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Abstract The rapid growth of flexible and wearable electronics makes it an urgent requirement to develop

mobile and sustainable energy sources for these devices. Triboelectric nanogenerator (TENG) stands out for

its outstanding performance. However, high output performance and energy conversion efficiency TENG still

remains one of the most crucial barriers for practical applications. In this paper, we systematically analyze

the relationship of maximum instantaneous output power and energy conversion efficiency with the material

parameters, structural parameters and experimental parameters. Firstly, we obtain the explicit equations for

the transferred charge, output voltage, output current and maximum instantaneous power from the contact-

mode model and governing equation. Then it is deeply studied how the material parameters, structure

parameters and experimental condition can influence the output performance. Finally, the relationship of

energy conversion efficiency with the TENG parameters is investigated to provide guidance for rational design

of TENG. The high efficiency energy source could greatly promote the development of flexible electronics.
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1 Introduction

The rapid growth of flexible and wearable electronics makes it an urgent requirement to develop mobile

and sustainable energy sources for these devices. The traditional battery technology has become more and

more unpractical and inefficient due to its limited lifetime, large size, potential health and environmental

problem. Therefore, scavenging mechanical energy from ambient environment for powering these elec-

tronics has become one of the most attractive research hotspot in flexible electronics fields [1–3]. Among

these energy sources, nanogenerator which utilizes nanomaterials and nanotechnology to harvest energy

for powering micro/nanosystems, has become a promising solution [4–6]. In particular, triboelectric

nanogenerator (TENG) stands out among these candidates for its unique figure of merits.

Recently, TENG based on coupling of contact electrification and electrostatic induction has been

demonstrated a promising technology for harvesting mechanical energy wasted in our daily life [7–9]. It

has exhibited numerous advantages, including large output power, low weight, low cost, easy fabrication,

environmental friendliness and multifunctional design. TENG has been utilized to integrate with flexible
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Figure 1 The contact-mode model of TENG.

electronics such as flexible self-powered sensors [10–17]. However, there are still urgent requirements for

further improving the output performance for more practical applications. Theoretical simulation plays

an important role in understanding and increasing the output performance [18, 19]. Different materials,

surface nanostructure and device architectures have been reported to realize higher output power [20–22].

The area power density of TENG has reached 313 W/m2 [23]. However, it is still lack of the analysis how

the TENG parameters could affect the energy conversion efficiency. It is an important issue in aspect of

energy and environment field.

In this paper, we systemically analyze the relationship of maximum instantaneous output power and

energy conversion efficiency with the parameters of TENG. Firstly, from the model and governing equa-

tion, explicit equations for the transferred charge, output voltage, output current and maximum power

are presented. Then it is deeply studied how the material parameters, structure parameters and ex-

perimental condition can affect the output performance. Finally, the relationship of energy conversion

efficiency with the TENG parameters is investigated to provide guidance for rational design of TENG.

The high efficiency energy source could greatly promote the development of flexible electronics.

2 Output performance under different resistors

The fundamental working principle of TENGs is the coupling of contact electrification and electrostatic

induction. Based on the materials for the triboelectric pairs, the contact-mode TENG can be divided

into two categories: dielectric-dielectric and conductor-dielectric. Considering that the friction effect of

conductor and dielectric is better than dielectric and dielectric type, a dielectricconductor model is used,

as shown in Figure 1. The top layer consists of a top electrode and a fixed dielectric layer, where the

dielectric layer acts as a friction layer. The bottom layer acts as bottom electrode as well as the friction

layer. And the two electrodes are connected in series with an external load resistor R.

Under a compressive force, the two layers will be brought into contact. The contact inner surfaces

of the bottom electrode and the dielectric layer will have opposite triboelectric charges of equal charge

density σ, as a result of contact electrification. After fully contact, it is reasonable to assume that the

triboelectric charges are uniformly distributed on the two surfaces with negligible decay. Once releasing

the pressing force, the two triboelectric layers trend to separate from each other, with an air gap x(t).

The resulted potential different V (t) between the two electrodes drives the flow of electrons from top

electrode to bottom electrode to offset the potential difference. Consequently, the surface charge of the

top electrode is Q while the bottom electrode is Sσ−Q. Considering that the device size is much larger

than its separation distance and the thickness of the dielectric, the electric field strength at each region

can be simply calculated by Gauss theorem.

Inside the dielectric layer

Edielectric = −

Q/S

ε0εr
. (1)

Inside the air gap

Eair = −

σ0 −Q/S

ε0
, (2)

where ε0 and εr are the vacuum permittivity and the relative permittivity, respectively.

The voltage between the two electrodes should satisfy

V (t) = Edielectricd+ Eairx(t). (3)
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The surface charge Q also represents the amount of charges that go through the resistor. According

to the Ohm’s law, the output voltage V can also be expressed as

V (t) = RI(t) = R
dQ

dt
. (4)

Merging equations, we can obtain

dQ

dt
+

Q

RSε0
(d0 + x(t)) =

σx(t)

Rε0
. (5)

The V -Q-x relationship is the governing equation of TENG. When t = 0, the two triboelectric layers

are close to each other, and there is no charge transferred. Therefore, the initial condition is

Q(t = 0) = 0. (6)

Considering the initial condition and equation, the first-order ordinary differential equation can be

solved analytically as

Q(t) = e
−

∫
t

0

d0+x(t)
RSε0

dt

[
∫

t

0

σx(t)

Rε0
e
∫

z

0

d0+x(z)
RSε0

dz
dt

]

, (7)

I(t) =
dQ

dt
=

σx(t)

Rε0
−

d0 + x(t)

RSε0
e
−

∫
t

0

d0+x(t)
RSε0

dt
×

∫

t

0

σx(t)

Rε0
e
∫

z

0

d0+x(z)
RSε0

dz
dt, (8)

V (t) = RI(t) =
σx(t)

ε0
−

d0 + x(t)

Sε0
e
−

∫
t

0

d0+x(t)
RSε0

dt
×

∫

t

0

σx(t)

Rε0
e
−

∫
z

0

d0+x(z)
RSε0

dz
dt. (9)

One can see that the motion equation is a key factor affecting the output performance of TENG.

Firstly, a uniform motion with a constant velocity v is chosen. In the actual situation, the separated

distance of the two triboelectric layer always has a maximum value xmax. As xt reaches xmax, the top

layer stops moving. So the uniform motion equation is shown as follows:






x(t) = vt, t <
xmax

v
,

x(t) = xmax, t >
xmax

v
.

(10)

Using the specific parameters shown in Table 1, which are extracted from [18, 24]. The numerical

calculation results can be obtained.


































Q(t) = σS − σS × exp

(

−

d0t+ 0.5vt2

RSε0

)

−

σd0
Rε0

× exp

(

−

d0t+ 0.5vt2

RSε0

)

×

∫ texp

0

(

d0z + 0.5vz2

RSε0

)

dz, t <
xmax

v
,

Q(t) =
σSxmax

d0 + xmax
−

(

σSxmax

d0 + xmax
−Q0

)

exp

(

−

d0 + xmax

RSε0

(

t−
xmax

v

)

)

, t >
xmax

v
,

(11)

where Q0 can be obtained by substituting t = xmax

v
into (11).



































I(t) = −

σd0
Rε0

+
σd0 + σvt

Rε0
exp

(

−

d0t+ 0.5vt2

RSε0

)

+
σd20 + σd0vt

R2Sε20

×exp

(

−

d0t+ 0.5vt2

RSε0

)

×

∫

t

0

exp

(

d0z + 0.5vz2

RSε0

)

dz, t <
xmax

v
,

I(t) =
d0 + xmax

RSε0

(

σSxmax

d0 + xmax
−Q0

)

exp

(

−

d0 + xmax

RSε0

(

t−
xmax

v

)

)

, t >
xmax

v
,

(12)



































V (t) = −

σd0
ε0

+
σd0 + σvt

ε0
exp

(

−

d0t+ 0.5vt2

RSε0

)

+
σd20 + σd0vt

RSε20

×exp

(

−

d0t+ 0.5vt2

RSε0

)

×

∫

t

0

exp

(

d0z + 0.5vz2

RSε0

)

dz, t <
xmax

v
,

V (t) =
d0 + xmax

Sε0

(

σSxmax

d0 + xmax
−Q0

)

exp

(

−

d0 + xmax

RSε0

(

t−
xmax

v

)

)

, t >
xmax

v
.

(13)
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Table 1 Simulation parameters utilized in the uniform motion model

Symbol Value

Surface triboelectric charge density σ 20 µC/m2

Relative permittivity of dielectric layer εr 2.8

Thickness of dielectric layer d 3×10−4 m

Effective thickness of dielectric layer d0 = d/εr 1.07×10−4 m

Area size of the triboelectric layer S 2×10−3 m2

Maximum separation distance xmax 2×10−3 m2

Average velocity v 0.1 m/s

Mass of the top layer m 10 g
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Figure 2 (Color online) Calculated output performance of contact-mode TENG. (a) Transferred char relationship at

different load resistance; (b) output current-time relationship at different load resistance; (c) output voltage-time relationship

at different load resistance; (d) the relationship of peak current, peak voltage and instantaneous output power with load

resistance.

The relationships between the output performance and time with different load resistance R are shown

in Figure 2. It takes 20 ms for top triboelectric layer moving from beginning to end at a uniform velocity.

As shown in Figure 2(a), the transferred chargeQ can get saturated when R is relatively small at t= 20 ms.

When R is more than 1 GΩ, the charge transfer rate is limited by the large resistor. The charge Q cannot

get its saturation value hence charge continues transferring after t = 20 ms. The peak current increases

when R decreases, as shown in Figure 2(b). When R is small, the output current reaches its maximum

value before t = 20 ms. And the time required to reach the peak current is shorter as R deceases. When

R is larger enough (R > 1 GΩ), the output current keeps increasing and get its maximum value at t =

20 ms. Otherwise, the output voltage has a different trend. The peak voltage is proportional to the R.

It reaches the peak before t = 20 ms when R is small. When R is large enough, it reaches the maximum

value at t = 20 ms as shown in Figure 2(c). As clearly displayed in Figure 2(d), the relationship of output

performance with resistor R can be divided into three regions. In region i (R < 104 Ω), the peak current

keeps almost the same and the output voltage is nearly zero. On the other hand, in region iii (R > 1011 Ω),
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Figure 3 (Color online) The relationship of maximum output voltage and current with relevant parameters. (a) The

relationship of maximum output voltage and current with σ; (b) the relationship of maximum output voltage and current

with εr; (c) the relationship of maximum output voltage and current with S; (d) the relationship of maximum output

voltage and current with d; (e) the relationship of maximum output voltage and current with xmax; (f) the relationship of

maximum output voltage and current with v.

the peak voltage saturates and the output current is close to zero. In region ii (104 Ω < R < 1011 Ω), the

output current decreases while the output voltage increases. As a result, the TENG reaches its maximum

instantaneous output power at around 109 Ω.

Firstly, we in-depth study the relationship of maximum output voltage and current with relevant

parameters. The relevant parameters are classified into three categories including material parameters,

structural parameters and experiment parameters. The material parameters are mainly the property of

triboelectric layer and dielectric layer, including the surface charge density σ and relative permittivity

of dielectric layer εr. The structural parameters include the thickness of dielectric layer d, area size of

the triboelectric layer S and maximum separation distance xmax. The average velocity v is experiment

parameter.

Usually the output performance of TENG is measured using an oscilloscope and a low noise current

preamplifier. So the load resistances for output voltage and current simulation are 10 MΩ and 50 Ω,

respectively. The relevant results are shown in Figure 3. The maximum output voltage and current are
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Figure 4 (Color online) The influence of parameters on instantaneous output power and corresponding optimum resis-

tance. (a) Instantaneous output power profile with different load resistance at different σ; (b) instantaneous output power

profile with different load resistance at different S; (c) instantaneous output power profile with different load resistance at

different v; (d) instantaneous output power profile with different load resistance at different d.

proportional to the surface charge density σ, relative permittivity of dielectric layer εr and area size S

respectively, as shown in Figure 3(a)–(c). The maximum output current is nearly linear relationship with

the three parameters. But the maximum output voltage gradually saturates with relative permittivity

of dielectric layer εr and area size S increasing and only has linear relationship with the surface charge

density σ. On the other hand, the maximum output voltage and current are inversely proportional to

the thickness of dielectric layer d, as displayed in Figure 3(d). They quickly decrease as the thickness of

dielectric layer d increases from 0.1 to 0.2 mm, which is usually used for TENG in experiment. As shown

in Figure 3(e), the maximum output current remain unchanged as the maximum separation distance

increases. Because the charge transfer process is instantaneously completed when the R is 50 Ω according

to Figure 2(b). It takes a very short separation distance to reach the maximum value for output current.

In a similar way, the maximum output voltage is nearly independent of separation distance xmax. The

maximum output voltage and current are proportional to the average velocity v, as shown in Figure 3(f).

The average velocity v is usually corresponding to the frequency. Thus, we can increase the output

voltage and current by increasing the pressing frequency. By optimizing the material, structural and

experiment parameters, we can effectively improve the output performance of TENG.

Moreover, the maximum instantaneous power and the corresponding optimum resistance are key pa-

rameters to evaluate the performance of TENG. However, the load resistance of various flexible electronics

are unique, we need to control the position of the optimum resistance to match the different applica-

tions. Therefore, the maximum instantaneous and the corresponding optimum resistance need to be

systematically researched to understand its relationship with these parameters.

The calculated results are plotted in Figure 4. One can see that the surface charge density σ, area size S

and the average velocity v greatly affect the maximum instantaneous power, as shown in Figure 4(a)–(c).

As the area size S and the average velocity v increase by an order of magnitude, the maximum instan-
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Figure 5 (Color online) The energy conversion efficiency of TENG. (a) The output current-time relationship at R =

1 GΩ. (b) The calculated electric energy delivered by the TENG in a single contact. (c) The calculated electric energy and

input mechanical energy at different v. (d) The relationship of calculated energy conversion efficiency η with υ.

taneous power increases by dozens of times. Remarkably, the maximum instantaneous power enhanced

by two orders of magnitude as the surface charge density σ increases. The surface charge density σ and

area size S rarely affect the optimum resistance while it decreases as the velocity v increases. On the

other hand, the maximum instantaneous power slightly decreases with the d increasing, as indicated in

Figure 4(d). And the corresponding optimum resistance almost keeps constant.

To sum up, we can increase the maximum instantaneous power by increasing the surface charge density

σ, area size S and the average velocity v. For example, various strategies to increase the charge density

σ has been reported, including surface morphology, material modification, charge injection and larger

force [24–26]. While the optimum resistance can be reduced by increasing the average velocity v . The

average velocity v can be controlled by the test machine. We can get desired performance by rational

design of TENG.

3 Energy conversion efficiency

Usually we are more concerned with performance like maximum output current and maximum instan-

taneous power that we ignore the energy conversion efficiency. And the energy conversion efficiency is

around 20% for contact-mode TENG [27, 28]. Energy conversion efficiency is defined as the ratio be-

tween the electric energy that delivered to the load by the TENG and the mechanical energy the TENG

possesses. Here we deeply study the relationship of energy conversion efficiency with the parameters of

TENG. As shown in Figure 5(a), it is the output current pulse calculated at load resistance R = 1 GΩ.

So the electric energy delivered by the TENG can be expresses as

Eelectric =

∫

t2

t1

I2Rdt, (14)
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where I is the instantaneous current at load resistance R, and the time span between t1 and t2 represents

a single contact. The relationship of delivered electric energy with time is plotted in Figure 5(b). Note

that the energy transfer is not finished when the top triboelectric layer stops moving. Because there is

still charge transfer after t = 20 ms at R = 1 GΩ.

According to the current-time relationship at different average velocity v, we calculate the relationship

between the generated electric energy and average velocity v, as the black curve shown in Figure 5(c).

It is clearly that the generated electric energy increases rapidly and then gets saturated. For mechanical

energy, it can be calculated by

Emechnical =
1

2
mv2, (15)

where m is the mass of the top layer including the top triboelectric layer and encapsulation. As the

blue curve shown in Figure 5(c), it increases more rapidly as average velocity v increases, which shows a

different trend from generated electric energy.

Thus the energy conversion efficiency η can be calculated as

η =
Eelectric

Emechnical
× 100%. (16)

The relationship of energy conversion efficiency η with average velocity v is shown in Figure 5(d). One

can see that the energy conversion efficiency η drops rapidly as the average velocity v increases. We can

decrease the average velocity v to improve the energy conversion efficiency η. However, it means lower

maximum instantaneous power. Of course, we could increase the efficiency by increasing the surface

charge density, area size or reducing the mass of top layer, which means higher maximum instantaneous

power at the same time. The parameters of TENG should be choose reasonably according to the practical

applications. It is to be noted that the above result is the efficiency at conversion process level. At energy

level, the initial mechanical energy is the work done by the press force which is more complicated.

4 Conclusion

In summary, we systemically analyze the relationship of maximum instantaneous output power and energy

conversion efficiency with the parameters of TENG. Calculated from the basic model and equations, we

firstly investigate the influence of parameters on the maximum current and voltage including the surface

charge density, relative permittivity of dielectric layer, the thickness of dielectric layer, area size, maximum

separation distance and the average velocity. The maximum current and voltage are proportional to the

surface charge density, relative permittivity of dielectric layer, area size and the average velocity. Then

we find that the maximum instantaneous power increase rapidly by increasing the surface charge density,

area size and the average velocity. While the optimum resistance can be reduced by increasing the average

velocity. Importantly, we calculate the energy conversion efficiency of TENG. We can get both higher

maximum instantaneous power and energy conversion efficiency by rationally choosing the parameters of

TENG. It provides guidance for rational design of TENG and could greatly promote the development of

flexible electronics.
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