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W
ind energy as an alternative to
fossil fuels is plentiful, renewable,
widely distributed, clean, and pro-

duces no greenhouse gas emissions during
operation.1,2 Due to above attributes and
relatively high area energy density, it has
been actively utilized, through windmill,
to generate electricity in recent years. Al-
though efficient, this centralized power
generation scheme requires complex and
massive power transmission and distri-
bution system to deliver the generated
electricity to the user terminals. Recent ris-
ing demands of sensor-enabled Internet of
Things makes distributed power supply a
must. Thus, a miniature, modularized, and
efficient power generation solution is highly
desired.3�5 Due to its low cost, simple fabrica-
tion process, and good scalability, triboelec-
tric nanogenerators (TENGs) exhibits great
potential as a wind energy harvester.6�8

TENGs scavenge mechanical energy through
the coupled triboelectric and electrostatic

induction effects.9�11 Mechanically, several
phenomena give rise to the dynamic re-
sponse of structures under wind loading,
including buffeting, vortex shedding, gal-
loping and flutter. Of the above four phe-
nomena, aero-elastic flutter vibrations is of
great interest to this research.
Aero-elastic flutter is a “self-feeding” oscil-

latory motion that results from the coupling
of aerodynamic forces with the elastic de-
formation of a structure.12�14 Due to the
result of combined bending and torsion, it is
often observed in plate-like structures, such
as signboards and suspension bridge decks.
The instability is caused when there is a
“positive feedback” between the structure's
natural vibration and the aerodynamic
forces. In other words, the movement of
the object increases the aerodynamic load,
which in turn drives the object to vibrate at a
greater amplitude. The vibration levels can
thus build up if the fluid energy input
surpass the mechanical damping of the
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ABSTRACT Efficient scavenging the kinetic energy from air-flow

represents a promising approach for obtaining clean, sustainable electricity.

Here, we report an elasto-aerodynamics-driven triboelectric nanogenerator

(TENG) based on contact electrification. The reported TENG consists of a

Kapton film with two Cu electrodes at each side, fixed on two ends in an

acrylic fluid channel. The relationship between the TENG output power

density and its fluid channel dimensions is systematically studied. TENG with

a fluid channel size of 125� 10� 1.6 mm3 delivers the maximum output

power density of about 9 kW/m3 under a loading resistance of 2.3 MΩ.

Aero-elastic flutter effect explains the air-flow induced vibration of Kapton film well. The output power scales nearly linearly with parallel wiring of

multiple TENGs. Connecting 10 TENGs in parallel gives an output power of 25 mW, which allows direct powering of a globe light. The TENG is also utilized to

scavenge human breath induced air-flow energy to sustainably power a human body temperature sensor.
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object, which often results in large amplitudes and can
lead to rapid failure. Although the flutter phenomena is
normally regarded to be dangerous and destructive in
rigid structures such as constructions, it also offers
great opportunities for novel energy harvesting tech-
niques employing soft materials. Although TENG has
been studied intensively in recent years, a thorough
simulation of aerodynamics, as well as a comprehen-
sive system level parametric study on the effects of
TENG geometries to maximize output power, is still
unavailable.
In this paper, we report an elasto-aerodynamics-

driven TENG characterized by underlining aero-elastic
flutter phenomena. Rational design of the TENG
achieves an unprecedented power density of 9 kW/m3.
The modular design of the reported TENG enables the
good output power capability. The ultrahigh output
power of TENG allows for direct powering of a body
temperature sensor by simply harvesting human
breath-induced air-flow energy. This research marks
a step toward self-powered healthcare monitoring
systems.

RESULTS AND DISCUSSION

Figure 1a illustrates the schematic diagram of the
fabricated TENG,which includes a Kapton filmwith two
Cu electrodes at both sides and two polytetrafluoro-
thylene (PTFE) films with Cu electrodes at the top and
bottom acrylic substrates. The Kapton film was fixed at
themiddle of the device by using two bolts, where two
narrow air gaps were created between the PTFE films
and the Kapton film. Figure 1b,c displays photographs
of the TENG with the different view angles, where
the device has the inner dimensions of 100 � 10 �
1.6 mm3. The air flows into the gaps of the device and
induces the vibration of the Kapton film, which can
drive the working of the TENG. As depicted in
Figure 1d, the dynamic process of the Kapton film
under the wind speed of about 15 m/s includes three
typical states, which can be also seen in the Supporting
InformationMovie 1. A periodic contact and separation
between the Cu electrode on the Kapton film and the
PTFE film under the air-flow condition can be clearly
observed by using a high speed camera.
The working of the TENG is based on a periodic

contact and separation between the Cu electrode on
the Kapton film and the PTFE film, where the coupling
between triboelectrification and electrostatic induc-
tion results in alternating flow of electrons between
electrodes. As illustrated in Figure 2, the electricity
generation process includes several different states.
At the initial state, the Cu electrodes on the Kapton film
and the PTFE films are separated by the air gaps, where
there is no current/voltage output for the TENG. When
the Cu electrode on the Kapton film vibrates up to get
in touchwith the top PTFE film under the air-flow through
the TENG, the negative and positive triboelectric

charges can be created on the surfaces of PTFE film
and Cu electrode, respectively. When the Kapton film
vibrates down to approach the bottom PTFE film, the
triboelectric charges can keep on the surface of top
PTFE film, while the charges on the top two Cu
electrodes can flow when there is an external circuit
due to the electrostatic induction of the charged PTFE
film. In the vibration process of the Kapton film, both
the top and bottom PTFE films have the negative
triboelectric charges by rubbing the Cu electrodes.
Under the strong electrostatic attraction, both the
top and bottom TENGs can deliver the current/voltage
signals under the air-flow condition.
Output voltage and current of TENGs in Figure 1

were measured under a wind speed of about 15 m/s.
As shown in Figure 3a,b, the top TENG delivers an
alternating output signals with a short-circuit current
of about 80 μA and an output voltage of about 240 V
under a loading resistance of 10MΩ. The bottom TENG
produces a short-circuit current of about 60 μA and
an output voltage of 220 V, as displayed in Figure 3c,d.
Figure 3e presents themeasured output voltage under
the different loading resistance, exhibiting a gradual
increase with increasing the loading resistance, where
the corresponding largest power density of the top
TENG is about 3 kW/m3 under the loading resistance
of 2.3 MΩ. Figure 3f displays a similar change in the
measured output voltage of the bottom TENG with
increasing loading resistance, where the bottom TENG
has the largest power density of about 2 kW/m3. The
difference of the two TENGs in one device is associated

Figure 1. (a) Schematic diagram of the fabricated TENG. (b)
The cross-sectional view of the fabricated TENG. (c) Top
view of the fabricated TENG. (d) Photographs of TENG in
motion captured by using a high-speed camera.
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with the minor unevenness of the flexible Kapton film
that can result in the different distances between the
Kapton film and the top/bottom PTFE film in the
vibration process. Figure S1 illustrates the charging
curves of a 10 μF capacitor by using the TENG 1, TENG 2,
and the TENG 1//TENG 2, indicating that the integrated
TENGs can deliver a better charging performance than
that of the individual TENG.
To understand the wind flutter effect in this study,

the interaction behavior between the air-flow and
Kapton film is qualitatively predicted by COMSOL,
where the Kapton film has the size of 10 cm � 1 cm �
50 μm and is clamped on both short edges. The inlet
maximum wind velocities are set to 5, 10, and 15 m/s,
respectively, and the outlet pressure is set to zero as
the reference pressure (Figure 4). This is a structure-
fluid flow interaction model. The fluid is air with a
density F = 1.225 kg/m3 and dynamic viscosity η =
1.983� 10�5 Pa 3 s. The belt structure ismade of flexible
material Kapton with a density F = 1420 kg/m3, a
Young's modulus E = 2.5 � 109 Pa and the Poisson's
ratio ν = 0.34. The model consists of a fluid part
(considered to be Newtonian and incompressible),
solved with the Navier�Stokes equations in the flow
channel, and the solid mechanics part (assumed to be
elastic and compressible), from which a belt structural
deformation is solved for using an elastic formulation
and a nonlinear geometry formulation to allow large
deformation. For the solid mechanics part, the short
edges of the belt are fixed to the wall of the fluid
channel that is oriented perpendicular to the fluid flow
streamline. All other boundaries of the belt structure
experience the load from the fluid. At the mean time,

the outflow surface of the fluid channel is set to a zero
pressure. The rest four surfaces of the fluid channel are
defined as “no slip” condition, which means these
surfaces serve like walls that confine the fluid flow
between them.
As depicted in Figure 3a�c, the maximum deforma-

tion of the Kapton film at different inlet wind speeds
were simulated, indicating that the Kapton film is
mainly working at bending mode. Moreover, the cor-
responding pressure and the wind flow velocity dis-
tributions in the TENG under the wind speed of 15 m/s
are illustrated in Figure 3, panels d and e, respectively.
We found that the film deformation values are similar
when the wind speed exceeds 10 m/s, suggesting that
the Kapton film works at a stable state (up and down
bending vibration) once the inlet wind speed ap-
proaches a specific value. On the other hands, a more
interesting phenomenon can be observed that at the
low inlet wind speed (5 m/s), the leading edge area of
the thin film deforms larger than that of the trailing
edge, resulting in the twist (torsion) motion of the film
but not the bending motion. The deformation in this
condition is 5 times smaller than that of the stable state
at large wind speed. Normally, such small amplitude
twist motion contributes less to the electric charge
generation, whereas it produces attack angle of wind,
which is the requirement condition of flutter occur-
rence. Once the inlet wind speed approaches the
critical wind velocity of the Kapton thin film, the
damping ratio of the twist motion will be decreased
to zero and thus start the fluttering of the Kapton film.
The flutter phenomenon enables the vibrated film
extracting energy from the free wind flow when there

Figure 2. Schematic diagrams of the electricity generation process of TENG.
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is phase difference between film structure instanta-
neous aerodynamic force and elastic deformation. It
will not occur at relative low air flow speed, while the
large constant amplitude vibration occurs when it
reaches critical wind velocity. This critical wind velocity
can be determined by the frequency ratio of first order
bending and twist mode and the respective damping
ratio.15 Since the flutter related vibration is periodical
and neutrally stable at the critical wind speed or above,
effective contact between the Kapton thin film and the
top/bottomdevice surfacewillmaintain in a hugewind
speed range. The calculation results are completely
consistent with the actual deformations in Figure 1d.
Flutter effect means that the air-flow induces the

structure vibrating at its natural frequency. The natural
frequencies and the mode shapes of first six order
vibration mode were simulated by Coventorware. As
illustrated in Figure 3f, the first and second order mode
shape are bending and twisting (torsion) at the fre-
quency of 372 and 378 Hz, respectively, where the
two vibration modes are consistent with the actual

vibrations of the Kapton film that were observed by
using a high-speed camera (Supporting Information
Movie 1). The necessary condition of the occurrence of
the flutter is that the frequency of the same order twist
mode is closely above that of the bending mode and
the wind flow speed should approach or above the
value of the critical wind velocity as well. It is clearly
observed that the first two mode are in the range of
370�380 Hz, which aligns well with experimentally
results in Figure 3c,d.
To obtain the largest output performance of TENG, a

systematic measurement was performed by modulat-
ing the different dimensions of the device. As revealed
in Figure 5a, the output voltage of TENG increases with
and increase of the air gap (the distance between the
top and bottom PTFE films), and dramatically reaches
the maximum value of about 232 V, where the corre-
sponding working frequency of the device is 379 Hz.
Under thematched impendence of 2.3 MΩ, the largest
output power density of 3 kW/m3 responses to the air
gap of 1.6 mm by analysis of the measured voltage

Figure 3. (a) Measured short-circuit current of TENG 1. (b) Measured output voltage of the TENG 1 under a loading resistance
of 10MΩ. (c) Short-circuit current of the TENG 2. (d) Measured output voltage of TENG 2 under a loading resistance of 10MΩ.
(e) Dependence of the output voltage and the power density for TENG 1 on the external loading resistance. (f) Dependence of
the output voltage and the power density for TENG 2 on the external loading resistance.
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data under the different air gaps, as presented in
Figure 5b. Figure 5c displays a dependence of the
working frequency and the output voltage on the

device width, showing that the working frequency of
the device decreases with increasing the width of
TENG and the largest output voltage is under the

Figure 4. (a�c) Total displacement distributions of the Kapton film at the air-flow rate of 5 m/s (a), 10 m/s (b), and 15 m/s (c).
(d) Pressure distribution of the Kapton film. (e) Velocity magnitude distribution of the Kapton film. (f) Different vibration
modes of the Kapton film.
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device width of 10 mm, which corresponds to a largest
output power density of 3 kW/m3, as depicted in
Figure 5d. The device length can also largely influence
the output performance of the TENG. As illustrated
in Figure 5e,f, the working frequency of the device
decreases with increasing the length of device, while
the power density of TENG increases with increasing
the length. In this study, a largest output power density
of 4.5 kW/m3 was achieved under the device length of
about 125 mm. Panels g and h of Figure 5 exhibit the

working frequency and the output power density of
TENG under the different thickness of the Kapton film,
respectively, indicating that the working frequency
decreases with increasing the thickness of the Kapton
film and the TENG has a largest output power density
of 6.9 kW/m3, where the film thickness is 25 μm. The
output performance of TENG can be optimized by
designing the sizes of the device, suggesting that the
TENG with the dimensions of 125� 10 � 1.6 mm3 has
the best output performance.

Figure 5. (a) Measured frequency and voltage of TENG under the different air gap heights. (b) Dependence of the output
voltage and power density of TENGon the height of air gaps. (c) Measured frequency and voltage of TENGunder the different
TENG width. (d) Dependence of the output voltage and power density on the width of TENG. (e) Measured frequency and
voltage of TENG under the different device length. (f) Dependence of the output voltage and power density on the length of
TENG. (g) Measured frequency and voltage of TENG under the different thickness of Kapton film. (h) Dependence of the
output voltage and power density on the thickness of Kapton film.
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Operating at a wind speed of 15 m/s, the TENG with
dimensions of 125 � 10 � 1.6 mm3 can produce a
short-circuit current of 140 μA and an output voltage of
342 V under the loading resistance of 10 MΩ, as dis-
played in Figure 6a,b. Under thematched loading resis-
tance of 2.3 MΩ, an output power density of 9 kW/m3

can be delivered by analysis of the output voltages
of TENG under the different loading resistances, as

presented in Figure 6c. As shown in Figure 6d, we also
measured the reliability of TENG, indicating that there
is no any change for the output current of TENG after
the Kapton film vibrated to touch the PTFE film for
4.1� 106 times. The lifetime of the TENG is determined
by the lifetime of Cu electrode on the Kapton film under
the vibration process, where the potential improve-
ment can be achieved by improving the adhesion of Cu

Figure 6. (a)Measured short-circuit current of the optimized TENG. (b)Measuredoutput voltageof the optimized TENGunder
a loading resistance of 10 MΩ. (c) Dependence of the output voltage and power density on the external loading resistance.
(d) Output current stability of the TENG under continuous working of 3 h. (e) Photograph of 10 TENGs connected in parallel.
(f) Measured short-circuit current of 10 TENGs connected in parallel. (g) Scaling of the short-circuit current with different
number of TENGs connected in parallel. (h) Dependence of measured output current and output power of 10 TENGs on the
external loading resistance.
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electrode on the Kapton film. To obtain the larger
output power further, ten rectified TENGs were inte-
grated with the connections in parallel, as displayed in
Figure 6e. Figure 6f presents the output current of
TENGs, showing that the total output current of 550 μA
can be achieved, which is much larger than that of one
device in Figure 6a. It can be found that the total output
current of TENGs dramatically increases with increas-
ing the number of device, as depicted in Figure 6g.
When we measure the output current of 10 TENGs
under the different loading resistances, the largest
output instantaneous power of the 10 TENGs can be
up to 25 mW under a loading resistance of 400 kΩ, as

shown in Figure 6h. As compared with one TENG in
Figure 6c, the impedance of the 10 TENGs has been
largely decreased, which is beneficial for the practical
applications of the TENGs as the power sources.
A transformer was utilized to increase the output

current of TENG. As illustrated in Figure S2, the output
current of TENG can be enhanced to be about 3.5 mA
by using the transformer, while the corresponding
output voltage of TENG was decreased to be about
4.4 V. The largest power density of TENG after using
the transformer is about 2 kW/m3 under a loading
resistance of 2 kΩ, as displayed in Figure S2c. When 10
TENGs are integrated after using the transformers, the

Figure 7. (a) Photograph of a spot light powered by 10 TENGs connected in parallel. (b) Photograph of a printed text on a
paper illuminated by the TENGs driven spot light in complete darkness. (c and d) Measured output voltage (c) and output
current (d) of the TENG for scavenging a human nose breathing induced air-flowenergy. (e)Measured output current of TENG
after using a transformer. (f) Measured voltage of a 10 μF capacitor charged by the TENG for scavenging a human nose
breathing induced air-flow energy. (g and h) Photographs of using the TENG to scavenge human breath induced air-flow
energy to sustainably power a temperature sensor system.
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total output current can be increased to 8 mA, as
shown in Figure S2e. Moreover, the total output cur-
rent can be increased linearly with increasing the TENG
number, as depicted in Figure S2f.
To demonstrate the capability of the TENG as a

power source, tens of TENGs in parallel using the
rectification circuits were connected to a globe light
without using a Li-on battery. Under a wind speed of
15 m/s, the white globe light can be directly driven by
the TENGs (Figure 7a, Supporting InformationMovie 2).
Moreover, the TENGs-driven globe light can provide
sufficient light intensity of about 43 lx (Figure S3) for
reading printed text in complete darkness, as pre-
sented in Figure 7b (Supporting Information Movie 3).
To demonstrate that the TENG has the potential

applications in self-powered healthcare monitoring, a
human nose breath induced low air-flow can be used
to drive the working of TENG, as shown in the inset of
Figure 7c. As illustrated in Figure 7c,d, the correspond-
ing output current and voltage can be up to 30 V and
18 μA under a loading resistance of 2.3 MΩ, respec-
tively, resulting in an output power of 0.75 mW. As
shown in Figure 7e, the output current of the TENG
after using a transformer can be increased to 350 μA
under a loading resistance of 4 kΩ, where the corre-
sponding output power is about 0.49 mW. A capacitor
of 10 μF can be charged from 0 to 1.8 V in 0.33 s by
using thehumannose breath-driven TENG, as depicted
in Figure 7f. A self-powered temperature sensor system
for monitoring the temperature of human body has
been realized by integrating the TENG near human
nose. The temperature sensor can sustainably work by
using the human nose blowing induced low air-flow
driven TENG, as displayed in Figures. 7g,h (Supporting
Information Movie 4).
As compared with the conventional wind genera-

tion technology, the invented TENG in this study has
the following advantages: (1) The conventional wind

generator uses the electromagnetic effect to extract
wind power, which usually requires a high cost for the
devicematerials and installation. The TENGhas very low
investment cost by using the cheap organic filmmateri-
als and conductive electrodes. (2) Due to the large
volume, the conventional wind generators are often
located in remote locations, far from cities where the
transmission lines must be built to transfer the elec-
tricity from wind farm to the city. In comparison, the
TENG has a very small volume so that it is suitable for
TENG installation in the city such as on the house roofs
and windows, where the produced electricity can
be directly used by the customers. (3) The volume
power density of conventional wind generator is smal-
ler than 500W/m3, while the TENG has themuch larger
volume power density of 9 kW/m3 under a wind speed
of 15 m/s.

CONCLUSIONS

In summary, we demonstrated an elasto-aero-
dynamics-driven TENG for scavenging air-flow energy,
where the flutter effect was employed to induce the
periodic contact and separation between two tribo-
electric materials to realize the output of the device.
By designing the different dimensions, the output
performance of TENG has been optimized, where the
maximum output power density of about 9 kW/m3 has
been achieved under a device working size of 125 �
10� 1.6 mm3. Potential large-scale air-flow energy can
also be demonstrated by parallel connecting more
TENGs for powering some electric devices such as a
globe light. Moreover, the fabricated TENG can be
utilized to harvest a human breath induced low air-
flow energy to sustainably power a temperature sensor
system for realizing the healthcare monitoring on
human body. The TENG has the potential applications
for achieving large-scalewind energy harvesting at low
cost and self-powered sensor systems.

EXPERIMENTAL SECTION

Fabrication of the TENG. The fabricated device consists of two
TENGs, where a TENG consists of a Kapton film with Cu
electrode on its surface and a PTFE film with Cu electrode on
its surface. The working of TENG is based on the air-flow
induced contact and separation between two different tribo-
electric materials. Two acrylic sheets as the substrates of the
PTFE/Cu films were cut by using a laser cutting machine. Two
holes with a diameter of 5 mm were fabricated at both ends of
the acrylic sheets. The supporting beams were fixed between
two acrylic sheets. Screws were used to affix the two ends of the
Kapton film onto the supporting beam, resulting in the Kapton
film being in the middle of the TENG. When the wind flowed
into the device, the Kapton film can vibrate up and down to
contact the PTFE films. The periodic contact and separation
between the Cu electrode on the Kapton film and the PTFE film
can produce the observed voltage and current signals.

Measurement of the Fabricated Device. The output current sig-
nals of the TENG were measured by a low-noise current
preamplifier (Stanford Reserch SR570). The output voltage

signals of the TENG were performed by a digital phosphor
oscilloscopewith an internal resistance of 10MΩ. Moreover, the
vibration frequencies of the Kapton film in the device were
obtained by the analysis of the output voltage signals. The
dynamic vibration process of the Kapton film was performed
by a high-speed camera (Phantom, v711).
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