impact of 
device parameter and geometry structure choices on the electric 
field and the displacement field as well as optimum conditions 
for TENG performance are discussed. The optimum power and 
the largest output efficiency are inversely proportional to the die-
lectric constant; while increasing the dielectric thickness or con-
tacting surface area improves the largest possible energy storage 
capacity of TENGs. The potential difference between the two 
electrodes is mainly determined by the size of the dielectric but 
has little correlation with electrode dimensions and geometry.

Owing to the properties of the electrostatics, a non-uniform 
electric field distributed near the edge of a TENG is practically 
required for TENG to give a good output. For a TENG array, 
the optimum load and average output power tend to reduce 
gradually when decreasing the inter-TENG distance (W/L), 
especially within a narrow range. The way to circumvent  

degradation is to optimize W/L and zmax in order to extract 
more electrical energy into the external circuit. Furthermore, at 
a smaller W/L, reducing the load resistance is a valid way to 
decrease the fringe field effects. Furthermore, it should be clear 
that although a simple harmonic motion is enforced in the 
numerical experiments of this work, the calculation results and 
the physical mechanisms governing the optimization principles 
of TENGs are valid and consistent even under different excita-
tions. In brief, appropriate boundary conditions including the 
gap distance and zmax that are regarded as designing rules, are 
significantly important to improve the output of TENG arrays. 
It is shown how the different physical mechanisms governing 
TENG operation dynamics affect optimization strategies and 
limitations for practical applications.
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