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 Harmonic-Resonator-Based Triboelectric Nanogenerator 
as a Sustainable Power Source and a Self-Powered Active 
Vibration Sensor  

    Jun     Chen     ,    Guang     Zhu     ,    Weiqing     Yang     ,    Qingshen     Jing     ,    Peng     Bai     ,    Ya     Yang     , 
   Te-Chien     Hou     , and    Zhong Lin     Wang     *  

 Energy harvesting of ambient wasted energy addresses limita-
tions of traditional power supplies by providing a supplemen-
tary electric power source. Vibration, as a type of common 
mechanical motion, is ubiquitous in daily life, from operating 
household appliances, such as washing machines and refrigera-
tors, to bouncing automobile tires on a gravel road. In recent 
years, it has become an attractive target for energy harvesting as 
a potentially alternative power source for battery-operated elec-
tronics. Until recently, the mechanisms of vibrational energy 
harvesting have been limited to transductions based on piezo-
electric effect, [  1–5  ]  electromagnetic effect, [  6  ]  electrostatic effect, [  7  ]  
and magnetostrictive effect. [  8  ]  Widespread usage of these tech-
niques is likely to be shadowed by possible limitations, such as 
structure complexity, [  9  ]  fabrication of high-quality materials, [  10  ]  
and reliance on external power source. [  9  ]  Furthermore, all of the 
mechanisms require energy-harvesting devices to operate at or 
within a very narrow range around resonance frequency. How-
ever, most ambient vibrations have a wide distribution of fre-
quency spectrum, which may even drift over time, making the 
conventional mechanisms unsuitable in most circumstance. 
Generally, an effective vibrational energy harvester needs to 
meet at least two criteria. [  11  ]  First, it can be applicable to a broad 
range of vibration frequency instead of a single resonance fre-
quency. Second, it can effectively respond to vibrations at low 
frequency (below a few hundred Hz), as most ambient vibra-
tions lie in this range (the natural oscillation frequencies range 
from 1–10 Hz for human motion and 10–100 Hz for machine-
induced vibrations). [  12  ]  

 Recently, triboelectric nanogenerators (TENGs), [  13–22  ]  which 
are creative inventions for harvesting ambient mechanical 
energy on the basis of the triboelectric effect, [  23–25  ]  have proved 
to be a cost-effective, simple, and robust technique for self-
powered devices and systems. Owing to coupling between the 
triboelectric effect and electrostatic induction, the periodic 

contact and separation between two materials with opposite tri-
boelectric polarities alternatingly drives the induced electrons 
between electrodes. 

 Here, we introduce a new principle in harvesting vibration 
energy by fabricating a harmonic-resonator-based TENG. It 
is the fi rst TENG that can harness random and tiny ambient 
vibration, which is the most common and usually the sole 
available mechanical source for self-powered electronics, espe-
cially in wireless sensor applications. The rationally designed 
TENG, operating at resonance frequency, produces a uniform 
quasi-sinusoidal signal output at an open-circuit voltage up to 
287.4 V and a short-circuit current amplitude of 76.8  μ A, corre-
sponding to a peak power density of 726.1 mW m –  2 . Compared 
to state-of-the-art nonlinear and topology-variation-based vibra-
tion energy harvesters, [  26–28  ]  it has a considerably wider working 
bandwidth of 13.4 Hz in low frequency range. It has proved 
to be effective in harvesting energy from common ambient 
vibrations including car engine and household furniture. 
With vibration amplitude less than 3 mm, it can still deliver 
stable electric output after operating for more than 1 million 
cycles (Figure S2, Supporting Information). In addition, the 
TENG can also act as a self-powered active sensor for detecting 
ambient vibration, such as roadside vibration triggered by 
normal human walking. The concept and design presented in 
this work can be further applied in various other circumstances 
for either energy-harvesting or sensing purposes: for example, 
highways, bridges, and tunnels. Therefore, it is a milestone in 
the development towards TENG-based self-powered electronics. 

 The harmonic-resonator-based TENG has a multilayer struc-
ture with acrylic as supporting substrates, as schematically 
shown in  Figure   1 a. Acrylic was selected as the structural mate-
rial owing to its decent strength, light weight, good machina-
bility, and low cost. A photograph of an as-fabricated TENG 
is shown in Figure  1 b. On the upper substrate, aluminum 
thin fi lm with nanoporous surface has dual roles as an elec-
trode and a contact surface. A scanning electron microscopy 
(SEM) image of nanopores on the aluminum is presented in 
Figure  1 c. The average diameter of aluminum nanopores are 
57 ± 5 nm and a pore depth of 0.8 ± 0.2  μ m with a distribution 
density of 212  μ m –  2 . A layer of polytetrafl uoroethylene (PTFE) 
fi lm was adhered to the lower substrate with deposited copper 
as another electrode. PTFE nanowires arrays were created on 
the exposed PTFE surface by a top-down method through reac-
tive ion etching. SEM image of the PTFE nanowires is dis-
played in the Figure  1 d. The average diameter of PTFE nanow-
ires is 54 ± 3 nm with an average length of 1.5 ± 0.5  μ m. The 
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fabrication process for the TENG is sketched in Figure  1 e and 
discussed in details in the Experimental Section.  

 To operate, the bottom substrate of the TENG is attached 
to an external vibrational source. A cycle of electricity genera-
tion process is illustrated in  Figure   2 . At original position, the 
PTFE layer is in contact with the aluminum thin fi lm. Because 
PTFE is much more triboelectrically negative than aluminum, 
electrons are injected from aluminum into PTFE, generating 
positive triboelectric charges on the aluminum side and nega-
tive charges on the PTFE side (Figure  2 a). [  13–15,29,30  ]  Once an 
external vibration acts on the TENG, it accelerates and moves 
upwards. After the vibration source reaches the crest point, 
the lower substrate attached to the vibration source ceases to 
rise and starts dropping downwards. However, the upper sub-
strate keeps moving up owing to its inertia. Thus, the two 
substrates move apart, leading to a separation between the 
PTFE and the aluminum. As a result, the positive triboelec-
tric charges and the negative ones no longer coincide on the 
same plane and generate an inner dipole moment between the 
two contact surfaces. Such a dipole moment drives free elec-
trons from the copper electrode to the aluminum electrode 
to balance out the electric fi eld, producing positively induced 
charge on the copper electrode (Figure  2 b). The fl ow of elec-
trons lasts until the upper substrate reaches the highest point, 
where the corresponding separation is maximized (Figure  2 c). 
Subsequently, the upper substrate is pulled downwards by the 
restoring force from the four stretched springs at corners. In 
reponse to the reduced seperation and thus to the weakened 
dipole moment, free electrons fl ow back to the copper electrode 
until the two contact surfaces come into collision, making a 

complete cycle of electricity generation process (Figure  2 d). The 
upper electrode is then bounced upwards again after obtaining 
a momentum from the collision, starting another cycle. There-
fore, the TENG acts as an electron pump that drives electrons 
back and forth between electrodes, producing alternating cur-
rent in the external circuit.  

 To investigate the performance of the TENG in harvesting 
vibration energy, an electrodynamic shaker (from Labworks 
Inc.) that provides a sinusoidal wave was used as a vibration 
source with tunable frequency and amplitude. The lower sub-
strate of the TENG was anchored on the shaker, leaving the the 
upper part free-standing. At a fi xed vibration amplitude, the 
reliance of electric output on the input vibration frequency is 
presented in  Figure   3 a and Figure  3 b. The electric output can 
be measured with broad input frequencies varying from 2 to 
200 Hz. Compared to state-of-the-art vibration energy har-
vesters that are based on nonlinear and topology variation, [  26–28  ]  
it has a considerably wider working bandwidth of 13.4 Hz (see 
Figure S3, Supporting Information).  

 Experimentally, both the open-circuit voltage ( V  oc ) and the 
short-circuit current ( I  sc ) are maximized at the vibration fre-
quency of 14.5 Hz with maximum values of 287.4 V and 
76.8  μ A, respectively, indicating that 14.5 Hz is the resonance 
frequency of the TENG. Theoretically, for a single degree-of-
freedom vibration system, the natural frequency is given by 
(see Supporting Information for detailed derivation): [  31  ] 

f0 =
1

2B

√
4k

m0   
(1)

      

      Figure 1.  Harmonic-resonator-based triboelectric nanogenerator. a) A sketch and b) a photograph of a typical harmonic-resonator-based TENG. c) An 
SEM image of nanopores on aluminum electrode. d) An SEM image of PTFE nanowires. e) Process fl ow for fabricating the harmonic-resonator-based 
TENG. 
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on an assumption that the two contact surfaces are smooth. 
However, surface modifi cation by nanomaterials is used in the 
real case, leading to a substantially enhanced contact area and 
thus to a higher triboelectric charge density. The value of tribo-
electric charge density submitted into Equation ( 2 ) is obtained 
experimentally. Therefore, it is very likely to result in an over-
estimation of the theoretical  V  oc . In addition, non-ideal factors, 
such as humidity and particle contaminations in the air, which 
are not considered in the theoretical model, may potentially 
have a negative impact on the actual voltage output. 

 As shown in Figure  3 d, the output current at the reso-
nance frequency has an alternating behavior with asymmet-
rical amplitudes. It is found that the larger peaks correspond 
to the process in which the two contact surfaces move apart 
after collision, while the smaller ones are generated as the 
two surfaces approach each other. Given the same amount 
of charges transported back and forth, the faster separation 
is expected to produce larger current peaks than the slower 
approach, leading to the asymmetry. It is worth noting that the 
peak value of the current is different for discharge and charge 
cycles, but the integration over time, namely the amount of 
induced charges, is almost the same (Figure S4, Supporting 
Information), indicating no leakage current. At the resonance 
frequency, the total amount of induced charges reaches the 
maximum value of 6.2  μ C within 2 s. The output charge only 
slightly reduces at other vibration frequencies below 120 Hz 
(Figure S6, Supporting Information), further indicating that 
the TENG has a considerably wide working bandwidth as a 
vibration energy harvester. 

where  f  0  is the natural frequency,  m  0  is the mass of the upper 
substrate plus the aluminum fi lm, and  k  is the stiffness coeffi -
cient of each spring. For the TENG,  m  0  is 56.8 g, and the spring 
stiffness coeffi cient is 112 N m –1 . Inputting the values into 
Equation ( 1 ), we can obtain the natural frequency  f  0  of 14.1Hz, 
which is consistent with the experimental result. 

 At the resonance frequency, the  V  oc  is elaborated in Figure  3 c. 
It has a uniform quasi-sinusoidal signal owing to the fact 
that the upper substrate of the TENG vibrates in a harmonic 
manner. Theoretically, the harmonic-resonator-based TENG can 
be regarded as a damped system subjected to a harmonically 
varying force. Therefore, the maximum  V  oc  at the resonance 
frequency can be expressed as (see Supporting Information for 
detailed derivation of the analytical model):

Voc−rf = F
g0

· m0 a
2k.   (2)      

where   σ   is the triboelectric charge density (0.00281  μ C cm –2  
(Figure S4, Supporting Information)),   ε   0  is the vacuum per-
mittivity (8.85 × 10 -12  F m –1 ),   ζ   is the damping factor of the 
TENG system (0.34 by experimental measurement (Figure S5, 
Supporting Information)), and  a  is the acceleration of the elec-
trodynamic shaker (a typical value of  g /50 (where  g  is the gravi-
tational acceleration)). The theoretical result of the  V  oc  at the 
resonance frequency is calculated to be 464.2 V, which is larger 
than the experimental result of 287.4 V. The difference probably 
results from the assumptions made in the analytical model and 
non-ideal factors in the experiment. First, Equation ( 2 ) is based 

      Figure 2.  A cycle of electricity generation process for illustrating the working mechanism of the harmonic-resonator-based TENG. a) Critical position 
with the springs’ elastic force exactly compensating the gravitational force of the top plate and the two plates just in contact with each other, generating 
positive triboelectric charges on the aluminum side and negative charges on the PTFE side. b) External vibration separates the PTFE and aluminum. 
Electric potential difference drives the electrons from the back electrode to the contact electrode, screening the triboelectric charges and leaving behind 
the inductive charges. c) With continuously increasing the separation, all of the positive triboelectric charges are gradually and almost entirely screened. 
d) Electrons are driven back to the back electrode owing to the applied external vibration, screening the inductive charges. Notes: aluminum nanopores, 
PTFE nanowires and springs are not shown in the sketch for the simplifi cation of illustration. 
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5 M Ω , corresponding to a peak power density of 726.1 mW m –  2  
(Figure  3 f). 

 The harmonic-resonator-based TENG demonstrated here has 
four unique characteristics. First, a major challenge for pre-
vious TENGs was the relatively low current compared to high 
voltage output. [  13–22  ]  Compared with all other TENGs that relied 

 Resistors were utilized as external loads to further investi-
gate the output power of the TENG at the resonance frequency. 
As displayed in Figure  3 e, the current amplitude drops with 
increasing load resistance owing to the ohmic loss, while the 
voltage follows a reverse trend. As a result, the instantaneous 
peak power ( V  2  peak / R ) is maximized at a load resistance of 
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      Figure 3.  Electrical measurement results of a harmonic-resonator-based TENG. a) Open-circuit voltage ( V  oc ) as a function of vibration frequency. The 
curve is a fi tted result. b) Short-circuit current ( I  sc ) as a function of vibration frequency. The curve is a fi tted result. c) Open-circuit voltage ( V  oc ) at vibra-
tion frequency of 14.5 Hz. d) Short-circuit current ( I  sc ) at vibration frequency of 14.5 Hz. Inset: enlarged view of one cycle. e) Dependence of the voltage 
and current output on the external load resistance. The points represent peak value of electric signals while the lines are the fi tted results. f) Depend-
ence of the peak power output on the resistance of the external load, indicating maximum power output when  R  = 5 M Ω . The curve is a fi tted result. 
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 To prove the capability of the harmonic-resonator-based 
TENG as a sustainable power source and an active vibration 
sensor, four sets of practical applications were demonstrated 
(see the videos in Supporting Information). First, as shown in 
 Figure   4 a, the TENG was excited by an electrodynamic shaker 
at a vibration frequency of 60 Hz, lighting up almost 100 light-
emitting diode (LED) bulbs simultaneously and continuously 
without observable strobofl ash. Second, as shown in Figure  4 b, 
the TENG was mounted onto an automotive engine. It success-
fully harvests vibrational energy from the operating engine and 
powers about 20 LED bulbs simultaneously. The third practical 
application shows that the TENG, sitting on a table, generates 
electricity and drives small electronics as impact from a nearby 
human palm initiates vibration of the table (Figure  4 c). Last, 
as demonstrated in Figure  4 d, the TENG can also act as an 
active vibration sensor for detecting ambient vibration. When 
a human naturally walks beside the TENG that is placed on 
the fl oor, electric output can successfully be obtained. With the 
maximum effective range of 5 m, the electric output ampli-
tude is exponentially related to the distance between the TENG 
and the footstep. These demonstrated applications prove that 
the TENG is sensitive to small ambient vibrations, making it 
suitable to a wide range of circumstances for either energy-har-
vesting or sensing purposes: for example, highways, bridges, 
and tunnels.  

 In summary, we present a harmonic-resonator-based TENG 
as a sustainable power source and an active vibration sensor. 
Rationally designed structure of the TENG, coupled with 

on contact mode, [  13–19  ]  this harmonic-resonator-based TENG is 
the fi rst of its kind that allows output current in high frequency, 
leading to greatly enhanced effective current (overall charge per 
unit time). Second, to promote the triboelectrifi cation and to 
increase the effective contact area between the two contact sur-
faces, aluminum nanopores and PTFE nanowires are created as 
surface modifi cations. The rational design, coupled with nano-
materials modifi cation, greatly increases the effective contact 
area and thus the triboelectric charges. As a comparison, the 
electrical measurement of a harmonic-resonator-based TENG 
without PTFE nanowires and aluminum nanopores surface 
modifi cation is demonstrated in Figure S7, Supporting Infor-
mation, which shows that the short-circuit current output with 
nanomaterials modifi cation is increased to about 2.1 times of 
that for the TENG without nano-materials surface modifi cation. 
Third, at the original position, the upper substrate rests at a 
critical state where the elastic force from the springs is com-
pletely compensated by the gravitational force from the upper 
substrate, making the TENG extremely sensitive to even tiny 
external vibrational excitation. Fourth, unique operating prin-
ciple of the harmonic-resonator-based TENG allows easy pack-
aging of the device, which could not be achieved by previous 
TENGs. Since the TENG does not rely on direct interaction 
with external force, it can be readily sealed in an outer con-
tainer as long as one substrate is anchored onto the container. 
Thus, it can be applied outdoor and even in circumstances with 
harsh environment and extreme conditions, thereby greatly 
expanding its applicability. 

      Figure 4.  Demonstration of the harmonic-resonator-based TENG as a sustainable power source and self-powered active vibration sensor. a) Pho-
tograph that shows TENG is working on an electrodynamic shaker at the vibration frequency of 60 Hz, which is the United States national power 
frequency. About 100 LEDs light up simultaneously without strobofl ash perceived by a naked eye. b) Photograph that shows TENG works on an auto-
motive engine. When the car starts up, the “NG” lights up simultaneously. c) Photograph that shows TENG works when a human hand slaps a fi rm 
table. Owing to the table vibration, about 20 LEDs light up simultaneously. d) TENG acts as an active vibration sensor for distance measurement as 
well as ambient vibration detection. When a human walks towards the TENG, which is fi xed on the fl oor, the output signal is exponentially increased. 
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nanomaterials modifi cation, allows superior performance in 
ambient vibration energy harvesting. It produces a uniform 
quasi-sinusoidal signal output with an open-circuit voltage up 
to 287.4 V, a short-circuit current amplitude of 76.8  μ A, and a 
peak power density of 726.1 mW m –2 . It can effectively respond 
to input vibration frequency from 2 to 200 Hz with a consider-
ably wide working bandwidth of 13.4 Hz. The harmonic-reso-
nator-based TENG is very sensitive to small ambient vibrations, 
such as an operating automobile engine, it can also act as an 
active vibration sensor for ambient vibration detection. This 
work not only presents a new principle in the fi eld of vibration 
energy harvesting but also greatly expands the applicability of 
TENGs as power sources for self-sustained electronics.  

  Experimental Section 
  Nanopore-Based Aluminum Surface Modifi cation : Relying on 3% mass 

fraction oxalic acid (H 2 C 2 O 4 ) electrolyte, the electrochemical anodization 
was applied on the aluminum thin fi lm. It was anodized under a bias 
voltage of 30 V for 5 hours with a platinum plate acting as the cathode. 
After that, the alumina layer was etched away in a solution of chromic 
acid (20 g l –1 ) at 60 °C for 2 h. 

  Nanowire-Based PTFE Surface Modifi cation : A layer of 100 nm copper 
was fi rst deposited onto the 50  μ m thick PTFE fi lm for the etching 
process. Subsequently, the ICP reactive ion etching was applied to 
fabricate the aligned PTFE nanowires on the surface. O 2 , Ar, and CF 4  
gases were injected into the ICP chamber with a fl ow ratio of 10.0, 15.0, 
and 30.0 sccm, respectively. A large density of plasma was generated by 
a power source of 400 W. And another power source of 100 W was used 
to accelerate the plasma ions. The copper-coated PTFE fi lm was etched 
for 40 s to get the PTFE nanowires with an average length of ≈1.5  μ m. 

  Fabrication of the Harmonic-Resonator-Based TENG : To fabricate the 
TENG, two pieces of acrylic were shaped by a laser cutter as substrates 
with dimensions of 3.2 inches × 3.2 inches × 0.25 inches. Four holes 
were drilled at each corner for spring installation. A layer of 100 nm 
aluminum was deposited on the one substrate in a size of 2 inches × 
3 inches as the top electrode. 100 nm copper-coated PTFE in a size of 
2 inches × 3 inches was assembled on the other acrylic substrate with 
PTFE facing the aluminum on the top substrate. Subsequently, four 
springs was anchored to connect the top and bottom substrate with the 
springs’ elastic force exactly compensating the gravitational force of the 
top plate and the two plates just contact with each other. Finally, lead 
wires were utilized to connect the top and bottom electrode for electrical 
measurement.  
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