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Abstract

Triboelectric-electret nanogenerator (TENG) has recently become a research hotspot in the field

of energy harvesting due to its advantages in low-cost, compact structure, broad applicability,

and high efficiency. In this work, we calculated the charge transfer process and the output

voltage/current/power of a contact-separation mode TENG driven by continuous periodic

reciprocating movements with acceleration/deceleration processes, using symbolic computations

in MATLAB. The calculated amplitudes of output voltage/current peaks of the TENG vary

during multiple working cycles over time in an exponential form and gradually convergence to

steady ranges. For the first time, these variations, along with the asymmetry between the output

positive and negative voltage/current peaks of the TENG, were attributed to the lag of the charge

transfer cycle relative to the periodic movement cycle with both theoretical and experimental

evidence. A detailed investigation was conducted on the influence of the initial condition and

the load resistance on the variation of TENG output voltage peaks. The optimum load resistance

(Ropt) was obtained by calculating the average output power of the TENG per movement cycle
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(AvgP). Both Ropt and AvgP can be quite different in the steady output ranges from those in the

first working cycle if the TENG starts working from the contact state. These results may be

important for evaluating and optimizing the output of TENGs in a steady continuous working

mode, and for designing TENGs in accordance with their working environment and circuit loads.

Keywords:

triboelectric-electret nanogenerator; continuous working cycles; amplitude-variable output;

average output power; initial condition; load resistance.

1. Introduction

Triboelectric-electret nanogenerators (TENGs) are intensively researched in recent years for

their broad prospects in efficiently generating electricity from ambient mechanical movements to

power diverse electronic devices and construct self-powered systems [1-14], or work as active

sensors [15-20]. In comparison with electromagnetic generators, TENGs are light-weight, low-

cost, and more efficient in harvesting low-frequent small-scale kinetic energy with simple

compact structures [21-28]. Among the five different modes of TENGs, the contact-separation

mode has the second largest maximum structural figure-of-merit [29]. Theoretical models for

TENGs were well established [30-41]. However, variations in the amplitude of output

voltage/current/power of TENGs during multiple continuous working cycles were seldom

studied. Besides, some theoretical researches consider only a single separation process of

contact-separation mode TENGs and use the instantaneous peak power to obtain the optimum

load resistance [31, 33], which may be not appropriate to evaluate the actual performance of

TENGs during continuous working. In addition, in previous theoretical calculations/simulations,

only movements at constant velocity without acceleration/deceleration processes and movements

described by sine or cosine functions were considered [31, 33, 38, 39]. Though some researchers
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have found the amplitude-variable output voltage [38] or current [39] of TENGs driven by

continuous sine or cosine movements, detailed characteristics and causes of these phenomena

need to be further discussed.

In this article, firstly, we gave analytical solutions of the charge transfer differential

equation of TENGs with a resistive load and arbitrary initial conditions. Secondly, we defined a

piecewise periodic reciprocating movement and used symbolic computations in MATLAB to

calculate the charge transfer process and the output voltage/current/power of a specific contact-

separation mode TENG driven by the defined movement, with two typical initial conditions.

According to obtained results, there are variations in the amplitude of output

current/voltage/power peaks of the TENG during multiple movement cycles. The causes of these

variations were analyzed according to the calculated charge transfer process. Characteristics of

the variation in the amplitude of output voltage peaks of the TENG with different load

resistances and initial conditions were discussed in detail. Thirdly, QV cycle diagrams calculated

from the two initial conditions were compared, and the optimum load resistance was gotten by

calculating the average output power of the TENG per movement cycle. At last, variations in the

amplitude of the output voltage peaks of a real TENG driven by a linear motor were verified by

both experimental and calculated data. The methods and results presented in this work can be

very helpful in evaluating the real performance of TENGs in a certain working environment,

which is important for applying TENGs in practical energy harvesting and self-powered systems.

2. Methods

2.1. Model and calculations

A simplified physical model based on the conservation law of charge, Gauss’ law,

Kirchhoff's law, and Ohm’s law for TENGs was used to describe the time-dependent charge
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transfer process in TENGs with purely resistive loads [31]. Symbolic computation in MATLAB

was used to solve the fundamental differential equation of this model.

2.2. Experimental measurements

A piece of 4 cm × 4 cm sized 100 μm-thick polytetrafluoroethylene (PTFE) film was used

as the triboelectric-electret film in the TENG, with conductive copper adhesive tape pasted on

one side as the back electrode. The PTFE film was attached on the slider block of a linear motor

system (Afag Electro slider ES20-100 with LinMot servo drive and controlled through the

LinMot-Talk software), with the naked side outward. A same 4 cm × 4 cm sized aluminum foil

was attached to a fixed plate faced with the PTFE film, working as the top electrode for the

TENG. The top and back electrodes were connected to an oscilloscope (Wavejet 354A, Lecroy)

through high impedance probes to measure the output voltage of the TENG during the back-and-

forth movement of the PTFE film driven by the linear motor. The photograph of the TENG and

the testing set-up are presented in Fig. S1 in the supporting information. The transferred charge

amount was recorded with a Keithley 6514 electrometer. Before each measurement, the top and

back electrodes were short-circuited to ensure the electrostatic equilibrium.

3. Modeling

Fig. 1(a) depicts the simplified cross-section structure of the contact-separation mode

TENG. In the sketch, -σ represents the effective surface charge density on the top side of the

electret film, S is the area of the film, ε0 is the absolute permittivity of air (usually the value of

vacuum permittivity is used), εr and df is the relative permittivity and the thickness of the electret

film respectively, z(t) is the time-dependent air gap distance, Q(t) is the time-dependent charge

amount on the back electrode, and R is the load resistance in the external circuit. Using the

conservation law of charge, the charge amount on the top electrode is given as σS-Q(t). In this
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simplified configuration, σ was considered invariable with time, meaning that the electret film

was regarded as a perfect electret. Fig. 1(b) shows the equivalent circuit diagram of the TENG.

Cgap (t) represents the capacitance formed by the air gap between the top electrode and the top

side of the electret film, and Cf represents the capacitance formed by the electret film. These two

capacitors have one common plate (i.e. the top side of the electret film), and their other two

plates (the top and back electrodes) are connected through the resistance load. Therefore, in an

electric equilibrium state, the two electrodes should hold an equal electric potential referring to

the top side of the electret film.

In the electric equilibrium state, we used Qeq(t) instead of Q(t) to represent the charge

amount on the back electrode for distinction. According to the Gauss’ law, the back electrode

holds an electric potential of Qeq(t)/Cf, while the top electrode holds an electric potential of (σS-

Qeq(t))/Cgap (t), both taking the top side of the electret film as the reference. So, there are
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, where d0 is the effective thickness constant of the electret film defined as df/εr to simply the

equation [31]. Qeq is the same as the short-circuit transferred charge in other articles [30, 31],

which is reasonable since the two electrodes will always have the same electric potential if they

were short-circuited.

With the relative approaching and separating movement between the top electrode and the

electret film, Cgap changes with z while Cf keeps unchanged, leading to the charge transfer

between the top and back electrodes to eliminate the difference in the electric potential caused by
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the variation of Cgap. According to the Gauss’ law, the Kirchhoff's law, and the Ohm’s law, the

following equation can describe this charge transfer process [31]:

�  �� �
��

+ � �   �0+� �
� �0

= � � �
�0

(3)

. This equation can be analytically solved if a specified initial condition is given and regarding

z(t) as a known analytical function. Here, two typical initial conditions are considered. At first,

the most used initial condition is used, i.e. z(0) = 0 and the two electrodes are in the electric

equilibrium state at t = 0. According to equation (2), there is
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. With this condition, the equation (3) can be solved as
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, where u and w are intermediate variables for the integration. The output current of the TENG

can be derived as
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. Then the output voltage and power of the TENG can be obtained from the equation (6) and the

Ohm’s law.

In another case, considering that the top electrode starts to approach the electret film from a

distance of zmax at t = 0 (z(0) = zmax) and the two electrodes are in the electric equilibrium state at

t = 0, according to the equation (2), there is

� 0 = ��蚰 0 = ����㴘ኞ
�0+��㴘ኞ

= ��㴘ኞ (7)
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, where Qmax represents Q(0) under this initial condition. Then Q(t) and I(t) can be solved from

the equation (3) as:
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Combining equations (4) ~ (9), the Q(t) and I(t) solved from the equation (3) with an

arbitrary initial condition can be given as
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4. Calculation results

4.1. Parameters for calculations

Based on the modeling part, the output current of a specific TENG can be calculated with

given values of parameters. The relative movement between the top electrode and the electret

film, described by z(t), is significant to the output of TENGs. In previous researches, mainly two

types of movement were studied for the contact-separation mode TENGs. One is a single

separation process with a given average velocity, the other one is a simple harmonic movement

described by a sine or cosine function. Here, we use a piecewise acceleration-uniform motion-

deceleration cyclic movement, which is also an important form of continuous movement, to

calculate the output of TENG. For the purpose of comparison, in this section, we used the same
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geometrical (thickness and area of electret film), material parameters (permittivity and surface

charge density), and movement speed during the uniform motion with the reference [31].

However, we added a large acceleration and deceleration of ±100 m/s2 and made the movement

reciprocating and cyclic. Detailed parameters’ values are given in Table 1. The polarity of

charges on the electret film was set as negative since the film used in this work is made with

skived PTFE which is one of the most triboelectrically negative materials in the triboelectric

series [2]. Though we didn’t particularly charge the PTFE film before measurements, it could

obtain electrostatic negative charges by the triboelectrification with the top electrode (aluminum

foil) during the contact and separation processes. Our experimental results also confirm the

negative polarity of these electrostatic charges on the PTFE film.

Table 1 Values of parameters in calculating the output of TENG for comparisons

Parameter Value
S 58.0644 cm2

εr 3.4
df 125 μm
σ 10 μC/m2

Maximum gap zmax
Maximum speed v1
Maximum speed v2
Acceleration a1
Deceleration a2
Deceleration a3
Acceleration a4

1 mm
0.1 m/s
-0.1 m/s
100 m/s2
-100 m/s2
-100 m/s2
100 m/s2

At first, the case z(0) = 0 and Q(0) = 0 was considered (the first initial condition). z(t) was

described by the following periodic piecewise function
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Fig. 1(c) shows the air gap and the relative movement velocity between the top electrode

and the electret film during one movement cycle defined by equation (12) and (13) using

parameter values in Table 1. The period of one movement cycle (T) is 0.022s, and the top

electrode moves at a speed of 0.1 or -0.1 m/s with reference to the electret film during 0.018s in

one period. Fig. 1(d) shows the time-dependent total capacitance of the TENG (CTENG) which is

calculated by the following equation [30, 38]:

�െ㴘ኞ�(�) =
����㴘ኞ(�)
��+��㴘ኞ(�)

= ��0
(�0+�(�))

(14)

. The total capacitance is an important factor that directly influences the output performance of

TENG because the whole circuit of the TENG can be regarded as a resistor-capacitor (RC) series

circuit constituted by the total capacitance and the load resistance. In equation (14), the fringe
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effect is ignored since the side length of the TENG (3 inches) is much larger than the thickness

of the electret film (125 μm) and the maximum air gap (1mm) used in our calculations. The

maximum total capacitance (Cmax), minimum total capacitance (Cmin), and their ratio (Cmax/Cmin)

have significant influences on the efficiency of TENG according to other researches [42, 43]. In

our calculations, Cmax is near 1398 pF, Cmax is near 50 pF, and Cmax/Cmin is about 28.

4.2. The charge transfer process

Fig.2(a)~(c) show calculated charge transfer processes of the TENG in the first three

movement cycles with a load resistance of 1 MΩ, 100 MΩ, and 1 GΩ respectively. Firstly, by

comparing the R-related Q(t) with the Qeq(t) which is only dependent on z(t), it can be found that

positive charges will transfer to the back electrode when Q(t)<Qeq(t), generating positive current.

Here we defined that current is positive when positive charges transfer from the top electrode to

the back electrode, with all results in this article based on the same definition. And when

Q(t)>Qeq(t), positive charges will transfer in an opposite direction, generating negative current.

The vertical dash-dot lines in Fig. 2(a)~(c) mark the moment when Q(t)=Qeq(t) and meanwhile

I(t)=0. It can be summarized that the difference between Q(t) and Qeq(t) leads to the charge

transfer between the two electrodes in a direction that can reduce this difference.

Secondly, the first positive current peak (Ipp1) has an obviously larger amplitude than other

current peaks. For example, Ipp1 in Fig. 2(a) is ~36 μA, while the first negative current peak (Inp1)

is ~-18.6 μA and the second positive current peak (Ipp2) is ~24.5 μA. This can be explained by

characteristics of charging and discharging processes of the RC series circuit. For an RC series

circuit, the charge or discharge time of the capacitor depends on the time constant (τ=R×C). With

a larger τ, the charge or discharge takes longer time. For instance, in Fig. 2(b), at t=0, Q(t), Qeq(t),

and |∆Q| (the difference between Q(t) and Qeq(t)) are 0, the CTENG value is Cmax. Then CTENG
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decreases but is still high, the z(t)-dependent Qeq(t) increases fast but the Q(t) increases slower

because of large τ with high CTENG, making |∆Q| increase. With CTENG further decreasing, τ

decreases a lot so that the charge can transfer faster, and |∆Q| is gradually reduced to 0 at the

time marked by the first vertical dash-dot line. After that, both Qeq(t) and Q(t) decrease but CTENG

increases dramatically, resulting in an increasing τ and |∆Q|. When a whole movement cycle

ends, Qeq(t) decreases to 0 but Q(t) is still much larger than 0. Then Qeq(t) starts to increase again

in the second movement cycle, τ starts to decrease, meanwhile Q(t) keeps decreasing until the

moment that |∆Q| becomes 0 again as marked by the second vertical dash-dot line. Then the

second charge transfer cycle begins. The charge transfer cycle (including an entire positive and

an entire negative current peaks) lags the movement cycle, resulting in that transferred charge

amount in the first positive current peak (Qtrp1) is larger than that in the first negative current

peak (Qtrn1) and in following current peaks (Qtrp2, Qtrn2, Qtrp3…), making the first current peak

higher than the others. In Fig. 2(b), Ipp1 is ~4.8 μA, Inp1 is ~-0.35 μA, and Ipp2 is ~0.77 μA.

At last, in Fig. 2(a), the positive current peaks have a larger amplitude of ~24.5 μA than that

of negative peaks of 18.6 μA in latter charge transfer cycles even with the same transferred

charge amount (Qtrp2 = Qtrn2 = Qtrp3 =…). And in Fig. 2(b) and (c), not only the amplitude and the

area (physically meaning transferred charge amount Qtrp) of the positive current peaks (Ipp) are

apparently larger than those of the negative ones (Inp and Qtrn), but also the time duration of the

positive current peak (tdpp) is apparently longer than the negative one (tdnp) in each charge

transfer cycle. Moreover, it can be noticed from Fig. 2(b) and (c) that Ipp and tdpp gradually

decrease from the first to the third charge transfer cycle, meanwhile the amplitude of Inp and tdnp

gradually increase. This asymmetric characteristic is also attributed to the lag between the charge

transfer cycle and the movement cycle. And it becomes more obvious when R is larger since a
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higher R leads to larger τ that heavily retards the charge transfer process. This will be further

discussed in the following section 4.3.

4.3. Amplitude-variable outputs of the TENG with different load resistances

Fig. 3(a)~(c) show the calculated Q(t), I(t) and output voltage V(t) of the TENG with

different load resistances in the first 10 movement cycles. In Fig. 3(a), all Q(t) calculated with

different load resistances show smaller variation range than Qeq(t) in each charge transfer cycle,

and a higher R leads to a smaller variation range, meaning that fewer charge is transferred due to

the larger resistance. With the resistance of 1 MΩ, 10 MΩ, and 100 MΩ, the variation of Q(t) is

limited in a stable range after three charge transfer cycles. Taking the charge transfer process

with R of 100 MΩ as an example shown in Fig. 3(d), the amplitude of Q(t) varies from the first

to the third charge transfer cycles and then is limited between steady upper and lower limiting

values marked by the red and black dash lines, respectively. This is because Qtrp is larger than

Qtrn in the first and second charge transfer cycles and becomes the same with Qtrn at the third

cycle as shown in the inset of Fig. 3(d). While with the resistance of 1 GΩ and 10 GΩ, the

amplitude of Q(t) keeps a growing trend in 10 movement cycles. In Fig.3(b), higher resistance

leads to lower current amplitude, which is in good accordance with previous researches [30, 31].

Lower current amplitudes with higher resistances make the current peaks and their variations

unobservable in Fig. 3(b). On the contrary, the output voltage is higher with higher resistance,

making the variation in the amplitude of output voltages with higher resistances prominent as

shown in Fig. 3(c). With the resistance of 1 MΩ, 10 MΩ, and 100 MΩ, the positive voltage peak

value (Vpp) and the negative voltage peak value (Vnp) vary to steady ranges in three cycles. With

the high resistance as 1 GΩ and 10 GΩ, Vpp shows an apparent decreasing trend during all the ten

cycles. All Vpp and Vnp values with resistances of 100 MΩ, 1 GΩ, and 10 GΩ in the first ten
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cycles are plotted in Fig. 3(e) and (f) respectively. We found that Vpp and Vnp values vary with

time perfectly in accordance with the following equation:

�ኞ(�) = �� + �㴘�ኞኞ( − (� − �0)/��) (15)

, where t0 is the time when the first corresponding voltage peak value (Vpp1 for Vpp values, and

Vnp1 for Vnp values) appears, τd is a fitting parameter with the same unit of time, Vs and Va are two

other fitting parameters with the same unit of voltage. These parameter values are given in Table

2. All adjusted coefficients of determination of these fittings are 1, indicating perfect fittings.

Standard errors of these parameters in fitting are given in Table S1 in the supporting information.

Table 2 Parameter values in fitting Vpp and Vnp with the first initial condition

R
Parameters

Fitting parameters for Vpp Fitting parameters for Vnp
100 MΩ 1 GΩ 10 GΩ 100 MΩ 1 GΩ 10 GΩ

Vs (V) 35.65 38.7 38.75 -38.36 -38.69 -38.7
t0 (s) 0.007545 0.0108 0.01098 0.02198 0.022 0.022
Va (V) 444 974.7 1079 3.856 30.75 37.82
τd (s) 0.009866 0.09574 0.9573 0.009573 0.09573 0.9573

The time-varying part in equation (15) has the same exponential form as the discharging

curve equation of an RC circuit. In analogy with the RC circuit discharging process, we define

the parameter τd as the time constant of this variation. We can find from Table 2 that τd is almost

directly proportional to the resistance value R especially for the high R of 1 GΩ and 10 GΩ, and

the proportionality coefficient is about 9.57×10-11 for both Vpp and Vnp fittings, meaning that it

takes longer time for the TENG to give steady output with higher R than with lower R. From

equation (15), it can be inferred that the Vpp or Vpp value will gradually approach the

corresponding Vs (steady peak voltage) value when the time is long enough. By using equation



14

(15) and parameters’ values in Table 2, Vpp and Vnp values in 6 seconds were calculated and

shown in Fig. 3(g). Though the first Vpp and Vnp values with 100 MΩ, 1 GΩ, and 10 GΩ are so

different as shown in Fig. 3(e) and (f), after 6 seconds, their difference becomes very small since

the Vs values with 100 MΩ, 1 GΩ, and 10 GΩ are very close, as given in Table 2. The parameter

Va determines the difference between the Vpp1 or Vnp1 and the corresponding Vs, which determines

rangeability of Vpp or Vnp. In Table 2, Va is larger with larger resistance for both Vpp and Vnp,

meaning that rangeability of Vpp or Vnp is larger with higher resistance.

Calculated Vpp1, Vnp1, and Vnp10 with different resistances are shown in Fig. 3(h) and (i). Both

Vpp1 and Vpp10 increase with increasing R and saturate at a value of ~1130 V when R is high

enough, while the absolute values of Vnp1, and Vnp10 increase with R from 1 MΩ to 100 MΩ and

then decrease with increasing R.

Besides the transferred charge, output current, and output voltage, the output power is the

most important to evaluate the performance of the TENG. Fig. 4(a) shows the calculated time-

dependent output power P(t) of the TENG with different load resistances in the first 10

movement cycles by the following equation:

�(�) = ��(�)� (16)

. In the first movement cycle, the maximum peak P(t) increases from ~1.29 mW to ~2.30 mW

when R increases from 1 MΩ to 100 MΩ, and then decreases to ~0.125 mW when R further

increases 10 GΩ. However, in following movement cycles, P(t) peak values are much lower than

those in the first cycle, especially for P(t) with R of 10 MΩ and 100 MΩ. This can also be

noticed from Fig.4(b) that presents the output energy W(t) of the TENG to different load

resistance based on the following equation:
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�(�) = 0
��(�)��� (17)

. Though the output energy with R of 100 MΩ after the first movement cycle is much higher than

those with other resistances, in following cycles little energy is output with R of 100 MΩ and the

total energy is overpassed by that with R of 1 GΩ after several cycles. The average output power

(AvgP) of the TENG in each movement cycle can be calculated by the following equation:

����(ܲ) = (ܲ−1)ͳെ
ܲͳെ �(�)���

െ
(18)

, where c is the movement cycle number and T is the period of the movement given in the

equation (13). As shown in Fig. 4(c), in the first cycle, the TENG outputs the highest average

power of ~806 μW with R of 100 MΩ among calculated resistances. But at the tenth cycle, the

AvgP with R of 1 MΩ is the highest as ~45 μW, and the AvgP with R of 100 MΩ becomes the

lowest as ~5.6 μW among all calculated values. The first P(t) peak values and AvgP values at the

first and the tenth cycles with different load resistances are plotted in Fig. 4(d) for better

comparison.

4.4. Calculation with another initial condition

Then the case z(0) = zmax and Q(0) = Qmax was considered (the second initial condition),

using the same parameter values in Table 1. The time-dependent z(t) and the relative movement

velocity between the top electrode and the electret film during one movement cycle are plotted in

Fig. S2 in the supporting information.

Fig. 5(a)~(c) shows the calculated charge transfer process of the TENG in the first three

movement cycles with a load resistance of 1 MΩ, 100 MΩ, and 1 GΩ, respectively. The first

current peak is negative due to the moving direction is opposite to that in Fig. 2, and the
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amplitude of the first current peak (Inp1) shows a smaller difference with other current peaks than

in Fig. 2. For instance, in Fig. 5(a), the first to the third negative current peaks have the same

value of ~-18.6 μA, and the first to the third negative current peaks have the same value of ~24.5

μA. Moreover, in Fig. 5(b) and (c), the amplitude of Inp is higher than that of Ipp, but their

difference is also smaller than that in Fig. 2(b) and (c). This is also due to variations of CTENG and

|∆Q|. For instance, in Fig. 5(b), in the time duration of the first negative current peak (tdnp1), both

the maximum |∆Q| and CTENG are much larger than those in the time duration of the first positive

current peak (tdpp1). So even though the transferred charge amount in the time duration of tdnp1 is

larger, it takes longer time to complete the charge transfer than that in the time duration of tdpp1

(meaning tdnp1>tdpp1), which contributes to making the difference between the amplitude of Inp

and Ipp less than that in Fig.2. In addition, it can be noticed from Fig. 5(b) and (c) that the

amplitude of Inp and tdnp gradually decrease from the first to the third charge transfer cycle,

meanwhile Ipp and tdpp gradually increase.

Fig. 6(a)~(c) show the calculated Q(t), I(t) and V(t) of the TENG with different load

resistances in the first 10 movement cycles using the second initial condition. Variations in the

amplitude of Q(t) and I(t) with high R are not easy to observe in Fig. 6(a) and (b), but the

variation in the amplitude of V(t) can be clearly noticed in Fig. 6(c). In comparison with Fig. 3(c),

it’s similar that the amplitude of V(t) varies at first and then goes to near-stable ranges in three

cycles with R of 1 MΩ, 10 MΩ, and 100 MΩ, but it keeps varying even after ten cycles with

higher R of 1 GΩ and 10 GΩ. Vpp and Vnp values also vary with time perfectly in accordance with

equation (15). The parameter values in fitting Vpp and Vpp in Fig. 6(c) are given in Table 3.

Standard errors of these parameters in fitting are given in Table 2S in the supporting information.
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Table 3 Parameters values used in fitting Vpp and Vnp with the second initial condition

R
Parameters

Fitting parameters for Vpp Fitting parameters for Vnp
100 MΩ 1 GΩ 10 GΩ 100 MΩ 1 GΩ 10 GΩ

Vs (V) 35.66 38.66 38.71 -38.36 -38.69 -38.7
t0 (s) 0.02116 0.02198 0.022 0.01095 0.011 0.011
Va (V) -3.743 -30.73 -37.83 -0.3658 -1.221 -1.357
τd (s) 0.009562 0.09568 0.9578 0.009549 0.09573 0.9573

Vs values in Table 3 are almost the same with those in Table 2, meaning that peak values of

V(t) of the TENG with these two different initial conditions will finally be the same. Va values in

Table 3 are all negative, meaning that the amplitude of the positive voltage peak (|Vpp|) gradually

increases but that of negative voltage peak (|Vnp|) decreases with the cycle number. Each |Va| is

smaller than the corresponding one in Table 2, reflecting the fact that variation ranges in the

amplitude of V(t) in Fig. 6(c) are smaller than those in Fig. 3(c) with the same R. And the time

constant τd values in Table 3 are almost the same with those corresponding in Table 2. Fig. 6(d)

shows V(t) in the first 25 movement cycles of the TENG with R of 1 GΩ as an example. The

amplitude of positive voltage peaks shows an apparent increasing trend and then approaches to a

steady value, while the amplitude of negative voltage peaks slightly decreases and then

approaches to a steady value. And the variation of V(t) is limited between the fitted lines for Vpp

and Vnp using the values of parameters given in Table 3.

The output voltage peak values with this initial condition are plotted in Fig. 6(e) and (f). For

positive voltage peaks, both the Vpp1 and Vpp10 firstly increase with R from 1 MΩ to 100 MΩ, and

then both decrease with higher R. Nevertheless, the final steady Vpp value shows a monotone

increasing trend with R. For the negative voltage peaks, the amplitude of Vnp1, Vnp10 and steady

Vnp values all monotonically increase with R from 1 MΩ to 10 GΩ. To be more explicit, the
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steady Vpp and Vnp values with R of 100 MΩ, 1 GΩ, and 10 GΩ are estimated from the

corresponding Vs values in Table 3.

Fig. 7(a)~(c) present the output power, energy, and average power per movement cycle of

the TENG in the first 10 movement cycles, using with the second initial condition. The influence

of R on the output power and average power is shown in Fig. 7(d). In all movement cycles, lower

R leads to both higher peak power and average power, which is different from the result shown

in Fig. 4. Values of the output power peak and the average power in the first movement cycle

with different R are lower than those in Fig. 4(d). More similarities and differences in the output

energy and power of the TENG calculated from these two initial conditions are discussed in

section 4.5.

4.5. QV cycles and the optimum load resistance

The output energy of the TENG can be explicitly evaluated from the charge-voltage (QV)

cycle diagram. Fig. 8(a) an (b) show the QV cycles of the TENG during no less than 10

movement cycles calculated from the first and the second initial conditions respectively. The

area of the QV loop equals the output energy of the TENG per charge transfer cycle [44]. In Fig.

8(a), with relatively low R as 1 MΩ, 10 MΩ, and 100 MΩ, the QV line shows a large span semi-

circular arc shape during the first charge transfer cycle and then becomes a closed loop in less

than 3 movement cycles, while for the results with high R as 1 GΩ, and 10 GΩ, the QV line

keeps unclosed with a damped variation trend in calculated 30 movement cycles. In Fig. 8(b),

with R of 1 MΩ, 10 MΩ, and 100 MΩ, there is no span semi-circular arc-shaped line and the QV

line becomes a closed loop in less than 3 movement cycles, while with higher R as 1 GΩ, and 10

GΩ, the QV line keeps unclosed with a growing variation trend in calculated 25 movement

cycles. The area of the QV cycle with R of 1 MΩ in Fig. 8(b) is the largest as ~ 0.99 μJ per cycle
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among those with all the calculated resistances, which is also in accordance with the results

presented in Fig. 7(b)~(d).

For a better comparison, the Q-V data calculated with these two different initial conditions

with R of 1 MΩ, 100 MΩ, and 1 GΩ were plotted in Fig. 8(c)-(e) respectively. Fig. 8(c) and (d)

demonstrate the results of the first 10 movement cycles from the first initial condition (from 0)

and the first 10 cycles from the second initial condition (from Qmax). The QV cycles determined

by the two initial conditions become overlapped after the first cycle with R of 1 MΩ, and it takes

about three cycles for those with R of 100 MΩ to become overlapped. In Fig. 8(e) with the data

of the first 100 cycles from the first and second initial conditions, both QV cycles get closer and

closer but not overlap at least in the first 25 cycles. Fig. S3 in the supporting information clearly

shows that the 100th QV cycles of the TENG with R of 1 GΩ starting from these two initial

conditions overlap with each other. In addition, Fig. S4 in the supporting information indicates

that the TENG finally outputs the same QV diagram using another initial condition z(0) = zmax/2

and Q(0) = Qeq(0). We can infer from these results that the QV cycle of a TENG driven by steady

periodic movement cycles will finally become a specific steady closed loop with a specific R and

periodic driving movement after long enough time (when Qtrp equals Qtrn as shown in the inset of

Fig. 3(d)), and it takes longer time for the TENG to output the steady QV cycle if with enough

higher R than with lower R. It should be noticed that all these results are calculated on the basis

that the movement is continuous without pause, otherwise, with pause among the contact and

separation, the output power of the TENG that starts working from the first initial condition will

probably have larger output power since the charge transfer can be more complete during the

pause in the contact state.



20

To get the more accurate optimum load resistance that making the TENG output the

maximum steady AvgP, the AvgP in the third movement cycle of the TENG with R from 0.5 MΩ

to 2 MΩ were calculated by using the second initial condition and shown in Fig. 8(f). The AvgP

increases and then decreases with increasing R and gets the maximum value of ~45.27 μW with

R of 1.2 MΩ among the calculated data.

5. Experimental verification

To verify the calculated results above, a TENG using a 4 cm × 4 cm sized 100 μm-thick

PTFE film (εr=2.1) as the triboelectric-electret layer was measured according to details given in

section 2.2. Values of parameters for movement (zmax, v1, v2, a1, a2, a3, and a4) were set in the

control software of the linear motor as values listed in Table 1. However, due to the complexity

of real forces caused by the strike, vibration, or imprecise control during the movement of the

slider block of the linear motor, the recorded values of movement parameters are slightly

different from the set ones. Fig. 9(a) and (b) show z-t and v-t data recorded by the control

software of the linear motor. The actual maximum air gap is about 0.7 mm during the movement

of the slider block, and the maximum speed in two directions is about 0.14 m/s and -0.17 m/s

respectively. The slider block keeps almost still for ~0.011 s when it moves to the position of z=0,

and it moves at rather low velocity for ~0.011 s when it gets close to the position of z=0.7 mm.

To simplify the calculation, the movement velocity during these two durations of 0.011 s was set

as 0, and these two durations were named the waiting time tw1 and tw2. The acceleration and

deceleration of the slider block were estimated according to the fitting results of the v-t data as

shown in Fig. S5 and S6 in the supporting information. To estimate the charge density on the

PTFE film, the transfer charge amount of the TENG was measured, with setting the zmax as 10

mm and the slider block keeps still for 5 s when it moves to both positions of z=0 and z=zmax.
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With such a large zmax and still duration, it’s reasonable to assume that the short-circuit

transferred charge amount approximates to the charge amount on the PTFE film [29, 45]. From

the measured transferred charge results shown in Fig. 9(c), the polarity of charges on the PTFE

film was confirmed to be negative since positive charges were transferred from the top electrode

to the back electrode during the separation process, and in the opposite direction when the top

electrode approaches the electret film. And the charge density of the PTFE film was estimated

around -50 μC/m2, according to the measured maximum transferred charge amount of ~80 nC for

a 4 cm × 4 cm sized PTFE film.

The measured output voltages of the TENG with the load resistance of 10 MΩ, 100 MΩ,

and 1.1 GΩ are plotted in Fig. 9(d)~(f). And the calculated output voltages of the TENG with

corresponding load resistances are presented in Fig. 9(g)~(i). The parameter values for

calculations are set according to measured data in Fig. 9(a)~(c) and listed in Table 4. The z(t),

v(t), and CTENG(t) data using these parameter values are shown in Fig. S4 in the supporting

information. With R of 10 MΩ, both the calculated and measured output voltages have no

apparent variation in the peak amplitude for both initial conditions. With R of 100 MΩ, the first

positive voltage peak of both the calculated and measured output voltages using the first initial

condition has a much larger amplitude than other peaks. And with R of 1.1 GΩ, apparent

variations in the amplitude of voltage peaks appear both in the experimental and calculated data

during several movement cycles, especially for the result using the first initial condition, and

then the amplitude of voltage peaks becomes almost the same for both initial conditions. These

results confirm the presence of variations in the amplitude of output voltages of the TENG with

high load resistances and reveal the influence of the initial condition and the load resistance on

the output of the TENG.
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Table 4. Parameter values in calculating the output of TENG for experimental validation

Parameter Value
S 16 cm2

εr 2.1
df 100 μm
σ 50 μC/m2

Maximum gap zmax
Maximum speed v1
Maximum speed v2
Acceleration a1
Deceleration a2
Waiting time tw1
Deceleration a3
Acceleration a4
Waiting time tw1
Waiting time tw2

0.7 mm
0.14 m/s
-0.17 m/s
33 m/s2
-33 m/s2
0.11 s
-50 m/s2
50 m/s2
0.11 s
0.11 s

6. Conclusions

In conclusion, we used symbolic computations in MATLAB to calculate the charge transfer

process and output current/voltage/power of a TENG driven by a piecewise periodic

reciprocating movement with acceleration/deceleration processes, with a load resistance of 1 MΩ,

10 MΩ, 100 MΩ, 1 GΩ, and 10 GΩ, respectively. It is found that the amplitude of the output

current/voltage of the TENG varies over time in an exponential form, resulting from the lag

between the charge transfer cycle and the movement cycle. This lag also leads to the asymmetric

characteristics between the output positive and negative current/voltage peaks. The larger the

load resistance is, the longer time it takes for the TENG to get steady output. When the TENG

starts working from the contact position, the variation range of the output voltage peaks is larger

than that when the TENG starts working from the fully-separated position, despite the same load

resistance, and the average output power and the optimum load resistance of the TENG in the

steady output range are quite different from those in the first working cycle. It is also found that
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the TENG finally outputs the same steady QV cycle with the same load resistance and periodical

driving movement after long enough time. Moreover, the variations in the output voltage peaks

of a PTFE film-based TENG with different load resistances and initial conditions were

confirmed by both experiments and calculations. It is worth mentioning that, for comparison

with other works [31, 38], regular periodic movements are used for the calculations in this work.

External movements provided by a human (such as finger presses) and other moving objects

(cars, trains, flags, etc.) are mostly irregular and more complicated. Nevertheless, our results

remind that the match between the charge transfer characteristics (which can be regulated by the

TENG structure parameters such as the electret film thickness, or by the power management

circuit) and the mechanical source characteristics (such as frequency) should be considered in

building efficient TENG-powered systems.
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Fig.1. (a) The cross-section structure of the triboelectric-electret nanogenerator (TENG). (b)

The simplified equivalent circuit model of the TENG. (c) The time-dependent air gap,

velocity-v, acceleration/deceleration-a, and (d) total capacitance of the TENG (CTENG).
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Fig.2. Charge transfer processes of the TENG calculated with the load resistances of (a) 1

MΩ, (b) 100 MΩ, and (c) 1 GΩ, using the initial condition that the TENG starts working

from the contact position.
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Fig.3. Output characteristics of the TENG calculated with the different load resistances

during 10 movement cycles, using the initial condition that the TENG starts working from

the contact position. (a) Time-dependent Q(t), (b) I(t), and (c) V(t) of the TENG. (d) The

variation in the amplitude of Q(t), with inset showing the variation in transferred charge

amounts in two directions (Qtrp and Qtrn). (e) Positive (Vpp) and (f) negative (Vnp) voltage

peak values with fitted curves. (g) Fitted variation trend of Vpp and Vnp in 6s. (h) Vpp1 and

Vpp10 values with different load resistances. (i) Vnp1 and Vnp10 values with different load

resistances.
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Fig.4. Output power and energy of the TENG calculated with the different load resistances

during the first ten movement cycles, using the initial condition that the TENG starts

working from the contact position. (a) Instantaneous output power (P(t)) of the TENG. (b)

Time-dependent output energy (W(t)) of the TENG. (c) Average output power per

movement cycle (AvgP) of the TENG. (d) The first P(t) peak value, and the AvgP in the first

and tenth movement cycles of the TENG with different load resistances.
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Fig.5. Charge transfer processes of the TENG calculated with the load resistances of (a) 1

MΩ, (b) 100 MΩ, and (c) 1 GΩ, using the initial condition that the TENG starts working

from the separated position.
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Fig.6. Output characteristics of the TENG calculated with the different load resistances

during the first 10 movement cycles, using the initial condition that the TENG starts

working from the separated position. (a) Time-dependent Q(t), (b) I(t), and (c) V(t) of the

TENG. (d) Output V(t) of the TENG with a load resistance of 1 GΩ during 25 movement

cycles, with the variation trend in the amplitude of V(t) marked by fitted curves for output

voltage peak values. (e) Positive (Vpp) and (f) negative (Vnp) voltage peak values of the

TENG with different load resistances during the first and tenth movement cycles and their

steady values.
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Fig.7. Output power and energy of the TENG calculated with different load resistances

during the first 10 movement cycles, using the initial condition that the TENG starts

working from the separated position. (a) Instantaneous output power (P(t)) of the TENG. (b)

Output energy (W(t)) of the TENG. (c) Average output power per movement cycle (AvgP)

of the TENG. (d) The first P(t) peak value, and the AvgP in the first and tenth movement

cycles of the TENG with different load resistances.
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Fig.8. Comparisons in QV cycles calculated from the two different initial conditions. (a) QV

cycle diagrams of the TENG calculated from the first initial condition with different load

resistances. (b) QV cycle diagrams of the TENG calculated from the second initial condition

with different load resistances. (c), (d), and (e) QV cycle diagrams of the TENG calculated

from the first and second initial conditions with a load resistance of 1 MΩ, 100 MΩ, and 1

GΩ respectively. (f) The influence of the load resistance on the output average power per

movement cycle of the TENG calculated from the second initial condition.
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Fig.9. Experimental and calculated data for a PTFE electret film-based TENG that starts

working from the contact and separated positions respectively. (a) The air gap data got from

the linear motor system during the measurement of the TENG. (b) The movement velocity

data got from the linear motor system during the measurement of the TENG. (c) The short-

circuit transferred charge amount data of the TENG. (d), (e), and (f) Measured output

voltage of the TENG with a load resistance of 10 MΩ, 100 MΩ, and 1.1 GΩ, respectively.

(d), (e), and (f) Output voltage of the TENG calculated with a load resistance of 10 MΩ, 100

MΩ, and 1.1 GΩ, respectively.
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