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W
ith fossil fuels running out and the
safety of nuclear power being
harshly debated, the arguably

best option to relieve or even solve humans'
energy issues is to harvest green energy
from our vast environment.1�3 With the
exception of solar power, all the rest of
major green energy harvesting ultimately
depends on the use of electromagnetic
generators, which is the most traditional
technology for converting mechanical en-
ergy into electricity. On one hand, this
indicates that an electromagnetic generator
is superior in many aspects; on the other
hand, our sole dependence on this type
of generator may also lead to many limita-
tions. Shortcomings of electromagnetic gen-
erators include high cost, poor portability,
heavy weight, inefficiency at low trigger-
ing frequencies, and incompetence at col-
lecting minor mechanical energy of differ-
ent triggering actions in the environment.

Therefore, it is necessary and beneficial to
study and develop other types of electric
generators to compensate for the above
shortcomings.
Triboelectrification is a process of charge

separation and transfer between two mate-
rials through mechanical contact and fric-
tion.4�6 As an effect that has been known
for thousands of years, much earlier than
the electromagnetic effect, its potentials for
electric generation were not very well ex-
plored until recently.7,8 Thanks to a number
of works reported in the last two years with
the use of polymer and nanostructured
materials, the output level of triboelectric
nanogenerators (TENGs) has been drasti-
cally increased.9�12 Although the original
purpose of developing TENGs was to power
nanodevices or small electronics, we now
see a realistic chance of using this technol-
ogy for large-scale energy harvesting, sim-
ply because of its cost-effectiveness, easy
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ABSTRACT We invented a triboelectric nanogenerator (TENG) that is based on

a wavy-structured Cu�Kapton�Cu film sandwiched between two flat nano-

structured PTFE films for harvesting energy due to mechanical vibration/impacting/

compressing using the triboelectrification effect. This structure design allows the

TENG to be self-restorable after impact without the use of extra springs and

converts direct impact into lateral sliding, which is proved to be a much more

efficient friction mode for energy harvesting. The working mechanism has been

elaborated using the capacitor model and finite-element simulation. Vibrational

energy from 5 to 500 Hz has been harvested, and the generator's resonance frequency was determined to be ∼100 Hz at a broad full width at half-

maximum of over 100 Hz, producing an open-circuit voltage of up to 72 V, a short-circuit current of up to 32 μA, and a peak power density of 0.4 W/m2.

Most importantly, the wavy structure of the TENG can be easily packaged for harvesting the impact energy from water waves, clearly establishing the

principle for ocean wave energy harvesting. Considering the advantages of TENGs, such as cost-effectiveness, light weight, and easy scalability, this

approach might open the possibility for obtaining green and sustainable energy from the ocean using nanostructured materials. Lastly, different ways of

agitating water were studied to trigger the packaged TENG. By analyzing the output signals and their corresponding fast Fourier transform spectra, three

ways of agitation were evidently distinguished from each other, demonstrating the potential of the TENG for hydrological analysis.
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fabrication, high efficiency, high power density, light
weight, easy scalability, and diverse formats of me-
chanical triggering.5 With the proper design, TENGs
can be efficient for collecting mechanical energy in
both the low- and high-frequency range, at both small
and large scale. Therefore, TENGs can have significant
advantages over electromagnetic generators under
certain circumstances.
We believe that a significant source of future green

energy is from the ocean, but such huge energy is
hugely underexplored due to the lack of technologies.
It is estimated that, if well utilized, wave energy may
provide 10% of today's global energy consumption.13

For the U.S. alone, the total amount of ocean wave
energy resource is estimated to be 2.6 PWh/yr,14,15

while the total amount of wind energy resource is
estimated to be 10.8 PWh/yr.16 With their potentials on
the same scale, in 2011, wind power production in the
U.S. was at 120.5 TWh,17 while ocean wave power
production was trivial.13 Although efforts in utilizing
ocean wave energy could be dated back to 1890,13

there has not been any commercial wave power farms
up to now. This situation is due to several challenges
from using the electromagnetic generator system such
as low turbine efficiency at ocean wave frequency,
seawater erosion of facilities, heavy weight, and the
high cost of equipment maintenance and replace-
ment. Considering that TENGs have obvious advan-
tages over electromagnetic generators in all these
challenging aspects, this type of generator may be-
come the solution that allows us to finally tap into the
huge potential of ocean wave energy.
In this work, we report a TENGwith awavy-structured

Cu�Kapton�Cu sandwiched between two flat nano-
structured PTFE films. This structure design allows the
TENG to be self-restorable after impact without the use
of extra springs and also converts direct impact into
lateral sliding, which is proved to be a much more

efficient friction mode for energy harvesting.18,19 Non-
linear factors in the wavy core's stiffness allow the
TENG to be efficient at collecting mechanical energy
over a very broad frequency range.20�22 The light
weight and high flexibility of the device itself ensure
that the generator is able to collect minor impacts
from the environment in addition to major ones. Most
importantly, by water-proof packaging of the TENG,
collection of water wave energy was successfully de-
monstrated, showing potentials of the TENG technol-
ogy for harvesting the vast but barely utilized ocean
wave energy resources. Lastly, different ways of water
agitation were studied to trigger the packaged TENG.
By analyzing the output signals and their correspond-
ing fast Fourier transform (FFT) spectra, three agitation
methods were distinguished from each other, demon-
strating the potential of the TENG for hydrological
analysis.

RESULTS AND DISCUSSION

Details of the device fabrication are stated in the
Methods section. Specifically, a set ofmetal rods (with a
diameter of 1/4 in.), as shown in Figure 1a, was used to
assist with the fabrication of the wavy-structured core.
PTFE films were processed with inductively coupled
plasma (ICP) etching23,24 to produce the nanostruc-
tures shown in Figure 1b, which would largely enhance
contact electrification.18,25,26 The device structure is
schematically shown in Figure 1c, accompanied by a
magnified schematic in Figure 1d and a picture of a real
device in Figure 1e. The length and width of the TENG
here is 10 and 5 cm, respectively, and the cost for such a
device is estimated at around $1. The size of the device
could be easily scaled up for large-scale applications.
Figure 2a shows the cross section schematic of the

TENG. Once the acrylic substrate is under impact, the
wavy core will be compressed in the vertical direc-
tion and be extended in the horizontal direction,

Figure 1. (a) Schematic of the method to fabricate wavy Kapton films. (b) SEM image of the ICP-processed PTFE film surface.
(c) Schematic of the device structure. (d) Magnified schematic of the device, showing that the wavy core is in periodical
contact with the nanostructures on the PTFE films. (e) Photograph of an as-fabricated TENG device before packaging.
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converting the vertical compressing force into lateral
friction between the core and both PTFE surfaces, as
shown in Figure 2b. Also the contact area between the
PTFE and Cu film is increased, and the average distance
between the two is reduced. Once the impact is
removed, the wavy core will retract in the horizontal
direction and extend in the vertical direction, also
leading to lateral friction between the core and both
PTFE surfaces, as shown in Figure 2c. Also the contact
area between the PTFE and Cu film is reduced, and the
average distance between the two is increased. The
working process of the TENG includes two parts: the
charge transfer and charge separation. The transfer is
accomplished by the lateral friction between the cop-
per thin films, which lose electrons, and the PTFE films,
which gain electrons. The charge separation process is
accomplished by the change of capacitance between
the copper coated on the Kapton film and the copper
coated on the back side of the PTFE films. Our TENG
device could be considered as two capacitors con-
nected in parallel, as shown in Figure 2d. The purple
layers under the top electrodes represent the PTFE
films that carry negative static charges as generated
due to the triboelectrification between PTFE and Cu.
These negative static charges induce positive charges
on both the top and the bottom electrodes. Under
impact, the distance between the two electrodes is
decreased and the area of the bottom electrodes
(corresponding to the projected area of the wavy core)
is increased, as shown by Figure 2e. Consequently,
more positive charges are induced on the bottom
electrode and fewer on the top electrode, leading to
current flow in the external circuit. When the impact is
removed, the distance between the two electrodes is
increased and the area of the bottom electrodes is
decreased, as shown by Figure 2f. Consequently, fewer
positive charges are induced on the bottom electrode
and more on the top electrode, leading to current flow
in the opposite direction in the external circuit. This

is the general working mechanism of our TENG. By
assigning a fixed amount of charges onto the PTFE and
using finite-element simulation, we obtain the electric
field potential distribution of the three cases shown in
Figure 2g, h, and i, respectively. Consistent with our
explanation above, with fixed amount ofQ, the change
in capacitance leads to a change in the field potential
that consequently drives the electrons to flow in the
external circuit.
Tomeasure the output performance of our TENG, we

mounted the device onto an electrodynamic shaker
that could provide vibration at a fixed amplitude and
tunable frequencies. Open-circuit voltage and short-
circuit current were measured by directly connecting
the TENG to a Keithley 6514 electrometer. Measure-
ments were performed from the frequency of 5 to
500 Hz. Sample voltage output at 5 Hz is shown in
Figure 3a (a1), with an average peak voltage of 4.2 V.
Sample voltage output at 100 Hz is shown in Figure 3a
(a2), with an average peak voltage of 72 V. This is
significantly larger than the output under 5 Hz even
though the same amplitude was used. When the
vibration frequency was increased to 500 Hz, however,
we see a drop in the output peak voltage, averaged at
7.5 V, as shown in Figure 3a (a3). The corresponding
current outputwas alsomeasured, selectively shown in
Figure 3b (b1�b3). Average peak current output was
3.3 μA at 5 Hz, 31 μA at 100 Hz, and 5.2 μA at 500 Hz. To
reflect the overall trend of the TENG output depen-
dence on vibration frequency, average peak voltage
and peak current output at each measurement point
were plotted against frequency and shown in Figure 3c
and d, respectively. From the results, we can see that
∼100 Hz was the resonance frequency of the device
and the mechanical energy was mostly effectively
converted into electricity under resonance. On the
other hand, the full width at half-maximum (fwhm)
for voltage and current output was measured to be
127 and 102 Hz, respectively, much wider than the

Figure 2. Description of the TENG'sworkingmechanism. Cross sectional schematics of the device in the (a) balanced state, (b)
compressed state, and (c) released state. Equivalent circuit of the device in the (d) balanced state, (e) compressed state, and (f)
released state. Finite-element simulation of the potential distribution in the device in the (g) balanced state, (h) compressed
state, and (i) released state.
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state-of-the-art vibration energy harvesters.22,27,28 This
indicates that our TENG was able to efficiently harvest
mechanical energy over a broad range of frequencies.
We attribute this broadband feature to two factors.
First the wavy core has a changing contact area with
the PTFE film during vibration, making it an imperfect
spring. The other factor is the bonding electrical tape,
which act as a damper for the vibration. Both bring
nonlinear factors into the stiffness k of the device,
which is responsible for the broader resonance
bandwidth.20�22

To study the ability of TENG to power external loads,
the device was tested at 100 Hz under variable load
resistance. An adjustable resistor was used as the load,
providing resistance from as low as 1 kΩ to as high as
100 MΩ. The electrometer was connected in parallel
with the resistor to measure the output voltage and
was connected in series with the resistor to measure
the output current. Figure 4a shows average peak
outputs at each resistance value and that the output
voltage increases with increasing load resistance
while the output current increases with decreasing
load resistance. Instantaneous peak power density,
calculated by Pd = I2R/S, is plotted according to load
resistance in Figure 4b, and the highest peak power
density of 0.4W/m2was obtained at the load resistance
of 5 MΩ. To get a visualization of the TENG powering

external loads, we connected 104 green LEDs in series
with the generator mounted on the shaker, and a
photograph of the experimental setup is shown in
Figure 4c. By starting the shaker at a 100 Hz vibration
frequency, all of the LEDs connected were simulta-
neously lit up, as shown in Figure 4d (see Video S1).
In addition to using high-frequency sources, we also
demonstrated using the TENG to collect very low
frequency energy such as human body motion. As
shown in Figure 4e, the device was put on the ground,
covered by a piece of carpet, and also connected to the
same 104 green LEDs. By simply stepping on the carpet
once, all of the LEDs were simultaneously lit up, as
shown in Figure 4d (see Videos S2 and S3). So far, we
have demonstrated the frequency response character-
istics of our TENG and the energy-harvesting ability at
both low and high frequencies by lighting up LEDs.
In the following, we will focus on one issue, which is

using the TENG for harvesting ocean wave energy.
Restricted by our experimental conditions, we will use
a bathtub to mimic the scenario. Figure 5a shows a
schematic of the experiment setup. The device was
sealed into a thin rubber pocket for water proofing, as
shown by the inset in Figure 5a. Then the pocket was
fixed to the side wall of the tub. For demonstration
purposes, LEDs could be connected to the TENG; for
measurement purposes, an electrometer could be

Figure 3. Measurement of the TENG's output triggered by a vibration shaker. Selected voltage output of the device at (a) (a1)
5 Hz, (a2) 100 Hz, and (a3) 500 Hz. Selected current output of the device at (b) (b1) 5 Hz, (b2) 100 Hz, and (b3) 500 Hz. (c) Peak
voltage output dependence on vibration frequency. A fwhm of 127 Hz is observed. (d) Peak current output dependence on
vibration frequency. A fwhm of 102 Hz is observed.
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connected to the TENG. Figure 5b (b1) shows the
optical picture of the setup in which the TENG was
connected to 10 LEDs in series. By agitating the water
in the tub, waves were created that periodically im-
pacted the device (propagating speed approximately
0.5m/s). From Figure 5b (b2) (see Video S4), we can see
that the LEDs were simultaneously lit up, indicating
that the TENG converted part of themechanical energy
from the water wave into electricity. Output voltage
signals were subsequently captured by the electro-
meter, and the data are shown in Figure 5c, giving a
peak voltage of ∼24 V. After the removal of the
agitation source, however, the water motion would
not stop immediately due to the residual wave, and the
TENG was also able to harvest the remaining mechan-
ical energy. From what is shown in Figure 5d, the

output voltage gradually reduced, but the TENG could
still give an output of ∼1.2 V after the agitation was
stopped for more than 1 min. Correspondingly, the
current output during agitation is shown in Figure 5e,
giving a peak output of∼6 μA, and the current output
after the removal of agitation is shown in Figure 5f,
giving a peak output of 0.3μAafter 1min of damping. It
must be noted that the surface area of the harvesting
device as well as the amount of water energy provided
in our demonstration is very limited, and much more
can be expected by means of increasing the device
area, stacking up multilayers, and testing in real ocean
waves based on our model and design.
In addition, what is equally interesting and impor-

tant is to look at our experimental results from the
sensor's point of view. The signals we obtain can tell us

Figure 4. (a) At the vibration frequency of 100 Hz, output peak voltage and peak current dependence on load resistance. (b)
At the vibration frequency of 100 Hz, output peak power density dependence on load resistance. (c) Photograph of the TENG
mounted on the shaker, connected to 104 green LEDs. (d) Photograph of the 104 green LEDs lit up simultaneously by the
TENG triggered by the shaker. (e) Photograph of the TENG to be covered by carpet, connected to 104 green LEDs.
(f) Photograph of the 104 green LEDs lit up simultaneously by the TENG triggered by footsteps.

Figure 5. (a) Schematic of the experimental setup for the packaged TENG to collectwaterwave energy. (b) (b1) Photographof
the experimental setup for the packaged TENG to collect water wave energy; (b2) photograph of the 10 green LEDs
simultaneously lit up by the TENG triggered by water waves. (c) Voltage output of the TENG triggered by water waves.
(d) Damping of the voltage output after the water agitation is stopped. (e) Current output of the TENG triggered by water
waves. (f) Damping of the current output after the water agitation is stopped.
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about the frequency and strength of the wave, which
are important parameters in hydrological analysis.
With this in mind, we went a step further to see
whether more information about the state of water
motion could be extracted from the output signals of
our TENG. Here, we use mild agitations of the same
magnitude and frequency but different directions to
create water waves and study how the difference will
be reflected by the output signals of the TENG. As
illustrated in the schematics of Figure 6a�c, we used
three different directions of agitation, one being nor-
mal to the TENG surface (case 1), one being parallel to
the TENG surface (case 2), and one having a 45� angle
relative to the TENG surface (case 3). Voltage output for
case 1 agitation was measured and is shown in
Figure 6d in navy blue color; voltage output for case
2 agitation was measured and is shown in Figure 6e in
olive color; voltage output for case 3 agitation was
measured and is shown in Figure 6f in orange color.
The corresponding current outputs are respectively
shown in Figure S1d�f. To interpret the results, let us
first discuss the possible differences for the three cases.
Since all of them use agitations of the samemagnitude
and frequency, the power input was the same. How-
ever, this does not mean the TENG will have the same
output peak values and frequencies. Agitation direc-
tions will influence the propagation direction and
interference pattern of the main wave and subwaves,
and consequently the sequence and timing of the
wave energy packets being received by the TENG are

different. This will not only lead to differences in the
TENG's output amplitude and frequency but also affect
the details in its waveform. By comparing the outputs
of case 1 and case 2, we find that they have very similar
output amplitude and frequency; by comparing the
outputs of case 3 with both case 1 and case 2, we find
that it has a smaller output amplitude but higher
output frequency. This implies that in case 3 the wave
energy was split into more packets. These packets also
had phase separations, reaching the TENG at different
moments. Moreover, the waveforms of all three cases
look different to some extent. To effectively reflect the
differences in the frequency domain and reveal the
details hidden in the waveforms, FFT was performed
and the spectra for the voltage outputs are shown
in Figure 6g�i in correspondence with Figure 6d�f,
and the spectra for the current outputs are shown in
Figure S1g�i in correspondence with Figure S1 d�f. By
comparison, we can observe obvious differences in the
number of peaks and peak positions. For example, in
Figure 6g, there are sequentially one weak, two strong
minor peaks to the right of the major peak and one
weak, one strong minor peak to the left of the major
peak; in Figure 6h, there are sequentially three strong
minor peaks to the right of the major peak and one
strong, one weak minor peak to the left of the major
peak; in Figure 6i, there are sequentially three strong
minor peaks to the right of the major peak and also
three strong minor peaks to the left of the major peak.
Although the three methods of agitation have the

Figure 6. Three different directions of water agitation. (a) Normal to the TENG surface (case 1). (b) Parallel to the TENG surface
(case 2). (c) 45� angle relative to the TENG surface (case 3). Voltage outputs of (d) case 1, (e) case 2, and (f) case 3. FFT spectra of
the voltage outputs of (g) case 1, (h) case 2, and (i) case 3.
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same magnitude and frequency, by analyzing the
amplitude, frequency, and FFT spectra of the output
signals, we are able to identify all three cases. This
demonstrates that in addition to water wave energy
harvesting our TENG also has the potential for hydro-
logical analysis, which is a very important function for a
wave energy farming system.
So far, we have shown that our TENG can be used to

harvest water wave energy and in the meanwhile
analyze water motion. Several important advantages
of TENGs over electromagnetic generators will be
reiterated in the following. The first and foremost one
is the extremely low cost, so that with decent invest-
ment such devices could be deployed at very large
scales, onshore and offshore. With no delicate metal
parts in the device, erosion from seawater can be
kept at a minimal level. When necessary, replace-
ment will also be relatively cheap. Second, the light
weight of the polymeric device makes it sensitive to
very slight water motions, which is important not
only for scavenging small amounts of energy but
also for accurately monitoring water motions even
for relatively still water bodies. Third, this technology
uses readily available materials and simple manufac-
turing processes. Thus, there is little barrier for the
industry to set up manufacturing plants, which
further reduces the time and money needed to push
forward the commercialization of TENGs. Last but
not least, the major component for ocean wave
harvesting is the offshore wind power. Interestingly
as demonstrated by previous works,29,30 the TENG is
also proved to be very suitable for wind power
harvesting. This means that the two competing
schemes can be combined together to potentially
provide sufficient green energy to the coast line and
even in-land inhabitants.

CONCLUSION

In summary, we invented an innovative triboelectric
nanogenerator that is based on a wavy-structured
Cu�Kapton�Cu film sandwiched between two flat
nanostructured PTFE films for specifically harvesting
energy due to mechanical vibration/impacting/
compressing using the triboelectrification effect.
This structure design allows the TENG to be self-
restorable after impact without the use of extra
springs and also converts direct impact into lateral
sliding, which is proved to be a much more efficient
friction mode for energy harvesting. The working
mechanism has been elaborated using the capacitor
model and finite-element simulation. Vibrational
energy from 5 to 500 Hz has been harvested, and
the generator's resonance frequency was deter-
mined to be ∼100 Hz at a broad fwhm of over
100 Hz, producing an open-circuit voltage of up to
72 V, a short-circuit current of up to 32 μA, and a peak
power density of 0.4 W/m2. Most importantly, the
wavy structure of the TENG can be easily packaged
so that there is no infiltration of water or air, and it
can be adequately applied to harvest the impact
energy from water waves, clearly establishing the
principle for ocean wave energy harvesting. Lastly,
different ways of water agitation were studied to
trigger the packaged TENG. By analyzing the output
signals and their corresponding FFT spectra, three
methods of agitation were distinguished from each
other, demonstrating the potential of the TENG for
hydrological analysis. Considering the unique ad-
vantages of TENGs, such as cost-effectiveness, light
weight, and easy scalability, this approach might
open the possibility for obtaining green and sustain-
able energy from the ocean using nanostructured
materials.

METHODS
Raw materials for fabricating the TENG include 125 μm thick

Kapton film, 125 μm thick PTFE film, and 1/16 in. thick acrylic
substrates and copper. First, the Kapton film was periodically
bent into a wavy shape by using a set of metal rods (with
diameter of 1/4 in.). Then the set was sent into amuffle oven and
baked at 360 �C for 4 h. Since Kapton film is thermoplastic, it will
remain in the wavy shape stably below its glass transition
temperature.31,32 Then 200 nm copper was sputtered on both
sides of the wavy Kapton film as electrodes. Second, two slides
of PTFE films were prepared by applying ICP etching23,24

(specifically 15 sccm Ar, 10 sccm O2, and 30 sccm CF4 under
400W RF power and 100W bias power) on one side of the films,
and nanostructures were thus obtained, which will largely
enhance contact electrification.18,25,26 Then, 200 nm thick cop-
per was subsequently sputtered on the other side of the film,
acting as electrodes. The copper side of the PTFE films was then
tightly adhered to two acrylic substrates respectively by using a
thin layer of cured PDMS. By sandwiching the Cu�Kapton�Cu
wavy core using the two acrylic substrates with PTFE films facing
inside and bonding the structures together with electrical tape,
the final device structure is obtained.
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