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a b s t r a c t
With the development of internet of things and sensor networks, self-powered sensors are highly
desirable. In this study, we present a simple but practical design of an aeroelastic flutter based triboelectric
nanogenerator (AF-TENG) that could harvest energy from wind and serve as an active wind speed sensor.
The fabricated AF-TENG consists of two copper layers and a membrane in a cuboid acrylic channel. The
effect of membrane materials, including fluorinated ethylene propylene (FEP), polytetrafluoroethylene
(PTFE) and Kapton (PI), length of membrane, inlet wind speed and humidity on the performance of AFTENG have been systematically investigated. As wind flows through a designed channel, the membrane
moves up and down between copper surfaces periodically, which results in a periodic electrical output
signals of the AF-TENG. The corresponding frequency of the AF-TENG signal is found to increase in a
robust linear relationship with the wind speed. Interestingly, as environmental humidity increases, the
amplitude of voltage and current output of the AF-TENG deceases dramatically, while the frequency of the
output remains the same due to high humidity can decrease the charge density on the membrane surface
but have no effect on the fluttering motion of the membrane. The real-time wind speed measured through
analyzing frequency of the voltage output of the AF-TENG agrees well with a commercial wind speed
sensor, and the corresponding speed sensitivity is about 0.13 (m/s)/Hz or 7.7 Hz/(m/s). Therefore, the
fabricated self-powered AF-TENG has shown potential applications in wireless environmental monitoring
networks, even in high humidity environment.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Self-powered system is a promising concept for the realization
of environmental wireless sensor networks. Due to the enormous
demands of distributed nodes in the networks, the disadvantages
of conventional battery-based sensors, such as large package size,
low device maintainability, high system cost, limited lifetime and
risk of environment pollution, are important issues [1,2]. Thus,
a battery-free autonomous system that scavenges its operation
energy from the surroundings is highly desired. Recently, TENG is
found to produce electricity by using the Maxwell’s displacement
current, which is significant for fabricating more effective TENGs
and their commercial products [3]. Since TENG can generate electrical signals from many types of mechanical motions in the natural
environment, it can serve as a self-powered active sensor [3–13].
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Flow-induced vibration is known as an attractive source of
energy harvesting, because of its ubiquity in the environment and
non-complex structure for trapping it [14,15]. Recently, the interaction of a flag and a rigid plate as a powerful vibration source for
triboelectric nanogenerator have attracted much attention [7,16–
23]. However, most of these previous work just used the flutter
driven TENG to harvest wind energy at high critical wind speed (>6
m/s) at which the membrane in the TENG begins to flutter. This
limits the potential applications of such TENG, due to the global
average wind speed at 10 m height over land was 3.28 m/s [24]. The
average output power density depends on contact force, effective
contact area and types of contact motion, and an average output
power of approximately 0.86 mW was found at a wind speed of
15 m/s [7]. Even though a linear relationship between the average
output current peak and the wind speed can be obtained [20],
the sensitivity of their TENG device is only 0.09 µA/(m/s). In addition, the electrical output of TENG is found to be influenced by
high humidity, hysteresis effect [25] and electrostatic discharge
phenomenon [26]. Thus, new approaches are needed to improve
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the sensitivity and critical wind speed of TENG-based wind speed
sensor.
There is considerable amount of research on the basic dynamics
of flexible flags, which can be bent, folded, twisted or waved
with flow of the wind [27–30]. The first experimental study on
fluttering behavior was performed by Taneda [31] with a flag made
of various fabrics and shapes. In addition, using one-dimensional
filaments, the distinct dynamic states (for example, a stretched
straight state and a fluttering state) and the coupled interaction between the states were observed through a flowing soap membrane
experiment [32]. Interestingly, Shelley et al. [33] showed that the
fluttering frequency f of a flag was proportional to the flow speed.
The resultant non-dimensional frequency parameter, i.e. Strouhal
number (St = fL/U) is approximately 1.2, where L is the flag
length, U is incoming flow speed, while the Strouhal number based
on fluttering amplitude increases with flow speed between 0.22
and 0.3. Thus, the relationship between the frequency and wind
speed, or between Strouhal number and Reynolds number (Re =
UL/ν with ν being the fluid kinematic viscosity) for a fluttering
membrane can be used to calculate the flow velocity by measuring
the fluttering frequency.
In the present work, we present a simple but practical design
for an aeroelastic flutter based TENG (AF-TENG) that could serve as
an active wind speed sensor by measuring the fluttering frequency
instead of measuring the output voltage/current. The fabricated
AF-TENG consists of two copper layers and another membrane in
a cuboid acrylic channel. The inner side of both top and bottom
surface of the wind channel were coated with copper layer of
thickness ∼100 nm by a RF magnetron sputtering system. The effects of different membrane materials, including fluorinated ethylene propylene (FEP), polytetrafluoroethylene (PTFE) and Kapton,
length of membrane, inlet wind velocity and humidity on the
performance of AF-TENG have been systematically investigated.
A theoretical analysis to show the mechanism of the membrane
motion due to the wind flow is also proposed. Our fabricated selfpowered AF-TENG has shown potential applications in wireless
environmental monitoring networks, even in high humidity environment, where previous reports of self-powered wind sensors
could not achieve.
2. Methods
2.1. Fabrication of the aeroelastic flutter driven TENG
The FEP, Kapton, and PTFE thin films with thicknesses of 25.4
and 50.8 µm were purchased from McMaster and used. A channel
with dimension of 2 cm (width) × 2 cm (height) × 10 cm (length)
was made of acrylic. The inner side of both top and bottom surface
of the wind channel were coated with copper layer of thickness
∼100 nm by a RF magnetron sputtering system (PVD 75, Kurt. J.
Lesker Company). The two copper layers are serving as the two
electrodes. Finally, the membrane (FEP, Kapton, or PTFE) was fixed
in the middle plane of the wind channel.
2.2. Measurement of the fabricated devices
In the wind tunnel system, a specific holder was attached to
install the AF-TENG. Both the top and bottom electrodes were connected to the Keithley 6514 electrometer to measure the electrical performances including the open-circuit voltage, short-circuit
current and transferred charge. The fluttering behavior of the
membrane was characterized by capturing the average fluttering
motions using the camera (Cannon 5D Mark III). A commercial humidifier (TaoTronics Ultrasonic Humidifiers) was used to increase
the humidity in the wind channel. For the self-powered wind speed
system, a homemade data acquisition system was used to record
the output voltage signals in real time.
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3. Results and discussion
3.1. Structure and fluttering behavior of AF-TENG
As shown in Fig. 1(a), for the fabrication of AF-TENG, a flexible
membrane was placed in the middle of a rigid channel with the
size of 2 cm (width W ) × 2 cm (height H) × 12 cm (length LC ).
Both the top and bottom surfaces of the channel were coated with
copper layer of thickness ∼100 nm by a RF magnetron sputtering
system, serving as the two electrodes. In order to generate electricity from low wind speeds, three membrane materials with the
highest electron affinity, i.e., FEP, Kapton, and PTFE were studied
systematically. A homemade wind tunnel was built by acrylic to
produce the uniform wind speed. The incoming wind speed (U) in
the experimental section ranges from 0 to 10.8 m/s, which includes
the global average wind speed [24].
To optimize the electrical output of the AF-TENG, it is important
to understand the flutter behavior of the membrane in a rigid
channel. Assuming that the deformation of the membrane is twodimensional, and the viscoelastic damping of the material and the
viscous boundary layers are negligible, the Euler–Bernoulli beam
theory [7,23,34–36], which applies to thin membrane such as our
membrane, provides a dimensionless Eq. (1) to model the motion
of the fluttering membrane,

⟨
⟩
∂ 2V ∗
1 ∂ 4V ∗
+ ∗
= M ∗ 1P ∗ z .
(1)
2
4
∗
∗
U ∂X
∂T
Here, V ∗ (= V /L) denotes the dimensionless transverse displacements of the membrane at a given dimensionless horizontal
coordinate X ∗ (= X /L), and dimensionless time T ∗ (= TU /L). ∆P ∗ (=
1P /ρa U 2 ) is the dimensionless pressure difference between the
lower and upper surface of the membrane. ⟨.⟩Z denotes the average
along the spanwise direction. The air density ρa = 1.204 kg/m3
at atmospheric pressure and 23 ◦ C. V , X , T and 1P are transverse
displacements, streamwise coordinate, time and pressure difference, respectively. M ∗ = ρa L/ρ h is fluid–solid mass ratio with h
is the membrane thickness and ρa , ρ stand for mass density of air
and membrane. U ∗ = UL(ρ L/D)1/2 denotes the non-dimensional
velocity, i.e., where U is the incoming wind speed, and D is the flexural rigidity of the membrane and is deduced as D = Eh3 /(12(1 −
v 2 )1/2 ) with E being Young’s modulus (tensile elastic modulus), v
being Poisson’s ratio [23,37]. Usually, from the equation, the flutter
behavior of the two-dimensional membrane are described using
fluid–solid mass ratio M ∗ and non-dimensional velocity U ∗ due to
the stability boundary of the fluttering membrane can be characterized by the two parameters [7]. Detailed physical dimensions
and mechanical properties of the experimental membranes are
listed in the Supplementary Table S1.
It is worth to note that, in present study, the membrane is
confined in a rigid channel. The intermittent contacts, electrostatic
interactions between the membrane and the electrodes are boundary conditions that are difficult to define for modeling using Eq. (1).
To further discuss the motion of fluttering membrane, previous
studies have proposed a particular solution of Euler–Bernoulli
beam theory by using a traveling harmonic wave combined with
a spatially varying envelope [23,32],
V ∗ X ∗ , T ∗ = A∗ X ∗ sin 2π StT ∗ + X ∗ /λ∗

(

)

(

)

(

(

))

(2)

where A (= A/L) is the dimensionless spatial envelope function,
λ∗ (= λ/L) is the dimensionless reduced wavelength and St(=
fL/U) is the dimensionless fluttering frequency, i.e. Strouhal number. A , λ and f are spatial envelope function, wavelength and
fluttering frequency, respectively. Although this simplification was
initially for free fluttering membranes, it is interesting to find that
the present fluttering membrane in a rigid channel can be also
represented by a simple traveling harmonic wave combined with
∗
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a spatially varying envelope, see Fig. 1(b). This is also observed
and valid in the work of Perez et al. [23]. Therefore, the membrane
moving up and down periodically driven by wind flow can result
in periodical electrical output signals (voltage, current, charge) and
thus the fluttering frequency is equivalent to the electric output
signals frequency. By utilizing the electrical signal frequency and
the Strouhal’s number, one can then calculate the wind speed
directly. This is discussed in detail in Section 3.3.
Fig. 1(b) shows the fluttering behavior of FEP, Kapton and PTFE
in the rigid channel at wind speed of 10 m/s. The length and
width of these membranes are 10 cm and 1.8 cm, respectively. It is
obvious to find that the difference in dimensions (length L, width
w and thickness t), fluid–solid mass ratio and flexural rigidity of
the FEP, Kapton and PTFE membranes, resulted in different fluttering behavior. For a given length and width, the average contact
area between the thick FEP membrane (54.8 µm) and rigid plate
increases about 20% compared to that of thinner FEP membrane
(25.4 µm). In addition, among the FEP, Kapton and PTFE, with
the same thickness of 54.8 µm, the FEP has the largest contact
area, while the contact area between Kapton and the rigid plate
is the smallest. This may be due to the largest flexural rigidity of
the Kapton, see Table S1. Also, the contact area of the thin FEP
membrane increases as the membrane length increases, and the
contact area is nearly independent of the incoming wind speed for
U > 4.5 m/s, shown in Figure S1.
The critical flutter speed Ucf , above which the flexible membrane begins fluttering due to the destabilizing effects of inertia [7],
also varies with the fluid–solid mass ratio M ∗ and types of the
membranes. For a given thickness and density of the membrane,
the increment of fluid–solid mass ratio M ∗ is corresponding to that
of length L increment. As shown in Fig. 1(c), the critical flutter
velocity Ucf decreases quickly with increasing the fluid–solid mass
ratio M ∗ of the membranes for M ∗ < 0.5. For M ∗ > 0.5, the
critical flutter velocity Ucf of PTFE and Kapton membrane decreases
slightly, while the value of Ucf for FEP membranes is nearly constant. It is worth to notice that the flexural rigidity of FEP membranes is smaller than those of PTFE and Kapton, shown in Table
S1. This suggests that the membrane begins to flutter at a lower
critical velocity for with increasing fluid–solid mass ratio M ∗ or
length of membrane for a given width and thickness. With further
increasing the mass ratio M ∗ or length of membrane, the critical
flutter velocity is nearly independent of the two parameters for
the membrane that has smaller flexural rigidity. Such phenomenon
is also observed in Refs. [7,23]. In addition, Fig. 1(c) also shows
that the critical velocity curves of PTFE and Kapton membrane are
higher than that of both thick and thinner FEP membrane. This suggests that the FEP membrane begins to flutter at lower wind speed,
compared the PTEF and Kapton membrane. For example, the values
of Ucf for the PTFE, Kapton, thick and thinner FEP membranes at
M ∗ ≈ 1.4 are 4.8 m/s, 5.0 m/s, 3.1 m/s and 2.5 m/s, respectively.
This trend consists with their flexural rigidity, as shown in Table S1.
The abovementioned experimental result is new and important,
because it serves as a guideline of the membrane material and
length selection for energy harvesting from a certain wind speed
range.
3.2. Working principle of AF-TENG
The electric generation mechanism of the AF-TENG is based
on the coupling of contact triboelectrification and electrostatic
induction, as depicted in Fig. 2(a)–(b). If the wind flow enters into
the channel above a minimum speed of Ucf , the membrane moves
up and down periodically due to the fluttering effects. When the
membrane contacts the top or bottom copper surface, negative
charges would be transferred from the copper to the membrane
due to triboelectrification, leaving the copper as positively charged,

as shown in Fig. 2(a). The produced negative charges in this process
can be preserved on the top and bottom membrane surface due to
the nature of the dielectric material. It is worth to note that only
contact area of the membrane are charged. The value of the negative charges of the FEP membrane is constant, which is equivalent
to the total positive charges of the two electrodes for a certain wind
speed. However, the charges flow form one electrode to the other
electrode with the external circuit when the FEP membrane moves.
To better understand the voltage distribution related to the
output performance of the TENG, we only simulated the voltage
distribution of the electrodes by setting charge density of the
electrodes using COMSOL multiphysics software. The similar simulations were also used in many previous studies, such as [38,39].
When the membrane moves up, i.e. separates from the bottom
layer, the potential difference between the top and bottom copper
layer also increases, see Fig. 2(b), which demonstrates the potential
distribution for three states of the AF-TENG under open-circuit
condition. Thus, the electrons move from the top copper layer to
the bottom one until the membrane contacts the top layer. Then,
the membrane moves down, which makes the moving of electrons
from bottom copper layer to the upper one. Thus, a periodical
current signal is produced due to the periodic transfer of electrons
between bottom and top copper layer, see Fig. 2(a). In addition, it
is worth to note that the frequency of the electrical output signals,
i.e., current, voltage and charge, is equivalent to that of membrane
fluttering. This simple mechanism can be successfully employed
for converting the kinematic energy of the wind into electrical
energy and this device could be used for sensing the wind speed.
3.3. Performance of AF-TENG
Fig. 3 shows the electrical characteristics of AF-TENG with different membrane materials, i.e., FEP, Kapton and PTFE, corresponding to same length L = 10 cm, width w = 1.8 cm, and wind
speed U = 10 m/s. Overall, the electrical performance of those
membranes directly depends on their electron affinity, contact
area and fluttering frequency. The last two parameters relate to
the mechanical properties, e.g., fluid–solid mass ratio, flexural
rigidity and incoming wind speed. Therefore, the voltage, current
and charge output of those membrane performs differently. As
shown in Fig. 3, the PTFE membrane has the larger voltage output
(60 V) compared to that of Kapton, due to its higher electron
affinity and larger contact area, while the current output of the
Kapton approaches to that of PTFE, due to the fluttering frequency
of Kapton (46 Hz) is larger than that of PTFE (33 Hz). Similarly,
compared to the thicker FEP, the thinner FEP has a smaller voltage
output but flutters at higher frequency (50 Hz), resulting in its
current output being close to that of the thicker FEP.
It is also important to note that abrupt and intermittent output
declines are observed in AF-TENG, especially for the thinner FEP
membrane, as shown in Fig. 3. The reason could be due to the
loss of surface charges, which probably relates to an electrostatic
discharge phenomenon between two contact pairs. This is consistent with the results in a novel asymmetrical TENG investigated by Su et al. [26]. They found three necessary premises for
electrostatic discharge in TENG: the asymmetrical structure, the
proper soft/rigid contact pair, and the enough thickness of the soft
layer. For our case, the membrane and acrylic coated with copper
forms a soft/rigid contact pair, and the small contact area and
large copper layer forms an asymmetrical structure. In addition,
it is found that the electrostatic discharge phenomenon is more
obvious for thinner FEP membrane (25.4 µm) than the thicker
FEP membrane (50.8 µm). Although they flutter at the same wind
speed, the fluttering frequency of the thinner FEP is 38% larger
than that of the thick FEP membrane. Also, we can see that the
electrostatic discharge phenomenon is obvious for FEP membrane
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Fig. 1. Experimental set-up and characterization of fluttering behavior of AF-TENG. (a) Schematic of a wind tunnel and the structural design of AF-TENG with acrylic tube
size of 2 cm × 2 cm × 10 cm (inset); (b) Fluttering images of FEP, Kapton and PTFE with L = 10 cm, w = 1.8 cm and U = 10 m/s by a high speed camera, the white bars
show the actual contact area between the membrane and the top/bottom surface; (c) The relationship between critical flutter velocity Ucf and the fluid–solid mass ratio M ∗
of FEP, Kapton and PTFE membranes. Each curve separates the ‘‘stable’’ (without fluttering) from the fluttering regions of the membrane.

Fig. 2. Mechanism of the AF-TENG. (a) Illustration of the eletricity generation process in fully cycle under wind-induced flutter of the membrane between copper plated
on top and bottom of the acrylic tube. The typical current output of the AF-TENG in one period is shown as the inset. (b) COMSOL simulation of potential distribution of
AF-TENG.

at large wind speed, corresponding to large fluttering frequency,
see Figs. 4(d) and 5(d). This suggests that the contact frequency
between the soft/rigid contact pair plays more important role in
electrostatic discharge phenomenon, compare to the thickness of
the soft membrane.
Interestingly, the fluttering frequency calculated from the electrical signals using fast Fourier transform (FFT) are quite stable,
although the abrupt and intermittent electrical output declines,
see Fig. 3. This also supports that the frequency should be a more

proper parameter rather than the average voltage output peak, to
sense the wind velocity, as the voltage could vary by electrostatic
discharge phenomena, which is of great importance in a selfpowered sensing system [5].
Fig. 4 shows electrical characteristics of AF-TENG corresponding
to different membrane length and incoming wind speed. To study
the effect of the FEP length on the electrical output, we measured
the voltage, current and charge signals for L = 3, 6 and 10 cm at
incoming wind speed U = 3.1 m/s, as shown in Fig. 4(a)–(c). It
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Fig. 3. Electrical characteristics of AF-TENG made of FEP, Kapton or PTFE membrane with the same length L = 10 cm, width w = 1.8 cm, and incoming wind velocity U = 10
m/s. (a) voltage, (b) current, (c) charge. Note that, the signals shown in up figures is with time of 30 s, while the signals shown in down figures is with time of 0.1 s.

is found that the amplitude of electrical signals increases as the L
increases, which consisted with the increment of contact area on
the increase of the FEP length, as shown in Figure S1. As shown
in Niu et al. [40], the voltage at open circuit condition VOC for a
single electrode TENG is proportional to the contact area S and
charge density σ , i.e., VOC ∼ σ S . Thus, with a higher contact
area due to the increase of the FEP length would result in a higher
Voc. In addition, all the electrical signals are quite periodic and
the fluttering frequency of the FEP corresponding to L = 3 cm
is the largest. Thus, we investigated the performance of the FEP
corresponding to L = 3 cm in detailed, due to large fluttering
frequency can enhance the sensitivity of wind speed sensor.
Fig. 4(d)–(f) shows voltage, current and charge of length corresponding to L = 3 cm with incoming wind speed increasing from
3.1 to 10.8 m/s. When the incoming wind speed increases from
3.1 to 9.2 m/s, the average voltage peak increases from 3 to 6 V,
then the average peak decrease from 6 to 4.5 V with increasing
wind speed from 9.2 to 10.8 m/s, see Fig. 4(d) and Fig. 5(a). This
is consistent with the variation of average peak charge with the incoming wind speed. As the wind speed increases, the contact force
between the fluttering membrane and electrode also increase. Due
to the high contact force, there would be high surface charge
density [41]. This would cause an increase in the VOC initially. For
higher wind speed (>9.2 m/s), the charge density on the fluttering
membrane would reach a saturated state, which is also observed
in the literature [41]. However, it is important to note that abrupt
and intermittent output declines are observed in AF-TENG for
higher wind speed, see Fig. 4(d)–(f). The reason is caused by the
electrostatic discharge phenomenon between two asymmetrical
contact pairs [25]. Thus the loss charge on the membrane surface
cause VOC to decrease a little in higher wind speed. For the current
signals, the average current peak seems to approach an asymptotic
state when the incoming wind speed exceeds 9.2 m/s. However,
with increasing the length of the membrane, the average current
peak increases with incoming wind speed, see Figure S2 and S3. The
similar phenomenon was also observed by Yang et al. [20] and they
proposed to use the relationship between average current peak and
the wind speed as an wind speed sensor. However, it is worth to
point that the observed nonlinear relation between the average
current peak and the wind speed will decrease the accuracy and
sensitivity of the wind speed sensor.

Fig. 4(g)–(i) shows voltage, current and charge of length L =
3 cm with incoming wind speed decreasing from the 10.8 to 3.1
m/s. The presented electrical output at low velocity range of 3.1–
9.2 m/s become larger, compared to those measured with increasing wind speed. For example, the voltage output peak at 3.1 m/s
increases from 3 to 10 V. The reason is that the tribocharge on the
surface of FEP membrane generating at the high incoming wind
speed (10.8 m/s) do not immediately disappear but gradually decay
over a period of hours. Therefore, the output measured at low
wind seed followed immediately after a high speed wind results in
enhanced output performance, see Fig. 5(a)–(c). This is consistent
with the study of hysteretic behavior of contact force response
in TENG [25]. The hysteretic behavior is useful for wind energy
harvesting, due to the remaining charge generated at high wind
speed can make the AF-TENG obtain additional energy gain at low
wind speed. However, such hysteretic behavior would influence
sensitivity of TENG sensor if the relationship between current
output peak and wind speed is applied [20]. Thus, it is of great
importance to find a stable relationship between electrical characteristics of AF-TENG and wind speed.
Fig. 5(d) shows the fluttering frequencies of FEP membrane,
which are obtained by performing the fast Fourier transform (FFT)
of electric signals. Interestingly, the frequency and wind speed
form a linear relationship, compared to the large variation of the
relationships between electrical signals, i.e., voltage, current and
charge, and the incoming wind speed (Fig. 5(a)–(c)). Also, the
frequency does not change with previous charges on the surface
of the FEP, unlike that of average current peaks, see Fig. 5(b) and
(d). Moreover, Fig. 5(e) shows the dependence of the relationship
between the fluttering frequency and the incoming wind speed
on the membrane length L . Here, all the relationships is highly
linear, due to the corresponding R2 for all the fitting is larger than
0.995. With increasing L = 3–10 cm, the corresponding slope
of the linear relationship decreases from 7.67 to 4.71, indicating
the shorter membrane length has the better speed sensitivity. For
present study, the wind speed sensitivity for the FEP membrane
corresponding to L = 3 cm is 0.13 (m/s)/Hz or 7.7 Hz/(m/s).
Furthermore, the non-dimensional frequency parameter, i.e.,
Strouhal number as function of the Reynolds number Re(= UL/ν ) is
presented in Fig. 5(f). In fact, two length scales can be used to define
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Fig. 4. Electrical characteristics of AF-TENG with different length of the FEP membranes and incoming wind speed. (a) Output voltage, (b) current, (c) charge of length
L = 3 cm, L = 6 cm, and L = 10 cm for U = 3.1 m/s. (d) Voltage, (e) current, (f) charge of length corresponding to L = 3 cm with wind velocity increasing from 3.1 to 10.8
m/s. (g) Voltage, (h) current, (i) charge of length L = 3 cm with velocity decreasing from 10.8 to 3.1 m/s.

the Strouhal number: the membrane length L or the fluttering
amplitude A measured as the average fluttering span [30]. For the
present membranes confined in a rigid channel, their fluttering
amplitude A is constant, i.e., the height of the channel. Therefore,
the Strouhal number based on length L is defined as St(= fL/U).
Here, f is the fluttering frequency of a membrane, which is equivalent to the frequency of output electrical signals (voltage, current,
charge). The ν is the kinematic viscosity of wind, which is around
1.5 × 10−5 m2 /s at 20 ◦ C. As shown in Fig. 5(f), the value of St is
nearly constant (0.23) for the FEP membrane corresponding to L =
3 cm as the Reynolds number increases, which is close to that of
0.22–0.31 in the experimental observation in Shelley et al. [33] and
numerical investigation in Huang et al. [30]. It is worth to note that
the membrane flutters in a large area without a confinement by a
small channel, studied by Shelley et al. [33] and Huang et al. [30].
The lack of variation in St with the Reynolds number indicates that
the membrane inertia dominates over the viscous force exerted
on the membrane by the surrounding fluid [30]. For the longer
FEP membrane (e.g., L = 6 and 10 cm), St increases slightly
with Re increasing, and then reach a stable value of 0.35 and 0.44,
respectively, after a critical Reynolds number. This is consistent
with the variation of Strouhal number of vortex shedding from
a circular cylinder with Reynolds number. Its Strouhal number
ranges from 0.12 to 0.2 with increasing Reynolds number when
periodic vortex shedding is established, and converges to about 0.2
after three dimensional shedding modes are formed [42].
In addition, the effect of relative humidity of AF-TENG performance was investigated by varying the relative humidity from 45%
to 95%. Compared to that measured at humidity of 45%, the current
and voltage output decreased by nearly 90% at humidity of 95%,
due to the charge density on the membrane surface decreases dramatically at high humidity, as shown in Fig. 5(g) and (h). However,

humidity has no effect on fluttering motion of the membrane, thus
the corresponding fluttering frequency is independent to humidity, see Fig. 5(i). Such finding proves that the fluttering frequency
is a much more proper value to be used as the key parameter to
detect the wind speed rather than average current output peaks
used in previous study [20]. Also, the results demonstrated that the
fabricated self-powered AF-TENG wind velocity sensor can work
well in high humidity environment.
3.4. Demonstration
To test the performance of the AF-TENG as a wind speed sensor,
the real-time speed of the AF-TENG and a commercial hot-wire
anemometer (Testo 405i) were compared, as shown in Fig. 6(a).
The real-time frequency f is obtained from the real-time voltage
output of the AF-TENG with L = 3 cm using short-time FFT, see
Fig. 6(b). Then, the wind speed U is obtained using the relationship
between the frequency of the electrical signals e.g., voltage, and
incoming wind speed, i.e., U = 0.13f . The wind speed obtained by
both AF-TENG and the hot-wire anemometer agrees well, as shown
in Fig. 6(c) and Supplementary Movie 1 for both increasing wind
velocity and decreasing velocity. (Explain link to Fig. 1(c)).
4. Conclusions
In summary, we presented a simple, but practical design for
an aeroelastic flutter driven TENG (AF-TENG) that could harvest
energy from wind and serve as an active wind speed sensor. The
fabricated AF-TENG consists of two copper layer and a membrane
in a cuboid acrylic channel. The effect of membrane materials, including fluorinated ethylene propylene (FEP), polytetrafluoroethylene (PTFE) and Kapton, length of membrane, inlet velocity and
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Fig. 5. Hysteretic effect and humidity effect on performance of TENG. (a) Peak voltage, (b) peak current, (c) peak charge, and (d) frequency of increasing wind speed (black)
and decreasing wind speed (red). (e) Frequency corresponding to velocity, and (f) Strouhal number corresponding to Reynolds number for different length. (g) Current, (h)
voltage, and (i) frequency with respect to relative humidity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 6. Application of AF-TENG wind speed sensor for obtaining real-time velocity. (a) Photos of the real time velocity measurement using AF-TENG sensor and a commercial
sensor. (b) short FFT frequency vs. time, (c) Comparison of AF-TENG wind speed sensor and commercial wind speed sensor.

humidity on the performance of AF-TENG have been systematically investigated. As wind flows through a designed channel, the

fluttering of the membrane, which leads to its contact and separation between the top and bottom copper surfaces. The membrane

M. Xu et al. / Extreme Mechanics Letters 15 (2017) 122–129

moving up and down periodically driven by wind flow can result
in periodical electrical output signals (voltage, current, charge) of
the AF-TENG. The corresponding frequency of the AF-TENG signal
is found to increase in a linear relationship with the wind speed
and not effected by hysteresis effect, showing that it can serve as
an wind speed sensor. Interestingly, as environmental humidity
increases, the amplitude of voltage and current output of the AFTENG deceases dramatically, while the fluttering frequency of the
output remains the same due to high humidity can decrease the
charge density in the membrane surface but have no effect on the
fluttering motion of the membrane. The real-time wind speed measured through analyzing frequency of the voltage of the AF-TENG
agrees well with a commercial wind speed, and the corresponding
speed sensitivity is about 0.13 (m/s)/Hz or 7.7 Hz/(m/s). Therefore,
the fabricated self-powered AF-TENG has shown potential applications in wireless environmental monitoring networks, even in high
humidity environment.
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