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A B S T R A C T   

Nanogenerators (NGs) based on triboelectric effect, piezoelectric effect, and pyroelectric effect have rapidly 
developed in applications of energy harvesting and self-powered sensing. However, a standard output perfor-
mance characterization system for NG devices is still lacking, which greatly reduces the reference and inheri-
tance of scientific research results, and hinders the development of NG technology. Owing to the mismatch of 
impedance between the instrument and NG devices, commercial instruments have serious measurement error of 
up to 77.3%, which causes some experimental phenomena violating the theories. In this work, the influencing 
factors of measurement error from traditional measurement methods are systematically analyzed through 
Multiphysics simulations and comparison experiments. Some methods to improve the accuracy are proposed, and 
a multi-functional and high-precision instrument is designed to improve the measurement accuracy from 22.7% 
to 64.7%. This discovery points out the shortcomings of the current characterization methods of NG perfor-
mance, which has important guiding meaning for the development of measurement technology and theoretical 
research of NGs.   

1. Introduction 

The development of internet of things requires various distributed 
electronic devices [1,2]. The difficulty of uninterrupted power supply 
for these huge-number, widely-distributed, and mobile electronic de-
vices has caused widespread concerns [3]. Combining new technologies 
to decrease energy consumption and harvest energy from surrounding 
environment is a feasible solution [4–10]. Nanogenerators (NGs) 
including triboelectric nanogenerator (TENG) [11], piezoelectric nano-
generator (PENG) [12,13], and pyroelectric nanogenerator [14], etc. 
[15], have been developed as new technologies for weak energy har-
vesting and self-powered sensing. Owing to the advantages of excellent 

output performance in low frequency, wide material selection, easy 
fabrication, and low cost, the development of TENG research is partic-
ularly rapid [16–26]. Many works based on TENG about energy har-
vesting and self-powered sensors have been reported, such as wind 
energy [27,28], blue energy [29–33], rain drop energy [34], and vi-
bration energy [35] harvesting, as well as self-powered angle sensors 
[36], touch sensors [5,37], and liquid level sensors [6], etc. [8,38–40]. 

Essentially speaking, the NGs use displacement current as the driving 
force for effectively converting mechanical energy into electric power/ 
signal [41]. Therefore, these kinds of charge-based devices can be 
equivalent to a lumped model with a voltage source and a capacitor in 
series [42,43]. The reciprocating transfer of the charges with limited 
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amount in the external circuit drives the electronic components to work. 
Traditional voltage measurement method based on resistor divider will 
lead to the loss of charges through the resistor [42]. The loss of charges 
will cause a large distortion in the voltage measurement at 
low-frequency motion of NGs. The problems existing in traditional 
measurement methods make it difficult to correctly measure the signals 
of NGs [44], which also hinders its development in self-powered sensing 
technology. Electrometers can measure the amount and direction of 
charge transfer, and the voltage of the device can be derived by 
measuring the amount of the charges flowing through the internal 
capacitor of instrument, which is not affected by the moving frequency 
of the devices. However, if the internal capacitance of the electrometer is 
too large, too many charges will flow through the measurement circuit 
resulting in the voltage decrease of NGs. At present, the characterization 
of nanogenerators generally uses a commercial 6514 electrometer. Its 
internal capacitance is 300 pF, which is close to or larger than the 
equivalent capacitance of most NGs. Such a large internal capacitance of 
the instrument will inevitably affect the signal source and cause mea-
surement errors [45]. The V-Q cycle curve can effectively reflect the 
output performance of NG. If the voltage measurement error is too large, 
the area of measured energy output cycles will be much lower than the 
theoretical result, which will mislead the development of theory and the 
determination of experimental conclusions. Due to the limitations of 

measuring instruments, the characterization of NGs has never formed a 
unified standard. The varied measurement results using different in-
struments will greatly reduce the reference and inheritance of scientific 
research results, and hinder the development of nanogenerator 
technology. 

In this work, the influence of measuring instruments on experimental 
results is explored to improve the characterization accuracy. By sys-
tematically studying the influences of instrument capacitance and TENG 
equivalent capacitance on the measured voltage, the influence rule is 
obtained, and the inner principle is revealed. An ideal NG is constructed 
using a known voltage source and a capacitor in series to accurately 
characterize the measurement error of instrument, and the reason that 
many experimental results deviate from the Kirchhoff voltage law is also 
explained by this measurement error. Combined with Multiphysics 
simulations for four working modes of TENGs, an optimization strategy 
of instrument parameters is established. Finally, we design a modified 
multi-functional instrument for the output performance characteriza-
tion of NGs, and the measurement error is significantly decreased 
compared to the commercial 6514 electrometer. The proposed mea-
surement error and optimization strategy have great significance for 
constructing a standard characterization system for NGs, which is 
beneficial for the development of measurement technologies and theo-
retical researches of NGs, as well as their applications in self-powered 

Fig. 1. Demonstration of the reason why the measurement method and internal impedance of voltmeter seriously affect the voltage measurement results 
of charge-based devices. (a–b) Principles of measuring the output voltage of TENG with (a) resistance-based and (b) capacitance-based instruments, respectively. 
(c) Equivalent circuit of an electrometer measuring the output voltage of TENG and the relationship between Vm/VOC and Cin/CTENG. (d) Schematic illustration for the 
influence of the instrument internal capacitance on the measured voltage. (e) Waveform comparison of measured voltage and short-circuit transferred charge 
measured by a 6514 electrometer and a modified electrometer with the Cin of 0.027 nF. (f) Variation of measured voltage and transferred charge with the increase of 
Cin. The insert illustrates their theoretical relationship. 
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sensing technology. 

2. Results and discussion 

2.1. Influencing principle of instrument impedance on the measurement 
results 

A sliding freestanding triboelectric-layer (SFT) mode TENG is taken 
as an example to show and explain the measurement methods of NGs. 
According to the difference of measurement principle, it can be divided 
into two kinds of voltage measurement methods. One method is to 
obtain the voltage of the TENG indirectly by measuring the voltage of 
divider resistor, as illustrated in Fig. 1a. This method has been univer-
sally utilized in oscilloscope, multimeter, and data acquisition card as a 
general technology. Owing to the limited charge amount of TENGs, the 
induced charges in the copper will flow through the resistor as the 
dielectric layer slides rightward. The measured waveform of voltage is as 
same as the current in the circuit according to the equation of V = I * R , 
which is related to the charge transfer speed, so the measured signal is 
severely distorted under low working frequency of TENG. The other 
method is to derive the voltage from the relation of V = Q /C by 
measuring the amount of charges flowing through the capacitor, as 
illustrated in Fig. 1b. High waveform fidelity can be maintained in the 
process of measuring voltage signals of TENG, even at low working 
frequency, due to the similar impedance between TENG and instrument. 
However, if the capacitance of instrument does not match with the 
equivalent capacitance of TENG, the measured value of voltage Vm will 
be far away from the actual open-circuit voltage VOC. 

The relationship between VOC and Vm is shown as the equation in 
Fig. 1c. When the ratio of Cin/CTENG trends to zero, the measured voltage 
will gradually get close to the actual VOC. The underlying principle can 
be explained visually by Fig. 1d. Because of the similarity between the 
charge and liquid, the nanogenerator can be equivalent to a pump with 
the capacity of CTENG and hydraulic head of VOC. Similarly, the internal 
capacitor of instrument can be considered as a container, whose capacity 
is related to the capacitance Cin. When the capacitance of instrument is 
large, the measured voltage Vm is limited by the inherent capacity of 
CTENG even though the VOC is high. As the capacitance Cin decreases from 
state I to III, the measured voltage will gradually increase until it ap-
proaches the VOC. From above illustration, we can intuitively under-
stand the influence of the instrument capacitance on the measured 
voltage. When the Cin is decreased to 0.027 nF, the measured voltage is 
significantly increased from 30 V to 140 V compared to that from the 
6514 electrometer (Cin = 0.3 nF) for a practical SFT mode TENG, as 
shown in Fig. 1e and Supplementary Fig. 1. The comparison demon-
strates that the capacitance Cin only affects the amplitude value of 
measured voltage, but the waveform will remain consistent. The 
amplitude variation trends of Vm and transferred charge Qm in the circuit 
with respect to the Cin are shown in Fig. 1f. The decrease of Cin will block 
the charge transfer in the circuit, leading to lower partial voltage of 
CTENG and higher measured voltage (see the inset). Therefore, it can be 
concluded that the internal capacitance of instrument should be as small 
as possible to reduce the interference to the signals when measuring the 
open-circuit voltage of TENGs. The other method to overcome the 
measurement problem from the limited charge of NG is shown in Sup-
plementary Fig. 2. 

2.2. Characterization of the relationship between the capacitance and 
measurement error 

We have realized that the capacitances Cin and CTENG will affect the 
measured voltage, but the measurement error between Vm and VOC de-
serves to be further studied. Since there is no instruments that can 
accurately measure the VOC of NGs, an ideal NG is constructed with a 
given voltage source (amplitude: 20 V/10 V) and a capacitance (100 pF) 
to analyze the measurement error, as illustrated in Fig. 2a. The 6514 

electrometer can be equivalent to a capacitor of 300 pF connected with a 
coulombmeter in series. According to the relationship of Vm = Qm

Cin
, the 

electrometer can acquire the Vm by measuring the transferred charge 
amount through the instrument. When the capacitance CTENG increases, 
the measured voltage by the 6514 electrometer increases accordingly 
and approaches gradually the VOC (Fig. 2b). It means that larger 
equivalent capacitance of NG is beneficial for the improvement of 
voltage measurement accuracy. In the experiments, different kinds of 
voltage source waveforms are applied to simulate different motion 
modes of TENG, such as sinusoid wave, square wave, and sawtooth 
wave. 

The measured voltage is linearly related to the VOC for different 
CTENG, and it is independent of the voltage source waveform (Fig. 2c and 
Supplementary Fig. 3), which means the Vm have the same waveform as 
the VOC, and the capacitance CTENG only influences the amplitude of Vm. 
The slopes of Vm-VOC curves can be found to gradually trend to 1 with 
the increase of CTENG, as shown in Fig. 2d. According to the equation 

MError =
VOC − Vm

VOC
= 1 −

Vm

VOC
(1)  

the measurement error MError is also decreased accordingly with 
increasing the CTENG. The internal equivalent capacitance of the 6514 
electrometer can be deduced to be about 350 pF (Fig. 2e) by the 
equation 

C6514 =

(
VOC

Vm
− 1

)

∗ CTENG (2)  

which is comparable with the nominal value of 300 pF. For an actual 
NG, the equivalent capacitance CTENG is usually less than 1 nF, therefore, 
the measurement error may be very high when directly measuring the 
voltage by the 6514 electrometer. One modified method is to measure 
the short-circuit transferred charge of the NG (Fig. 2f) and calculate the 
VOC by 

VOC =
QSC

CTENG
(3) 

Owing to the constant capacitance of CTENG used in this ideal NG, the 
measured QSC is linearly related to the VOC (Fig. 2g and Supplementary 
Fig. 4), and the amplitude of calculated VOC is very close to the actual 
value of 20 V for different CTENG applied (Fig. 2h). However, the 
capacitance CTENG usually varies simultaneously with the VOC for an 
actual NG, bringing a difficulty to obtain the VOC through Eq. (3). A 
possible solution is to introduce a constant sampling capacitor Cs like the 
internal capacitor of 6514 electrometer in voltage mode, as shown in 
Fig. 2i, but its capacitance needs to be modified. The transferred charge 
in the circuit is decreased for smaller capacitance Cs, which is beneficial 
for improving the measurement accuracy because of the decrease of Qm 
(Fig. 2j). When the Cs is decreased to 0.027 nF, the measured voltage is 
increased to 17.5 V (Fig. 2k), with a measurement error of 12.5% ac-
cording to Eq. (1). When the internal capacitance of instrument is 100 
times smaller than NG equivalent capacitance, the open-circuit voltage 
is almost shared by the instrument, and the measured voltage can be 
considered as the open-circuit voltage. 

2.3. Phenomenon that the experimental results do not conform to the 
theoretical laws caused by the measurement error 

Series and parallel connections between electronic components are 
usually used to achieve higher voltage or current. When two ordinary 
voltage sources are connected in series, their output voltage will be 
superimposed. However, when multiple TENGs are connected in series 
or parallel as illustrated in Fig. 3a, the parallel voltage is significantly 
higher than the series voltage measured by the 6514 electrometer 
(Fig. 3b), which is far away from the Kirchhoff’s voltage law. In order to 
understand the reason, we need to analyze how to measure the open- 
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Fig. 2. Systematical and quantitative characterization for the influences of CTENG and Cin on the measured voltage. (a) Schematic circuit utilized in the next 
characterization. A voltage source and a capacitance are connected in series to form an ideal TENG. (b) Variation of the measured peak voltage using a 6514 
electrometer with the increase of CTENG for different waveforms and amplitudes of voltage source. (c) The linear relationship and (d) the slope between the Vm and 
VOC for different CTENG. (e) Derived Cin of the 6514 electrometer at different CTENG according to the inserted theoretical equation. (f) Schematic circuit for measuring 
the VOC of TENG according to the QSC and CTENG. (g) The linear relationship between the QSC and VOC for different CTENG. (h) Derived peak values of VOC according to 
the relationship of VOC = QSC/CTENG, which are close to the actual value for different CTENG applied. (i) Schematic circuit for measuring the VOC of TENG by 
introducing a sampling capacitance Cs. (j) The linear relationship between Qm and VOC for different Cs applied at a fixed CTENG of 0.1 nF. (k) Variation of measured 
voltage with the Cs. The Vm gradually approaches the VOC of 20 V with the decrease of Cs. 
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circuit voltage of an ordinary power source. As illustrated in Fig. 3c, the 
essential condition for the measurement of the open-circuit voltage is 
the much larger impedance of instrument than internal impedance of 
voltage source. Under this condition, the current in the circuit is mini-
mized and the divided voltage by internal resistance of power source can 
be ignored, so the measurement results will accord with the serial and 
parallel correlation theory for an ordinary power source. The measure-
ment of NGs also has similar restrictions to minimize the transferred 
charge in the circuit and improve the measurement accuracy. 

The equivalent circuits of two TENGs connected in series and parallel 
are illustrated in Fig. 3d. The open-circuit voltage is doubled for two 
TENGs in series, but the equivalent capacitance of TENG is halved, 
which will further increase the measurement error and decrease the Vm. 
By contrast, the open-circuit voltage does not change for the parallel 
connection, but the equivalent capacitance of TENG is doubled, which 
will decrease the measurement error and increase the Vm. Eventually, 

the parallel voltage is higher than the series voltage even though the 
instrument capacitance is decreased to 15 pF (Fig. 3e), because the 
transferred charge at Cin = 15 pF is not small enough (Fig. 3f). The 
variations of measured voltage for three TENGs as well as their serial 
and parallel connections are shown in Fig. 3g. With the decrease of Cin, 
the parallel voltage is gradually reaching saturation but the series 
voltage continuously rises rapidly, implying that the capacitance needs 
to be further decreased to accurately measure the voltage. Because it’s 
difficult to measure the very small transferred charge amount by a 
commercial instrument at smaller Cin, a Multiphysics simulation model 
is built to obtain the voltage at smaller Cin, as shown in Fig. 3h. It can be 
seen that the parallel voltage is equal to the voltage of a single TENG, 
while the series voltage is the sum of three TENGs’ voltages when the Cin 
is decreased to 0.1 pF, which conforms to the Kirchhoff’s voltage law. 
The above experiments prove that the experimental error is the main 
reason for the discrepancy between many experimental phenomena and 

Fig. 3. Demonstration of the reason why the series and parallel voltages of TENG measured by a 6514 electrometer do not accord with the Kirchhoff’s 
voltage law. (a) The illustration and (b) the voltage waveform of the parallel and series connection of three groups of TENGs measured by the 6514 electrometer. (c) 
Presentation of the question that the measurement result does not follow the Kirchhoff’s voltage law, and explanation of the potential reason by analogy with 
traditional measurement methods. (d) Equivalent circuits of series and parallel connections of two TENGs, respectively. (e) Comparison of three TENGs’ voltage and 
their series and parallel voltages measured by different instruments with different internal capacitances. The voltage amplitudes measured by the 6514 electrometer 
and an electrometer with the Cin of 330 pF are very close, due to the proximity of their internal capacitance. (f) Waveform variation of Qm with the increase of Cin. 
The amplitude trend of measured voltage (g) and simulated voltage (h) with the decrease of Cin for TENG1, 2, 3, and their series and parallel connections. The inset of 
Fig. 3h shows the diagram with log ordinate, and the bottom shows the typical potential distributions at Cin = 0.1 pF. 
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theories, and demonstrate that the improvement of measurement ac-
curacy is of great significance to the mutual guidance of experimental 
and theoretical researches for NGs. 

2.4. Multiphysics simulation analysis for four working modes of TENGs 

In order to systematically compare the influence of instrument 
capacitance on the output voltage of four working modes of TENGs, a 
standard simulation model is constructed by coupling electrostatic field, 
circuit, and moving mesh technology. The boundary conditions and 
physics settings for the simulations of contact-separation (CS) mode 
TENG are shown in Fig. 4a. In the previous simulation works about 
TENG, the steady-state potential distribution around the charged body 

was mainly investigated, but the dynamic behaviors of TENGs under 
external triggering when connecting with an external resistive or 
capacitive load were rarely considered [46]. Benefiting from Multi-
physics fully-coupled simulations, the model can obtain the 
time-varying electric outputs when a sinusoidal motion is applied to the 
TENG. The simulated voltage output is very consistent with the exper-
imental result at an external load of 1 GΩ, as illustrated in Fig. 4b, which 
demonstrates the authenticity and advancement of the simulation 
method. When a capacitor is connected to the CS mode TENG in parallel 
to simulate the measurement process of the instrument, a significant 
decrease of voltage amplitude is caused by the larger Cin, as presented in 
Fig. 4c. 

Supplementary material related to this article can be found online at 

Fig. 4. Simulation analysis of the influence of instrument Cin on the measurement results for four modes of TENGs through a standard Multiphysics 
simulation method. (a) Physics and boundary condition settings for the CS mode TENG. (b) Simulated dynamic output voltage and electric potential distribution of 
TENG when loading a resistor of 1 GΩ. (c) Simulated dynamic output voltage of CS-TENG under different capacitive loads. (d) Physics and boundary condition 
settings for the SFT mode TENG. (e) Simulated dynamic output voltage of the SFT-TENG under different capacitive loads. (f) Comparison diagram between the 
simulation and experimental results for the voltage amplitude versus the capacitance. (g) Variation curves of voltage amplitude with respect to the loaded capac-
itance for four modes of TENGs. 
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doi:10.1016/j.nanoen.2021.106884. 
Subsequently, an SFT mode TENG model is also constructed for 

comparison, which has the same charge density σ and electrode area 
(Fig. 4d). The capacitance Cin has the similar effect on the voltage 
amplitude as the CS mode TENG (Fig. 4e and Supplementary Fig. 5), but 

its voltage waveform is more symmetrical due to the structural sym-
metry of SFT mode TENG. By comparing the simulation results with the 
experiments, it can be found that two profiles of voltage amplitude 
versus the capacitance Cin can be well matched, which further confirms 
the accuracy of the simulation method (Fig. 4f). It should be noted that 

Fig. 5. Energy output cycle characterization of NGs using the optimized characterization system. (a) Application concept of a NG testing system with merits of 
portability, multi-channel, and multi-function to realize the field testing of various parameters of the NG devices. The bottom shows the photograph of the multi- 
channel electrometer and voltage comparison measured by the 6514 electrometer and ME with the VOC. (b) Schematic diagram of acquiring V-Q profile of TENG 
by the ME. (c) The photograph of V-Q curve acquisition system for characterizing two different modes of ideal NG. The normal and MEC working modes of TENG are 
simulated using different voltage sources, and (d) their comparison of energy output cycles measured by the ME. (e) The comparison of the MEC measured by the ME 
and 6514 electrometer with the theoretical maximum cycle. (f) Energy output cycles of ideal TENG under different external loads. (g) Circuit diagram of energy 
output cycle characterization for practical SFT-TENG. (h) Energy output cycle curves of the SFT mode TENG under different external loads. (i) Comparison for the 
MEC of the SFT mode TENG obtained by the 6514 electrometer and ME. 
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the difference between the experimental measured value and simulation 
value is caused by the deviation of the set value of charge density from 
the reality. When the Cin is reduced to 15 pF, the tiny transferred charge 
in the circuit is difficult to be measured, hindering the voltage mea-
surement by the instrument, but this problem can be overcome through 
simulations, and the trend of Vm can be obtained at smaller Cin. Finally, 
the other two modes of TENGs are also simulated and analyzed (Sup-
plementary Fig. 6 and Supplementary Movie 1), and the variation 
curves for the voltage amplitude of four modes of TENGs are summa-
rized in Fig. 4g. With the decrease of paralleled capacitance, the voltage 
amplitude gradually approaches the open-circuit voltage for four modes 
of TENGs, because of the voltage decrease shared by the CTENG. The 
voltage of single-electrode contact (SEC) mode TENG is markedly lower 
than that of others due to its smaller equivalent capacitance. In order to 
accurately measure the voltage of the four modes TENGs, the instrument 
capacitance needs to be less than 1 pF for the SEC mode TENG and 
0.1 pF for other modes. The simulation analysis overcomes the short-
comings of the experiments, which makes it possible to compare the 
signal difference for different modes of TENGs while maintaining the 
same electrode area and charge amount on the dielectric layer. At the 
same time, it makes possibility of obtaining the complete Vm trend with 
the Cin, and the suitable internal capacitance of instrument to achieve 
the measured results close to the VOC. 

2.5. Modified multi-functional characterization system of NGs 

With the rapid development of NG technology, it’s urgent to 
construct a standard characterization system and special measurement 
instrument with merits of portability, multi-channel, and multi-function 
to meet the requirements of outdoor and field testing. After the opti-
mization many times, a modified electrometer (ME) with eight channels 
is designed as shown in Fig. 5a. After calibration, the electrometer can 
accurately measure conventional voltage signals, and the measurement 
error is decreased from 77.3% to 35.3% compared to the commercial 
6514 electrometer for a NG with VOC = 20 V, and CTENG = 100 pF 
(bottom of Fig. 5a and Supplementary Fig. 7). Not only the ME can 
realize synchronous signal acquisition of multiple sensors, but also each 
channel can be configured as voltage, current, or charge gauge to syn-
chronously acquire the V-Q curve to characterize the output perfor-
mance of a NG [47]. The system composition of the ME and the 
measurement circuit of V-Q curves are shown in Fig. 5b. Channel 1 is 
configured to measure the voltage on the external load R, and channel 2 
is configured to measure the transferred charge through the circuit. The 
analog signals from these two channels are acquired and converted to 
digital signals, and then sent to a computer for real-time plotting, dis-
playing, and analyzing. 

Because the charge amount inside the NG is fixed, achieving the 
maximum energy cycle requires the maximized NG voltage before the 
power releasing, which is related to the external load and discharge 
moment. Controlling discharge moment can be realized by a switch in 
series with the NG, as illustrated in Supplementary Fig. 8. With the 
modulation of switch, the voltage source in lumped circuit model of NG 
can be changed from sinusoid-wave source to square-wave source, and 
the photograph of V-Q curve acquisition system for these two different 
modes of ideal NG is shown in Fig. 5c and Supplementary Movie 2. By 
setting the external load as 1 GΩ, amplitude of voltage source as 20 V, 
and capacitance Cin as 100 pF, the encircled areas of the close loop in the 
V-Q curves from square-wave voltage source are significantly larger, 
indicating that the modulation of switch can help the TENG to output 
energy with the maximum energy cycle (MEC) (Fig. 5d, Supplementary 
Fig. 9). 

We also compare the MEC measured by the ME and 6514 elec-
trometer at an external load of 1GΩ. Benefiting from the improved 
voltage measurement accuracy, the area of MEC measured by the ME is 
much larger than that from the 6514 electrometer, and the measurement 
error of maximum energy output is reduced to 35.3%. If we can 

maximize the measurement accuracy until Vm = VOC, the measured MEC 
would be further expanded to the region marked by the dashed line, as 
shown in Fig. 5e. When the TENG works at the MEC state, and the 
resistance is increased to 1 GΩ, the loop curve gradually gets close to the 
parallelogram of maximum loop curve (Fig. 5f). The influences of VOC 
and CTENG on the MEC are also presented in Supplementary Fig. 10. By 
measuring the V-Q curves of the simulated NG, the influences of the 
NG’s output mode, internal parameters, and external load on the MEC 
are summarized. 

Because the SFT mode TENG has a constant equivalent capacitance 
similar to the constructed ideal NG, it is chosen to systematically study 
the output cycles of a practical TENG (Fig. 5g). A switch is introduced to 
control the TENG to work at the maximum output state (Supplementary 
Fig. 11 and Supplementary Movie 3). With increasing the external load, 
the output cycles gradually approach the MEC at R = 1 GΩ (Fig. 5h and 
Supplementary Fig. 12). We notice that the measured transferred charge 
decreases slightly with the increase of R, because larger resistance 
causes more charges to flow through the voltmeter as illustrated in 
Fig. 5g. The MECs measured by the two instruments are compared as 
shown in Fig. 5i. Excessive instrument capacitance of 6514 electrometer 
not only reduces the measured voltage, but also leads to the loss of 
partial charges, which reduces the measured charge in the character-
ization process of MEC. Finally, the encircled area of V-Q curve 
measured by the 6514 electrometer is much lower than that of the 
theoretical MEC curve. Due to the improved measurement accuracy, the 
maximum energy output of the SFT-TENG in one cycle measured by the 
ME is improved to 1915.95 nW compared to the 540.72 nW from the 
6514 electrometer. 

3. Conclusions 

In conclusion, the voltage measurement error caused by instrument 
internal capacitor is revealed and the strategy is proposed to improve the 
measurement accuracy of NGs in this work. In order to characterize this 
error and influencing factors, the influences of equivalent capacitance of 
NG and internal capacitance of instrument on the voltage measurement 
accuracy are systematically and quantitatively studied by constructing 
an ideal NG based on lumped model, and some experimental phenom-
ena violating the theories are explained by this measurement error. For 
comparing the influence of electrometer capacitance on four working 
modes of TENGs, Multiphysics simulation models with the same charge 
amount are built to calculate their voltage variation at different capac-
itive loads to simulate the measurement process of the instrument. Based 
on that, the suitable internal capacitance of instrument is derived and a 
modified multi-functional electrometer is designed to evaluate the 
maximum output energy by measuring the V-Q cycle curves of TENG. 
Compared to commercial electrometer, the measured accuracy by the 
ME is significantly increased from 22.7% to 64.7%, and the maximum 
energy output of the SFT-TENG in one cycle is improved to 1915.95 nW 
compared to the 540.72 nW from the 6514 electrometer. In this paper, 
the analysis of existing problems in NGs characterization has important 
guiding meaning for the development of measurement technology and 
theoretical research of NGs. The provided measurement method and 
optimization strategy lay the foundation for building the standardized, 
and unified NG characterization system, which is more accurate, simple- 
accessible, and flexible. And the specially-designed hardware and soft-
ware by our recently-established company (Naneng instrument tech-
nology Co., Ltd) can provide the measurement supports for the NG 
researches around the world. 

4. Experimental section 

4.1. Characterizations and measurements 

The ideal nanogenerator is constructed by a capacitor and a voltage 
source. In the experiment, a data acquisition card (NI USB 6356) is used 
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as the voltage source to generate voltage signal with different wave-
forms with the maximum amplitude of ± 10 V, which can be controlled 
by the computer program based on LabVIEW. The commercial elec-
trometer (Keithley 6514) is used to measure the transferred charge in the 
circuit during the characterization process, and the acquired data are 
transferred through a signal adapter (Naneng instrument technology 
Co., Ltd) to data acquisition program for recording and analyzing. 

4.2. Finite element method simulation for four modes of TENG 

The software of COMSOL MULTIPHYSICS is used to simulate the 
transient process of the TENG in multiple physical fields. The utilized 
physics in the model include electrostatic field, circuit and moving 
mesh. The length of electrode is set as 15.3 mm for four modes of TENGs 
and the surface charge density of dielectric layer is set as 1.17 × 10− 5 C/ 
m2 in electrostatic field. Then the specified mesh displacement with the 
function of S/2[mm] + S/2[mm] * sin(2 * pi * t[1/s] + 3 * pi/2) is 
applied to the motion layer of TENG, and a capacitor is connected into 
the circuit by setting a terminal and ground node in the electrostatic 
field with the consistent label with the both endpoints of the capacitor. 
Besides the capacitor, other kinds of electronic component (such as 
resistor and inductor) can be added in the circuit using the same method 
to achieve different load simulations. After fully-coupled simulation, the 
voltage variation on external load with the motion of TENG can be 
calculated. 

4.3. Fabrication of the modified multi-functional electrometer 

The modified multi-functional electrometer is composed of 8 elec-
trometer modules, an analog-to-digital converter (ADC), a spartan 6 
FPGA chip, and a gigabit ethernet switch chip. Each electrometer 
module can be configured into voltmeter, coulombmeter, and ammeter 
for transferring the high voltage, transferred charge, and current signal 
into ± 5 V voltage signal. Then, this analog voltage signal will be 
transferred into digital signal by ADC and sent to a computer through the 
ethernet chip after the processing of FPGA. When it is used to acquire V- 
Q cycle curves of NGs, two of eight channels of the modified electrom-
eter are utilized, and they are configured into voltmeter and coulomb-
meter to measure the voltage on the resistor and transferred charge in 
the circuit, respectively (Supplementary Fig. 13). 
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