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  1.     Introduction 

 Tremendous amounts of vibration energy extensively exist in 
ambient environment, such as ocean waves, vehicle systems, 
highway, bridge and building vibration. And the majority of the 
ambient vibrations are dominant at very low frequencies. [ 1,2 ]  
Nowadays, harvesting vibration energy mainly focuses on 
piezoelectric, [ 3–6 ]  electrostatic, [ 7–9 ]  magnetostrictive effect, [ 10–12 ]  

aiming at building up self-powdered sys-
tems to drive small electronics. [ 11,12,14 ]  

 Recently, triboelectric nanogen-
erator, [ 13–22 ]  a conjunction use of the uni-
versally known contact electrifi cation 
effect [ 23–28 ]  and electrostatic induction, 
has been proved to be a cost-effective and 
robust approach for harvesting ambient 
mechanical energy. A challenge to TENG is 
its relatively low output current but a high 
voltage output. Recently, we developed an 
integrated rhombic gridding based TENG 
as an effective solution to this problem 
through structurally multiplied unit cells 
connected in parallel. [ 16 ]  However, since 
the current output of each unit is a pulse 
at the moment when two contact surfaces 
approaching and separating, [ 13–22 ]  in such 
short period of time, these units are impos-
sible to operate in a synchronized manner 
to maximize the power output. Here, we 
present a 3D stack integrated TENG that is 
designed to rationally solve this problem. 
With polytetrafl uoroethylene (PTFE) 

nanowire arrays as surface modifi cation, the open-circuit voltage 
( V  oc ) and short-circuit current ( I  sc ) of the TENG reach up to 
303 V and 1.14 mA, respectively, corresponding to a remarkable 
peak power density of 104.6 W m −2 . Moreover, the 3D-TENG 
shows an extremely wide working bandwidth up to 36 Hz in low 
vibration frequency range. The generated power by the TENG 
is high enough to simultaneously light up more than 20 spot 
lights (0.6 W ea.) as well as a white globe light, which unam-
biguously demonstrated the capability of the 3D-TENG acting as 
a sustainable power source for mobile electronics. In addition, 
with specifi c dimensional design, we integrated a 3D-TENG 
inside a ball with a diameter of 3 inches, the generated power by 
hand shaking simultaneously lighted up 32 commercial LEDs, 
which greatly demonstrated its capability of harvesting kinetic 
energy when people play various kinds of ball sports. And also, a 
large amount of these self-powered balls can also be woven into 
webs for ocean wave energy harvesting, which can be potentially 
applied to large-scale energy generation.  

  2.     Design and Analysis 

 The 3D-TENG has a multilayered structure with acrylic as 
supporting substrates, as schematically shown in  Figure    1  a. 
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Eight identical springs were employed to 
bridge the moveable and pinned fi ngers. All 
fi ngers were made from acrylic sheets with a 
thickness of 3 mm and parallel to each other 
with identical but tuneable gap distance. The 
thickness of acrylic sheets is large enough 
to prevent the mutual charges infl uences 
among the unit cells. [ 16,22 ]  Moreover, all the 
unit cells are electrically connected in par-
allel, which is illustrated in Figure S2 (Sup-
porting Information). Aluminium thin fi lms 
were deposited onto both sides of the pinned 
fi ngers, which played dual roles of a con-
tact electrode and a contact surface. A layer 
of polytetrafl uoroethylene (PTFE) fi lm was 
adhered to the both sides of the movable fi n-
gers with deposited copper as another elec-
trode. PTFE nanowires arrays were created 
on the exposed PTFE surface by a top-down 
method through reactive ion etching. SEM 
image of the PTFE nanowires is displayed 
in Figure  1 c. Additionally, to promote the tri-
boelectrifi cation and to increase the effective 
contact area between the two contacting sur-
faces, PTFE nanowires are created as surface 

modifi cations, which greatly increases the triboelectric charges 
and thus the overall electrical output. Detailed fabrication speci-
fi cations are presented in the Experimental Section.  

 Once the 3D-TENG is being triggered by an external vibra-
tional source, a periodic of electricity generation process is illus-
trated in  Figure    2  . A periodic contact and separation between 
two materials with opposite triboelectric polarities alternat-
ingly drives induced electrons through external circuit due to 

Acrylic was selected as the structural material due to its decent 
strength, light weight, good machinability and low cost. A pho-
tograph of an as-fabricated TENG is shown in Figure  1 b, in 
which, the total number of the unit cells can be expressed as:

 N n4total =   (1) 

 where  n  is the number of pinned fi ngers of a TENG and its 
defi nition is illustrated in Figure S1 (Supporting Information). 

   Figure 1.    Three-dimensional triboelectric nanogenerator. a) Schematic of a 3D-TENG. b) SEM 
image of nanopores on aluminum electrode. c) A photograph of the as fabricated 3D-TENG. 

   Figure 2.    A sketch illustrating the working principle of the 3D-TENG. a) The positive and negative triboelectric charges are respectively generated on 
the aluminum side and the PTFE side due to contact electrifi cation. b) The applied external force causes a separation. Electric potential difference drives 
electrons from the back electrode to contact electrode, screening the induced charges. c) A pinned fi nger arrived at the middle position between two 
adjacent movable fi ngers. All of the electrons in the back electrode are almost driven to the contact electrode. d) The pinned fi ngers keeps relatively 
moving up due to the inertia and contacts with upper movable fi ngers. e–h) A complete cycle of electricity generation process for the 3D-TENG. 
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process for the 3D-TENG is illustrated in 
Figure  2 e–h.  

 Additionally, in order to consolidate the 
working principle of the 3D-TENG, by virtue 
of COMSOL, we took a further step to simu-
late the periodic potential change between 
the two electrodes upon vertical contact and 
separation, as demonstrated in  Figure    3  a–d. 
And the continuous variation of the potential 
distribution is visualized in Supporting Infor-
mation Movie 1. 

    3.     Results and Discussion 

 In an as-fabricated 3D-TENG, all of the fi n-
gers are not only structurally parallel to 
each other, but also electrically connected 
in parallel. To evaluate the TENG's perfor-
mance for harvesting vibration energy, an 
electrodynamic shaker (Labworks Inc.) that 
provides sinusoidal wave was employed 
as an external vibration source with tun-
able frequency and amplitude. The bottom 
substrate of the 3D-TENG with  n  = 5 was 
anchored on the shaker. At a fi xed vibration 
amplitude, the reliance of electric output on 
the input vibration frequency is presented 
in  Figure    4  a,b, which was measured with 
input frequency varying from 2 Hz to 54 

Hz, indicating that 40 Hz is the resonance frequency of the 
TENG. Compared to the state-of-the-art vibration energy har-
vesters that are based on nonlinear and topology variation, [ 33–35 ]  
it has a wide working bandwidth of 36 Hz in low frequency 
range (Figure S3, Supporting Information). As demonstrated in 
Figure  4 c,d, the open-circuit voltage ( V  oc ) and short-circuit cur-
rent ( I  sc ) are respectively as high as 303 V and 1.14 mA at the 
resonance vibration frequency of 40 Hz. Insets are the enlarged 
view of the output signals in one cycle of vibration. It is worth 
noting that  I  sc  has an alternating behavior with asymmetrical 
amplitudes. And it is found that, the larger peaks correspond 
to the process in which the two fi ngers approach each other, 
while the smaller ones are generated as the two fi ngers move 
apart after contacting. Given the same amount of charges (Δ Q ) 
transported back and forth, a faster approaching is expected to 
produce larger current peaks ( I  sc  = Δ Q /Δ t ) than that during the 
slower separation.  

 Additionally, we take a further step to make a systematical 
study of the reliance of current output on the design param-
eters, such as, the number of pinned fi ngers  n , effective contact 
area Δ S  and gap distance between the two adjacent fi ngers Δ d.  

 Theoretically, the short-circuit current of the 3D-TENG can 
be expressed as (see Figure S4 and other Supporting Informa-
tion for detailed derivation of the analytical model): [ 16 ] 
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the coupling of triboelectric effect and electrostatic induction 
effect. [ 13–22 ]  At the original position, all pinned fi ngers are sta-
tionary and stay in the middle of two adjacent movable fi ngers. 
Due to the applied external vibration, the pinner fi ngers will 
be brought to contact with the moving fi ngers. According to 
the triboelectric series, [ 29 ]  electrons are injected from alu-
minium electrode into PTFE, [ 13–16,24,30–32 ]  resulting in negative 
charges at the surface of the PTFE fi lm and positive charges 
at the aluminium electrode, as demonstrated in Figure  2 a. 
Subsequently, external vibration induced relative motion will 
cause a separation between the pinned and movable fi ngers, 
producing an electric potential difference across the elec-
trodes, which drives most electrons from back electrode to the 
contact electrode through the external circuit in an ultrashort 
period of time, screening the positive triboelectric charges on 
the back electrode, as shown in Figure  2 b. When the pinned 
fi ngers reach the middle position of two adjacent movable fi n-
gers, the positive triboelectric charges are almost neutralized 
by the inductive electrons (Figure  2 c). After the middle point, 
continuous relative motion will bring about a second contact 
and thus triboelectrifi cation between the moving and pinned 
fi ngers, as demonstrated in Figure  2 d. Owing to the periodicity 
of applied vibration motion, the pinned fi ngers will separate 
from the movable fi ngers a second time, and thus another 
electric potential difference is emerged and maximized when 
the pinned fi ngers come back to the middle point (Figure  2 e). 
In a cycle of vibration motion, two contacts and two separa-
tions will occur, corresponding to four current pulses in the 
external circuit. And a complete cycle of electricity generation 

   Figure 3.    Finite element simulation of the periodic potential change between the two electrodes 
upon vertical contact and separation, showing the driving force for the back-and-forth charge 
fl ow generated by the TENG. A cycle is generally divided into four states: a) Initial contact. 
b) Separation after contact. c) A pinned fi nger arrives at the middle position between two adja-
cent movable fi ngers. d) The pinned fi nger arrives and contacts with the upper movable fi nger. 
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   Figure 4.    Electrical measurement results of a 3D-TENG with  n  = 5. a) Open-circuit voltage ( V  o  c ) as a function of vibration frequency. b) Short-circuit 
current ( I  sc ) as a function of vibration frequency. c) Open-circuit voltage ( V  oc ) at resonant frequency of 40 Hz. Inset is an enlarged view of a cycle. 
d) Short-circuit current ( I  sc ) at resonant frequency of 40 Hz. Inset is an enlarged view of a cycle. 

 where  d  0  is the thickness of PTFE,  ε  r  is the relative permit-
tivity of PTFE,  s  is the effective contact area and  v  is the rela-
tive velocity at which they will contact, whose motion direction 
determines the fl owing direction of the induced charge, and 
thus the direction of the short circuit current. 

 Experimentally, as shown in  Figure    5  a, the voltage output 
is almost constant for 3D-TENG with  n  = 1–5, which is attrib-
uted to the electrically parallel connection among all the units. 
However, the current output is a monotonically increasing 
function of  n  throughout the experimental time window. And 
the current enhancement factor  α  is a function of  n ,  α  =  bn , 
the measured result  b  is very close to the ideal coeffi cient of 
2 (Figure S5, Supporting Information). Such a high coeffi -
cient  b  is mainly owing to the operating synchronicity of all 
units, which convincingly demonstrates the effectiveness of 
our approach for current output enhancement. Likewise, a 
monotonically increasing relationship was observed between 
the current output and the effective contact area Δ S  as well as 
parameter Δ d , as shown in Figure  5 b,c. A larger Δ d  will con-
tribute to a larger relative velocity of the two contact plates, 
and thus renders us a higher output current, according to 
Equation  2   . In addition, as a vibration energy harvester, we 
also investigate the reliance of the natural frequency on 
the number of pinned fi ngers  n  for the 3D-TENG. As indi-
cated in Figure  5 d, the resonance frequencies  f r   decrease as 
increasing  n , which is well consistent with a typical vibration 
system that a larger mass will lead to a smaller system natural 
frequency. [ 33–35 ]   

 Resistors were utilized as external loads to further investigate 
the output power of the 3D-TENG at its resonance frequency. 
As displayed in  Figure    6  a, the current amplitude drops with 
increasing load resistance owing to the Ohmic loss, while the 
voltage follows a reverse trend. Consequently, the instantane-
nous peak power ( P  = I  2  peak  R ) is maximized at a load resistance 
of 2 MΩ, coresponding to a peak power density ( P  d  = I  2  peak  R /Δ S ) 
of 104.6 W m −2  (Figure  6 b). In addition, the robustness is 
another critical criterion for the energy harvesters. As demon-
strated in Figure S6 (Supporting Information), only a slight 
drop of about 2% is observed for the short-circuit current after 
more than 1.0 million cycles of vibration.  

 To prove the capability of the 3D-TENG as a sustainable 
power source, three sets of practical applications were dem-
onstrated. First, as shown in Figure  6 c, the TENG was excited 
by an electrodynamic shaker at a vibration frequency of 40 Hz, 
lighting up a white G16 globe light (Supporting Information 
Movie 2). Inset is a photograph when a white G16 globe light 
is off. Meanwhile, a total of 20 spot lights (0.6 W ea.) con-
nected in series were lighted up simultaneously and continu-
ously without observable fl ashing. Inset is a photograph when 
the spot lights are off. (Figure  6 d and Supporting Information 
Movie 3). 

 In addition, with specifi c dimensional design, we integrated 
a 3D-TENG into a ball with a diameter of 3 inches, as sche-
matically shown in  Figure    7  a and a photograph of the as-fab-
ricated devices in Figure  7 b. In order to directly demonstrate 
the equipped ball as an energy harvester, we installed four faces 
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   Figure 5.    A systematical study of the reliance of current electric output on the design parameters. a) Dependence of electric output on the number 
of pinned fi ngers  n . b) Dependence of the short-circuit current on the gap distance between two adjacent pinned fi ngers for the TENG with  n  = 2. 
c) Dependence of short-circuit current on effective contact area (Δ S ) of the TENG with  n  = 5. d) The device natural frequency as a function of the 
number of pinned fi ngers  n . 

   Figure 6.    Demonstration of the 3D-TENG as a direct power source. a) Dependence of the voltage and current output on the external load resistance 
for the TENG with  n  = 5. The points represent peak values of electric signals while the lines are the fi tted results. b) Dependence of the peak power 
output on the resistance of the external load for the TENG with  n  = 5, indicating maximum power output at  R  = 2 MΩ. The curve is a fi tted result. 
c) Photograph of a white G16 globe light that is directly powered by the TENG (Input frequency 40 Hz). Inset is a photograph when a white G16 globe 
light is off. d) Photograph of 20 spot lights (0.6 W ea.) connected in series that are lighted up simultaneously and continuously without observable 
strobofl ash by the TENG (Input frequency 40 Hz). Inset is a photograph when the spot lights are off. 
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electric output power and other major advan-
tages in weight, cost, scalability and adapt-
ability, the TENG presented in this work is 
a practical approach in convertingto harvest 
ambient vibration energy for self-powered 
electronics as well as possibly for producing 
electricity on a large scale.  

  5.     Experimental Section 
  Nanowires Based PTFE Surface Modifi cation : A 

layer of 100 nm copper was fi rstly deposited onto 
the PTFE thin fi lm with thickness of 50 µm. Then, 
reliance on the ICP reactive ion etching method, 
the aligned PTFE nanowires were created onto 
the copper coated PTFE surface. In the etching 
process, O 2 , Ar, and CF 4  gases were injected into 
the ICP chamber with fl ow ratios of 10.0, 15.0, and 
30.0 sccm, respectively. Plasma with a large density 
was generated by a power source of 400 W·A, and 
accelerated by another power of 100 W. The aligned 
PTFE nanowires were obtained after a 40-second-
etching process. 

  Fabrication of 3D-TENG : Acrylic sheets with 
thickness of 6 mm were shaped by a laser cutter 
as the frameworks of our TENG. Both the pinned 
and movable fi ngers are identical to each other 
and made from the acrylic sheets with thickness 
of 3 mm with a size of 1.4 cm by 5 cm. A layer of 
aluminium thin fi lm with thickness of 100 nm was 
deposited onto the both sides of pinned fi ngers 
as the contact electrodes by physical vapour 
deposition. And the as-prepared PTFE thin fi lm with 
nanowires surface modifi cation was adhered onto 

the movable fi ngers. Then, all the fi ngers were anchored fi rmly onto the 
framework with designed and tuneable gap distances. Lead wires were 
connected for electrical measurement.  

  Supporting Information 
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