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cost, environmental friendliness, and uni-
versal availability. [ 6–18 ]  To improve the per-
formance and broaden the applications of 
TENGs, numerous efforts have been made 
with focus on both enhancement of the 
surface charge density and development 
of new structures/modes. [ 2,4,7,9,13,19–25 ]  So 
far, the electric power output of TENGs 
has been improved up to ≈500 W m −2  
by sophisticated design of device struc-
ture. [ 18,26–28 ]  Demonstrated TENGs have 
been working in four modes, that is, 
the contact-separation or contact mode 
in short, sliding mode, single-electrode 
mode, and free-standing triboelectric-layer 
mode. The performance of the TENGs in 
contact-mode is better than that of TENGs 
in the sliding mode, because a much 
higher maximum displacement of TENGs 
in the sliding mode is required than that 
of TENGs working in the contact-mode, in 
order to achieve the same level of open cir-
cuit voltage. [ 29 ]  The TENGs working in the 

contact-mode are particularly interesting for applications like 
foot-mounted wearable electronic systems because of the short 
vertical displacement involved and ease of integration. 

 The fundamental principle of TENGs is based on the cou-
pled effects of triboelectrifi cation and electrostatic induction. A 
theoretical model has been proposed for the TENGs working 
in the contact mode by Wang and co-workers. By utilizing the 
derived governing equation, the real-time output characteristics 
and the relationship between the optimum external resistance 
and TENG para meters were numerically simulated. [ 30 ]  How-
ever, the model was not validated by corresponding experiments 
with measured real-time output characteristics. Furthermore, 
it is known that the real-time output characteristics would be 
affected by the materials, device structural parameters, opera-
tion conditions, and equivalent resistance. Assumptions made 
on simple profi les of working velocity may infl uence the mod-
el’s validity in real situations. For instance, during real human 
walking, the previous wearing trials of an intelligent footwear 
system illustrated that the velocity profi le was complex and 
varied signifi cantly with time for a foot-mounted device. [ 31,32 ]  
Therefore, it is highly desirable to develop a theoretical model 
that is fully verifi ed by corresponding experiments. Such an 
experimentally verifi ed model is essential for designing and 
optimizing TENGs for intended applications. 

 In this paper, based on conservation of charges and zero-
voltage for close-loop circuits, a theoretical model is presented 

 Harvesting mechanical energy from human activities by triboelectric nanogen-
erators (TENGs) is an effective approach for sustainable, maintenance-free, 
and green power source for wireless, portable, and wearable electronics. A 
theoretical model for contact-mode triboelectric nanogenerators based on the 
principles of charge conservation and zero loop-voltage is illustrated. Explicit 
expressions for the output current, voltage, and power are presented for the 
TENGs with an external load of resistance. Experimental verifi cation is con-
ducted by using a laboratory-fabricated contact-mode TENG made from con-
ducting fabric electrodes and polydimethylsiloxane/graphene oxide composite 
as the dielectric layer. Excellent agreements of the output voltage, current, and 
power are demonstrated between the theoretical and experimental results, 
without any adjustable parameters. The effects of the moving speed on output 
voltage, current, and power are illustrated in three cases, that is, the motion 
with constant speed, the sinusoidal motion cycles, and the real walking cycles 
by human subject. The fully verifi ed theoretical model is a very powerful tool 
to guide the design of the device structure and selection of materials, and opti-
mization of performance with respect to the application conditions of TENGs. 

  1.     Introduction 

 Harvesting mechanical energy from human activities is an 
effective approach for sustainable, maintenance-free, and green 
power source for wireless, portable, and wearable electronics. [ 1–3 ]  
It is estimated that harvesting even 1%–5% of the body’s power 
without signifi cantly increasing the load to the human body will 
be suffi cient to run many body-worn devices. [ 4,5 ]  Triboelectric 
nanogenerators (TENGs) have been demonstrated to harvest 
energy from the human activities as sustainable self-suffi cient 
micro/nano-power sources, due to their high effi ciency, low 
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for the contact-mode TENG connected with an external resistor. 
Explicit expressions for the output current, voltage, and power 
are presented for the TENGs with an external load of resistance, 
which take full considerations of the materials, device struc-
tural parameters, and loading conditions. Corresponding exper-
iments are performed to verify the theoretical model. Excellent 
agreements are demonstrated between the theoretical and 
experimental results. The output current, voltage, and power 
of the contact-mode TENGs are systematically investigated. A 
fabricated TENG connected with an external resistor of 60 MΩ 
is demonstrated possessing peak power density of 2.6 W m −2 .  

  2.     Theoretical Treatment for Contact-Mode TENGs 

 In general, a contact-mode TENG works with a connected 
resistor  R  as shown in  Figure    1  . To illustrate the model, a die-
lectric-conductor TENG is used. The top electrode moves up 
and down with a separation distance,  x,  from a fi xed dielectric 
layer, which is fi xed on the bottom electrode. 

  Being forced to get in contact with each other, the contact sur-
face of the top electrode and the dielectric layer will have opposite 
triboelectric charges of an equal areal density, as a result of con-
tact electrifi cation. After suffi cient contact, the surface charges 
of the top electrode and the dielectric layer both will reach a 
saturation state. Considering the saturated surface charges, it 
is reasonable to assume that the tribocharges are uniformly dis-
tributed on the dielectric layer with negligible decay (denoted as 
surface charge density,  σ , as shown in Figure  1 ). [ 1–3 ]  When the 
two triboelectric layers start to separate from each other, with 
increasing  x , the surface charge density of two electrodes are 
changed due to electrostatic induction, and the surface charge 
density of the two electrodes are denoted as  σ  1  and  σ  2 , respec-
tively, which satisfy the following charge conservation condition 

 01 2σ σ σ+ − ≡     ( 1)  

   The electric potentials of the close loop of the circuit in 
Figure  1  should satisfy the following condition 

 
0

1

Vi

i

N

∑ =
=     

( 2)
  

 where  V i   represents the voltage of the  i th part in the close loop 
of the circuit. 

 Since the areal size ( S ) of the dielectric layer and electrodes is 
several orders of magnitude larger than its effective separation 
distance  x  and the thickness  d  of dielectric, respectively, the corre-
sponding electric fi elds can be simply calculated by Gauss’s law:- 
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 where  ε  0  and  ε  r  are denoted as the vacuum permittivity and the 
relative permittivity, respectively. 

 According to Equation  ( 2)  , one can obtain 

 ( ) ( ) 0E x t E d V ta d+ + =     ( 5)  

   The amount of the transferred charges between the two elec-
trodes is defi ned as  Q , which also represents the amount of 
charges that go through the resistor. In the case that at  t  = 0, the 
two contacting layers are close to each other for a suffi ciently 
long time so that the contact electrifi cation reaches its satura-
tion. Then the top electrode layer starts to separate from the 
dielectric layer. Initial conditions are given by 

 ( 0) 0Q t = =     ( 6)  
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   As a power source in practical use, the TENG will be connected 
with an external load. Hence, in this situation, the real charge 
transfer rate will be limited by the external resistor,  R . According 
to the Ohm’s law, the output voltage  V  can be expressed as 
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   Merging Equations  ( 1)  ,  ( 3)  – ( 5)  ,  ( 7)  , and  ( 8)  , one can have 
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 where both parameters of the thickness  d  and the relative per-
mittivity  ε  r  of the dielectric layer have been combined as the 
effective thickness constant  d  0  ( d  0  =  d/ε  r ). 

 By combining the initial conditions in Equation  ( 6)  , differen-
tial Equation  ( 9)   can be solved analytically as follows 
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   As a result, the output current, voltage across the resistor, 
and power are described by the following equations, respectively 
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 Figure 1.    Schematic diagram of a conductor-to-dielectric contact-mode 
TENG connected with an external resistor.
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   It is noted that although the governing Equation  ( 9)   has a 
form identical to the previous model proposed by Niu et al., [ 30 ]  
the explicit analytical solutions for voltage, current, and power, 
as expressed in Equations  ( 10)  – ( 13)  , are different in their math-
ematic forms. 

 A sinusoidal motion of the top electrode, described by Equa-
tion  ( 14)  , was selected because the verifying experimental rig 
(Keyboard Life Tester by Shenzhen ZXD Testing Equipment 
Co. Ltd.) was equipped with this form of motion. A motion with 
constant speed was also considered. When  t  = 0, the two con-
tact surfaces of the top electrode and the dielectric layer have 
experienced contact for a suffi ciently long time so that the con-
tact electrifi cation reaches its saturation. Then the top electrode 
started to separate from the dielectric layer. 

 ( ) sin( )0 0x t A t Aω θ= + +     ( 14)  

 where  A 0   and  ω  are the amplitude and the angle velocity of the 
motion, respectively.  θ  is the initial phase angle. The param-
eters utilized in the simulation corresponded to those used in 
the experiments, which are listed in  Table    1  . 

    3.     Conclusions 

 In summary, we have proposed a theoretical model for contact-
mode triboelectric nanogenerators. Explicit expressions for the 
output current, voltage, and power have been presented for a 
TENG with an external load of resistance. Experimental veri-
fi cation, by using a lab-fabricated contact-mode TENG made 
from conducting fabric electrodes and PDMS/GO composite 
as the dielectric layer, was conducted and reached an excellent 
agreement with the simulation results based on the theoretical 
models and real experimental conditions. The effects of moving 
speed on output voltage, current, and power were investigated 
in three cases, that is, the motion with constant speed, the sinu-
soidal moving cycles, and the real walking cycles by human 
subject. The fully verifi ed theoretical model would be a very 
powerful tool to guide the design of the device structure and 
selection of materials for TENGs, and optimization of TENGs 
with respect to their application conditions.  

  4.     Experimental Section 
 To validate the theoretical model derived, corresponding experiments 
were designed and carried out. The contact-mode TENG was made 
from a dielectric coating layer of polydimethylsiloxane/graphene oxide 
(PDMS/GO) composite as the electronegative material and a Cu/
Ni coated conducting fabric (provided by 3M) as the electropositive 
material.  Figure    2  a illustrated the schematic diagram of the fabricated 
TENG, which had a double-layer structure including a PDMS/GO 
composite coating and a conducting fabric fi xed on an acrylic plate, 
another conducting fabric fi xed on the top moving acrylic plate. The top 
conducting fabric electrode played dual roles of electrode and contact 
surface. The composite coating layer played the role of dielectric. To 
effectively separate the two layers after contacting each other, four 
springs were installed at the corners, leaving a narrow space between 
the PDMS/GO coating and the top fabric electrode. A scanning electron 
microscopy (SEM) image of the conducting fabric was presented in 
Figure  2 b,c. The conducting fabric had a woven structure with uniformly 
sized micropattern on the surface, which increased the effective 
contact area, thus enhancing the electrical output of TENG. PDMS was 
carefully chosen according to its electric affi nity to attract electrons, and 
more importantly, the PDMS was easy for coating with high fl exibility 
and durability. GO nanoparticles were embedded in PDMS matrix, 
the addition of GO in PDMS matrix might increase relative dielectric 
constant with a small loss factor. In the present study, the output 
voltage and current of as-fabricated TENG were much higher than that 
of the pure PDMS fi lm based TENG. Furthermore, the dispersed GO in 
the PDMS acted as charge trapping sites, which increased the active 
interface for charge storage. Electrons attracted from PDMS through 
the friction process were stored either in the discrete, quantized levels 
of these nanosized graphene particles, or trapped in the amorphous 
GO dielectric. Both might result in a high surface charge density on the 
PDMS/GO composite, and low dissipation rate of surface charge. [ 33,34 ]  
Figure  2 d displayed the surface structure of PDMS/GO coating, which 
revealed a smooth surface and uniformly dispersed GO nanoparticles 
in PDMS matrix. The cross-sectional view shown in Figure  2 e revealed 
that the PDMS/GO coating was well deposited on the surface of the 
conducting fabric. To obtain the average thickness of the coating, 
the PDMS/GO coating layer was peeled off from the fabric for 
measurement at different positions by a spiral micrometer. The average 
thickness of PDMS/GO coating layer was obtained as ≈250 µm. A high 
resolution transmission electron microscopy (HRTEM) image of GO 
nanoparticles was presented in Figure  2 f, and the lattice fringes were 
visible on the edges of GO sheets clearly. 
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  Table 1.    Simulation parameters utilized in the verifi cation of theoretical 
model. 

Symbol Value

Total external resistance in the circuit  R 10 [MΩ]

Areal size of the dielectric  S 36 [cm 2 ]

Surface tribocharge density  σ 15 [µC m −2 ]

Thickness of dielectric layer  d 250 [µm]

Relative permittivity of dielectric layer  ε  r 3.4

Effective thickness of dielectric layer  d  0 73.53 [µm]

Vacuum permittivity  ε  0 8.854 × 10 −12  [F m −1 ]

Amplitude of the motion  A  0 5 [mm]

Frequency  f 3.2 [Hz]

Angular velocity  ω 2π f  [rad s −1 ]

Initial phase angle  θ 3π/2 [rad]
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  The parameters of the contact mode TENG were given in Table  1 . 
The surface charge density of the material was determined by using the 
Nanocoulomb Meter and Faraday tube (Models: 230, 232, and 234). The 
TENG samples were compressed by Keyboard Life Tester (ZXA-03) for a 
certain number of cycles, then the dielectric and electrodes were taken 
out for the measurements. The surface charges were collected by the 
Faraday tube and the number of charges was given by the Nanocoulomb 
Meter. The average value of surface density (surface charge per area) 
was derived from three tests. It was observed that the output voltage 
increased with increasing number of cycles, and at 500 cycles, it reached 
a stable saturation value. Thus the value of surface charge density was 
determined at 500 cycles. 

 The as-fabricated TENG was mechanically compressed repeatedly 
by a plate attached to a Keyboard Life Tester (ZX-A03), which provided 
a continuous dynamic sinusoidal motion with controlled levels of 
displacement from 0 to +10 mm and frequency from 1 to 5 Hz. It was 

equipped with a compression force cell so that the contact force was 
simultaneously measured. At the same time, the TENG was connected 
with an oscilloscope with an equivalent resistance of 10 MΩ. The contact 
electrifi cation was a progressing process. It was observed that the surface 
charge density increased with contact length gradually and achieved a 
saturation state with equilibrium density. Thus the measurements of  σ  
and the voltage of TENG were made after a cyclic compression about 
500 times. Both the theoretical and measured voltages between two 
electrodes of the device were based on the saturated or equilibrium 
surface charge density. 

  Figure    3   showed the measured output voltage, current, and power 
of TENG during the compressive loading cycles. The TENG generated a 
positive and negative peak voltage of 40 and −35 V from the contacting 
and releasing action, respectively. Figure  3  also showed the simulation 
result based on Equations  ( 11)  – ( 13)  . The simulation parameters were 
listed in Table  1 . Without any adjustment on simulation parameters, 
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 Figure 3.    Comparison between the experimental and simulation results: a) Output voltage and current, b) Output power.

 Figure 2.    a) Schematic illustration and digital photograph of the TENG. b) SEM image of conducting fabric. c) Magnifi ed image of (b). d) SEM images 
of the surface of PDMS/GO fi lm. e) SEM image of the cross-section of the PDMS/GO coated conducting fabric. f) HRTEM image of GO.
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there was a strong agreement between the theoretical and experimental 
results, both the shape of the curve, locations of the peaks, and 
amplitudes of the data points in general. 

  The change of the spatial distance between the top electrode and 
the dielectric layer added the voltage difference between both the 
electrodes, while the fl ow of electrical charges diminished it. They were 
instantaneous and continuous processes. When the spatial displacement 
of the top electrode goes back to zero, the number of electrical charges 
did not return to its original value, which makes the next cycle behavior 
different from that of the initial one. Small discrepancies in amplitude 
appearing at the peaks showed that upon contacting, the fi rst peak 
voltage was slightly higher than the next one. 

 According to Equations  ( 11)  – ( 13)  , the speed of the top plate of 
the TENG would also affect the output performance of the TENG. 
Therefore three cases were considered, including displacements 
with constant speed, sinusoidal displacement cycles with variation 
of frequency, and loading cycles of human foot falls. In the fi rst case, 
numerical calculations were carried out with various levels of uniform 
speed and separation distances, as shown in  Figure    4  . The simulation 
parameters were given in  Table    2  . Figure  4 a,b showed that the output 
voltage, current, and power of the TENG were increased monotonically 
with the increasing speed. Furthermore, the peak voltage arose with the 
increasing loading speed, the separation distance for the peak voltage 
shifted to a larger value. With a constant speed of 1 m s −1 , the maximum 
output voltage was ≈550 V and the peak power could be up to 30 mW 
when the separation distance was 0.75 mm. 

   In the second case of sinusoidal displacement cycles, the frequency 
variation was considered as it could directly affect speed. A systematic 
measurement was performed under various values of frequency. As 
shown in  Figure    5  a, at 0.5 Hz, the peak output voltage generated by 
the TENG was 50 V. As the frequency increased from 0.5 to 2.5 Hz, the 
peak output voltage increased, and reached a maximum value of ≈100 V, 
with the same experimental setup for the verifi cation experiments except 
the loading mode (Table  1 ). The enhancement in the electrical power 
generation by the increasing frequency could be explained by the higher 
speed of the top plate. Figure  5 b,c depicted that the output voltage and 
current reached recorded values of 125 V and 12.5 µA, respectively, from 
the TENG under a peak external force (1000 N, equivalent to 278 KPa) 
of the pressing stage operating at a frequency of 3.2 Hz. Obviously, 
the TENG generated equivalent values of positive and negative voltage 
under the sinusoidal displacement cycles. The voltage curve with an 
obvious splitting in Figure  5 c was due to the complex loading condition 
on the dielectric fi lm. While the calculated values based on Equation  ( 12)   
did not display any splitting because the pressure on the dielectric 
layer was assumed as zero. When an external force was applied on the 
dielectric layer, the thickness  d  of the dielectric fi lm in equations was not 
a constant any more. And a new mechanism occured. When  R  was large, 
under a fast deformation period of dielectric fi lm, the charge transfer 
was quite small. During such deformation period, the electric fi eld,  E  d , 
could be assumed to be constant. However the product,  E  d   d , had a 
fast change, which induced the output voltage changes. Hence, a large 
resistance and a fast deformation of dielectric layer led to an obvious 
splitting in the output voltage curves. 

  The stability of the TENG was an essential factor to ensure its 
practical applications. In the present study, the TENG was continuously 
operated for at least 1 000 000 cycles at a given frequency (3.2 Hz) 
and a peak compressive pressure of 278 KPa, which was chosen to be 
similar to the peak plantar pressure when a normal-weight person was 
walking. [ 31 ]  As shown in Figure  5 d, the generated output voltage of 125 V 
did not show any degradation after 1 000 000 cycles, indicating the 
highly stable power generation of the TENG, and this excellent durability 
makes the TENG advantageous as a sustainable power source for foot-
mounted wearable electronic devices. This feature might be attributed 
to the robustness of the device, as no noticeable surface morphology 
degradation was detected in the PDMS/GO coating and conducting 
fabric. 

 In the third case of real walking cycles, a TENG was placed on the 
fl oor, a human subject of ≈50 kg continuously stepped on and off it with 
a foot.  Figure    6  a presented the output voltage and current of the TENG 
with the same conditions as those for the verifi cation experiments listed 
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 Figure 4.    Calculated output characteristics for the fi rst case of constant speed: a) Output voltage and current as functions of speed and separation 
distance, b) Output power as a function of speed and separation distance.

  Table 2.    Simulation parameters utilized in the fi rst case of constant 
speed. 

Symbol Value

Total external resistance in the circuit  R 10 [MΩ]

Areal size of the dielectric  S 36 [cm 2 ]

Surface tribo-charge density  σ 15 [µC m −2 ]

Thickness of dielectric layer  d 250 [µm]

Relative permittivity of dielectric layer  ε  r 3.4

Effective thickness of dielectric layer  d  0 73.53 [µm]

Vacuum permittivity  ε  0 8.854 × 10 −12  [F m −1 ]

Maximum separation distance  x  max 3 [mm]

Releasing speed  V 0.01–1.00 [m s −1 ]
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 Figure 5.    Frequency dependency of the output voltage of TENG: a) Frequency from 0.5 to 2.5 Hz, b) Frequency of 3.2 Hz, c) Enlarged section of
(b), d) Cyclic compression up to 1 000 000 cycles with 3.2 Hz and 278 KPa peak pressure.

 Figure 6.    a) Measured output voltage and current of the TENG in the third case of human walking. b) Enlarged curve of (a).
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in Table  1 , except the loading mode. The TENG repeatedly generated 
a peak-to-peak positive voltage of 250 V and current reaches 25.0 µA. 
Figure  6 b clearly showed that, in the separation phase, the negative 
peak output voltage (−25 V) and current (2.5 µA) of the TENG were 
one tenth of the positive values. The asymmetric peak shape of the 
generated voltage should be due to the nonuniform motion speed of 
footfall, which would deduce the different charge transfer rates between 
two electrodes. Figure  4  indicated that the output voltage was affected 
by the moving speed of the top electrode. Under the real condition of 
the human footfall during walking, the compression speed was much 
higher than that of the release speed, [ 31 ]  thus the output negative 
output voltage of TENG was much smaller than that of positive output 
voltage. 

  The output voltage, current, power, and areal power density were 
determined experimentally as functions of external resistance, as 
summarized in  Figure    7  . They were measured at 3.2 Hz and with a peak 
compressive pressure of 278 KPa by using the Keyboard Life Time Tester. 

Figure  7 a showed the peak current decreased with increasing resistance, 
while the voltage peak across the resistor exhibited a reversed tendency. 
Accordingly, the power and power density of the TENG fi rst rose at 
low resistance region and then declined at high resistance, showing 
a maximum value of ≈2.6 W m −2  at the resistance load of 60 MΩ 
(Figure  7 b). 

  The TENG was capable of instantaneously driving 150 commercial 
LEDs in a discontinuous manner. After rectifying, a commercial capacitor 
of 100 µF was used to store the energy from the TENG and to convent 
it in a more stable and continuous form. The output electric signals 
were fi rst rectifi ed by a bridge rectifi er (inset in  Figure    8  a), transforming 
the alternating current to direct current (red curve in Figure  8 a) and 
charging the capacitor continuously. The voltage across the capacitor 
was monitored during the charging process, and the charging curve of 
the capacitor was shown in Figure  8 b. The capacitor was charged to 4 V 
after 1025 displacement cycles by Keyboard Life Tester at a frequency of 
3.2 Hz. 

 Figure 7.    Measurement results of the TENG (3.2 Hz and 278 KPa). a) Dependency of the voltage and the current on resistance. b) Dependency of the 
power and power density on the resistance.

 Figure 8.    a) Rectifying circuit and output voltage of a TENG (3.2 Hz and 278 KPa). b) Charging curve of a capacitor connected to TENG with the 
rectifying circuit.
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