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Energy harvesting technology of converting wind energy into available electricity is of great significance. Yet
efficiently extracting wind energy at low wind speed still needs to be improved. A gaslloping triboelectric
nanogenerator (GTENG) based on contact electrification between two flexible beams is proposed, resulting in a
significant advancement of the TENG’s performance under low wind speeds. The impact behavior occurs be-
tween a main beam attached with a bluff body subjected to cross flows and an auxiliary beam in the case of
beyond critical wind speed. The coupled interaction between the two beams is investigated, and different contact
modes have been observed. A theoretical model is constructed to further understand the working mechanism and
oscillating behaviors of the GTENG. The GTENG with a 3 cm x 3 cm TENG cell achieves an output voltage of over
200V at a low wind speed of 1.4 m/s. In addition, it is meaningful that the average output power at 1.4 m/s
reaches 60% of that at a relatively high wind speed of 6 m/s, which demonstrates the high output efficiency of
GTENG under low wind speed. The nanogenerator’s environmental adaptability is unveiled at an air-conditioner
vent, indicating that the GTENG is promising to drive electric devices in outdoor environments.

1. Introduction nanogenerators have been invented and mushroomed as a promising

method of small scale energy harvesting [14-20]. The TENG works

Ambient energy harvesting is an attractive approach to supply
electricity power for distributed, portable and wearable electronics
which suffer from the limited power supply of batteries and the lack of
an alternative electric power supply [1,2]. To date, extensive research
has been carried out to develop energy harvesting devices to capture and
convert mechanical vibrations into electrical energy. Among them,
electromagnetic, piezoelectric and electrostatic are typical transform
mechanisms [3-9].

As one of the most common daily phenomena, contact electrification
is both a familiar physical activity and a complex physical puzzle
[10-13]. In the past few years, this common phenomenon has been
widely investigated for energy harvesting use. Triboelectric

based on the effects of contact electrification and electrostatic induction,
and is shown to have advantages in material availability, structural di-
versity and extensive applicability [21-25]. A variety of TENG devices
that work under different modes have been developed and applied as
power suppliers for low-power systems, such as portable electronics,
wireless sensor networks, implanted biomedical devices and so on.
Furthermore, TENG has been investigated as active sensors for multiple
sensing uses as well. The applications of TENG for pressure detection,
motion detection, humidity detection, gas sensing, ions sensing et al.,
have been successfully implemented [26-30].

As one of the most extensive ambient energy, wind energy is widely
considered as a promising renewable and clean energy source. And it has
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already played an important role in the global power supply. Mean-
while, wind energy is also a target of concern as a considerable power
source in energy harvesting [31]. TENGs were investigated for wind
energy harvesting as well [32-39]. Wind-energy-harvesting TENGs with
rotational structures [32] and flutter-driven structures [33-38] were
developed, and quite high outputs can be achieved under a relatively
high wind speed. For example, Yang et al. [33] developed a
flutter-driven TENG which can capture the wind energy on the rota-
tional structures. As a new approach for wind energy harvesting, this
flutter-driven TENG works under the contact-separation mode and it
utilizes simpler structure, smaller size, lighter weight and higher
robustness. Bae et al. [34] reported a flutter-driven TENG based on the
self-sustained oscillation of flags. Output voltage of 200 V and current of
60 pA was achieved with a dimension of 7.5 cm x 5 cm under a wind
speed of 15 m/s. Chen et al. [35] proposed a hybrid piezoelectric and
triboelectric wind energy harvester, the designed flapping-blade is
subjected to wake flows and brings the PVDF to oscillate for generating
piezoelectric and triboelectric voltages. The cut-in wind speed for the
harvester is 4 m/s. Ravichandran et al. [36] reported an improved
structure of flutter-driven TENG. It produces a peak power output of 4.5
mW under a wind speed of 5 m/s. However, among these reported
works, the wind speed that can effectively drive these TENGs is usually
higher than 5 m/s, but the global average near-surface (the observation
altitude is 10 m) wind speed over the land is reported to be 3.28 m/s
[40]. The inefficiency under low wind speed is likely to limit the ap-
plications of these TENG devices in ordinary environments.
Fortunately, mechanics orientated aerodynamic structures can be
well designed to ameliorate the TENG’s performance for wind energy
harvesting, especially under a relatively low wind speed. Different from
previous studies mainly based on flutter for triboelectric energy har-
vesting [33-39], in this work, a galloping structure is designed as a wind
responder to improve the TENG’s outputs, realizing a low wind speed of
effective galloping triboelectric nanogenerator (GTENG). The designed
galloping structure makes it feasible to achieve considerable oscillations
to stimulate the GTENG even under a low wind speed (below 1.5 m/s),
leading to a quite higher output than the previous reported work. The
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theoretical model for this GTENG is constructed, and it shows a good
consistency with the experimental results. In the case of a GTENG that
utilizes a well-designed galloping structure with an optimized configu-
ration, an output open voltage of over 200V was achieved under a low
wind speed of only 1.4 m/s.

2. Results and discussions

The schematic of the GTENG is outlined in Fig. 1 and a contact-
separation mode TENG cell attached on a Y-shape cross-section
galloping structure is employed. A flat FEP membrane and a nylon
membrane with porous structures on top are chosen as the friction pair
in the TENG cell. The nylon membrane is pre-modificated with positive
charge. PET membranes serve as both substrates and insulating layer,
and Al films were employed as electrodes. The photographs of a fabri-
cated GTENG is shown in Fig. 1(b)<i, ii> in front and top views, the size
of TENG cell is 3 cm x 3 cm. Fig. 1(b)<iii> and Fig. 1(b)<iv> respec-
tively shows the photograph and SEM image of the Nylon membrane.
The feature size of the porous structure is about 500 nm. Fig. 1(c) il-
lustrates the setup of the GTENG’s characterization in a wind tunnel,
with an aremometer to measure the wind speed.

The galloping structure consists of a bluff body, a main beam and an
auxiliary beam, the bluff body is attached to the free tip end of the main
beam. Now that the present TENG is based on galloping responses of the
main beam bringing the nanogenerator to have contact and separate
behaviors with the auxiliary beam, resulting in continuous AC voltage.
It’s necessary to elaborate the production of fluid forces and occurrence
conditions for galloping of the main beam, as shown in Fig. 2(a). When
the bluff body is subjected to cross flows with wind speed of U, if
transverse vibration (y direction) of the bluff body occurs and it oscil-
lates downwards, there is a relative flow velocity (Uy) between bluff
body and wind flows. As a result, this relative flow velocity induces drag
(Fp) and lift (Fy) forces on the bluff body. To assess the bluff body’s
stability, it is interested in the oscillation direction (y direction) and
dFy/da. In this way, the fluid-dynamic force in the y direction can be
expressed as F, = — F; cos a— Fp sin a. Considering Ay > 0, then it

Fig. 1. (a) The schematic of the proposed GTENG. (b) Photographs of a fabricated GTENG <i> in front view and <ii> in top view; <iii> a Nylon membrane with
porous structures on top as a friction layer and <iv> the top view SEM image of the porous structures. (c) The experimental setup for GTENG in the wind tunnel with

an anemometer.
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Fig. 2. The working mechanism and
sequential images of contact-separation
behavior of the proposed GTENG. (a)
Force diagrams for cross-section of the
bluff body subjected to cross-flows; (b)
simplified working diagrams for the
GTENG; (c) simulated diagrams for the
process of charge transfer when the
TENG is working; (d) double-contact
mode for galloping behavior of GTENG
in 12-12 configuration; (e) single-
contact mode for galloping responses
of GTENG in 12-9 configuration. The
images were captured by a high-speed
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results in Aa > 0. Hence, if dFy/da < 0 and 4a > 0, then AF, < 0. Ac-
cording to Fig. 2(a), a positive Ay is downwards, whereas a negative AF,
is upwards. So they are in the opposite direction and the oscillation will
decay. On the other hand, if dFy/da > 0, Ay and AF, will be the same
direction. Then the vibration of bluff body will grow to be unstable and
galloping occurs in the following. Due to existence of damping in the
structure system, the onset speed of galloping is dependent on the
damping and dF, /da [41].

With the help of galloping responses of the main beam, the electricity
generation process in a GTENG is based on the sequence of contact-
separation behaviors between two triboelectric membranes. It causes a
variation of the contact and separation area between two membranes
through dynamic behaviors of beams, as shown in Fig. 2(b) which is
distinct from what is obtained by a flutter [34]. When the two films of
Nylon and FEP are brought into contact and separate, electrons will be

camera under a wind speed of 2 m/s.

0.06s | =1 0.07s

——

0.21s |

transferred from the surface of Nylon film to the surface of FEP film,
owning to the considerable difference in electron-attracting abilities
between these two kinds of materials. Thus, the Nylon and FEP surfaces
will get electrostatically charged, with positive charges on Nylon film
and negative charges on FEP film. When the two charged surfaces are
forced to be separated, a potential difference arises between the two
induction electrodes. This potential difference will change as the
charged surfaces are brought to be contacted. Under repeated separating
and contact cycles driven by the wind flows, charge moves forward and
back between the induction electrodes through an external load to
produce continuous AC output, which is depicted in Fig. 2(c).

In fact, this operating mechanism of GTENG skillfully couples the
galloping and triboelectric effect, as shown in Fig. 2(c and d) displaying
sequential images of the contact-separation behaviors which are
captured by a high-speed camera. In order to better capture the
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vibration characteristics of the main and auxiliary beams bringing the
two membranes to contact and separate with each other, the GTENG is
placed at the vent of wind tunnel with a wind speed of 2 m/s for
example. It is found that GTENG has two contact modes depending on
the length of the auxiliary beam. Indeed, the double-contact mode oc-
curs for GTENG in 12-12 configuration with the length of main and
auxiliary beams 12 cm and 12 cm, respectively, as depicted in Fig. 2(c).
The dynamic behaviors of GTENG in one period are offered. After the
first contact occurs at 0.01s, the first separation shortly happens at
0.04s. Then a second contact arises later towards a shift location of os-
cillations at 0.06s. In the following, fluctuation of contact behavior oc-
curs till 0.12s due to tiny relative displacement between two beams,
resulting in variations of contact area between the two membranes.
Finally, the second separation takes place. This arrives at state of full
separation at 0.21s and starts to have a contact in the next period after
0.25s. As to GTENG in 12-9 configuration with 12 cm and 9 cm length
respectively for main and auxiliary beams, it has the single-contact
mode. The cycle of contact and separation is illustrated in Fig. 2(d).
The oscillating main beam brings the membrane with Nylon to collide
with FEP surface for a primary contact at 0.01s. Then the contact surface
is increased to achieve a full contact at 0.06s. After that, there is also a
fluctuation phenomenon for contact behavior. In the next, separation
behavior occurs at 0.21s. It reaches to a full separation state at 0.25s
with a following contact to repeat the next cycle. It should be noted that
the electrostatic attraction phenomenon may exist for TENG designed in
previous studies. For example, in Ref. [34], they discovered the
anchoring effect (adherence) of the triboelectric sheet which is due to
the electrostatic attraction between a flexible flag and a rigid plate in
their flutter-driven TENG model. This is because the flexible flag almost
has no stiffness and hence has no elastic restoring force. However, in our
study, the triboelectric sheets are designed to attach to two flexible
beams with elastic modulus of 70 GPa. The restoring force of each beam
due to stiffness is enough to overcome the electrostatic attraction force.
The videos of experiments for GTENG in these two configurations are
offered in SI-1.

In order to further understand the process of generating the periodic
voltage for GTENG in different configurations, a theoretical mathe-
matical model is constructed in the following part. The lumped-
parameter model is employed to simplify the present structure. The vi-
bration displacements for tip of main and auxiliary beams are denoted as
y1 and Yy, respectively. The initial space distance between two tribo-
electric membranes is dy. According to the principle of contact mode for
triboelectric nanogenerator based on the theory by Niu et al. [42], the
following coupled governing equations for structural and electrical
models can be obtained:

when § = y;-y»-dp<0, the two membranes cannot contact with each
other, in this way, we have

my, +ey, +kiy = F, (€9)

myy, +c2y, + kayr =0 2

dt a _Sé‘o

R Q<d’v d >+6x—(t) 3)

+—+x(r)

EN EF &o

while § = y1-y»-dp>0, the contact between two membranes occurs and it
has x(t) = 0, so we have

my, +ciy, +kiyy = Fy — F. )

myy, +c2¥y +kay, = Fe (5)

dQ  Q (dy—Ady dr —Ady
G e <7+7> (6)

EN ErF

where F, = ”“’;Uz > an <%)n is the fluid force acting on the bluff body,
n=1,3
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which is according to the quasi-steady theory as shown in Ref. [7]. pq is
the mass density of the fluid, A is the front area of the bluff body and U
means the wind speed. a; and a3 are coefficients which are related with
the onset speed of galloping and vibration displacement, respectively.
my, ¢, kj (i = 1,2) are respectively the effective mass, damping and
stiffness of the main and auxiliary beams. R is the external load resis-
tance and Q is the electric charge. dp, dy and Adp, Ady are the initial
thickness and strain for two dielectric membranes, respectively. S is the
contact area of the triboelectric cell. ¢; is dielectric constant and ¢ is
charge density on the surface of sheet. ey and &y are the relative
dielectric constant on two membranes. The values for the above pa-
rameters can be measured in experiments, which are given in SI-2.
Indeed, Egs. (3) and (6) are the classical V-Q-x relationship equations
for the dielectric-to-dielectric TENG in contact mode [42]. The relative
displacement between two dielectric membranes can be expressed as x
(t) = y2+do-y1 in the present study. As to the collision force F. which is
due to the contact behavior between two membranes, it is determined
based on the quasi-static assumption because the frequency of impact
between two membranes is low. The collision force is assumed to be
produced by the deflection of membranes. In this way, the reaction force
between two membranes, namely, the collision force can be expressed as
Adp Ady

Fo=E;~"8=Ey—"5 7
"y Ny ()

where Ep and Ey are the elasticity modulus for two dielectric mem-
branes, respectively. After some mechanics deduction the final collision
force can be derived as

EpENS

= NY (y —y, —d 8
Endp + Epdy 01 =32=do) ®

Based on the theoretical modeling and identified parameters, the
predicted values of peak open-circuit voltage varying with increasing
the wind speed for GTENG in 12-9 configuration are compared with the
measured experimental data, as shown in Fig. 3(a). The bars in experi-
mental data curves mean the maximum and minimum values of the peak
voltage at each of the wind speed. Inspecting the compared results, it is
noted that very good agreement is obtained for the output voltage be-
tween the theoretical and experimental results. It is visible in Fig. 3(b)
that just one contact occurs, which can be observed in experiments of
Fig. 2(d). The contact area is full enough in experiments. The time his-
tory curves have been offered to show the vibration responses of the
beams and the conditions (§) for occurrence of contact behavior.
Through the theoretical analysis, it is indicated that the nonlinear
characteristics for dynamic responses of beams and outputs of GTENG
are attributed to the combined aerodynamic and collision forces in this
nonsmooth system.

To investigate the relationship between output performance and
vibration behavior of the GTENG as a function of wind speed, a sys-
tematic measurement was conducted under wind speeds varying from
0.8 m/s to 6 m/s. In this case, the GTENG is in 12-9 configuration.
Firstly, the open-circuit voltage (V,) for peak and RMS values varying
with wind speed is shown in Fig. 4(a), indicating that there is a sharp
jump phenomenon for the peak V,, from about 50 V at 1.2 m/s to 200 V
at 1.4 m/s. In fact, the RMS open-circuit voltage is also clearly increased
in the meantime from 10 V to 40 V. This result can be explained by a
striking enhancement of contact strength and hence surface contact area
between two electrode poles of membranes (Nylon and FEP) with
increasing the wind speed from 1.2 m/s to 1.4 m/s. As the wind speed is
further increased, the peak and RMS open-circuit voltage are also
gradually increased. This is because higher wind speed produces a larger
vibration velocity of the main beam which further gains in strength of
the surface contact force. The increased applied force will further
enhance the microscale contact area between the FEP and Nylon
membranes, resulting in a higher surface charge density. The corre-
sponding micro-patterns on the surface of FEP and Nylon are shown in
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Fig. 3. (a) Comparison of peak open-circuit voltage between experimental data and theoretical result; (b) The theoretical results of corresponding tip vibration
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Fig. 4. Influence of wind speed and electrical load on output performance of GTENG in 12-9 configuration. (a) Open-circuit voltage as a function of wind speed for
peak and RMS values; (b, d) Electrical outputs of the galloping triboelectric nanogenerator varying with load resistance in the single-contact mode; (c) Time histories
of open-circuit voltage for different wind speeds; (b) RMS voltage and (d) average power.

Fig. 1(b-iv) by scanning under SEM condition. In order to further un-
derstand the output performance of GTENG with external electric load,
Fig. 4(b) and (d) show the output RMS voltage and average power as a
function of load resistance from 1MQ to 50MQ for different values of
wind speed. Clearly, the values for output voltage and power are grad-
ually increased with increasing the load resistance for all considered
wind speeds. As the wind speed is 2 m/s, the output voltage is further
increased but it almost approaches to the level of those produced by
larger wind speeds (e.g. 6 m/s). This implies that the designed GTENG
has an efficient output performance at low wind speeds (e.g. 1.4 m/s or
2 m/s) compared to high wind speeds (e.g. 5 m/s or 6 m/s). For instance,
when the load resistance R is 50M(, the wind speed of 1.4 m/s outputs 6
uW average power which has reached 60% of the average power (10
puW) delivered at 6 m/s. This further indicates the present GTENG out-
puts effective power in a high efficiency at low wind speeds. The time
history curves of open-circuit voltage for different wind speeds are
addressed in Fig. 4(c). As the wind speed is 1 m/s, the vibration of

GTENG already occurs but the generated voltage is low. At 1.4 m/s,
however, the produced voltage no matter its positive or negative peak
values is jumped to a much higher value. Then the output voltage is
increased smoothly followed by the increase of wind speed. This results
in the variation trend of output voltage in Fig. 4(a).

Different from other types of triboelectric nanogenerator, the pro-
duced electric power in GTENG is relative to the effective contact
strength and area as well as the rate of triboelectric charge separation.
Therefore, understanding outputs of GTENG based on galloping-induced
contact for different dimensions of main and auxiliary beams is impor-
tant. In this way, Fig. 5 shows output performance of GTENG designed in
other configurations by changing the length of main and auxiliary beams
to outline their advantages and characteristics. Firstly, the length of
main beam (L;) is fixed to be 12 cm. The auxiliary beam is changed to be
6 cm, 9 cm and 12 cm for comparisons. The output performance in the
form of peak and RMS open-circuit voltage along with vibration fre-
quency for these three configurations (12-6, 12-9 and 12-12
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configurations) of GTENG is compared with each other in Fig. 5 (a, c, €).
Inspecting Fig. 5(a), these three configurations have little different
values of onset speed to produce the voltage. This is because the main
beam length is the same to produce the same natural frequency. Ac-
cording to the instability criterion, the same natural frequency and
damping results in the same onset speed. The error bar means the
maximum and minimum values of the measured peak open-circuit
voltage in steady-state periods. It can be seen that the peak voltage is
fluctuant for 12-9 and 12-6 configurations in high wind speeds but
stable in low wind speeds. As to 12-12 configuration, the produced peak
voltage is fluctuant at low wind speeds but stable at high speeds. GTENG
in 12-6 configuration gives the lowest values of peak voltage comparing
to its counterparts. However, it’s better to use RMS voltage to evaluate
the output performance of GTENG in these three configurations, as
depicted in Fig. 5(c). Clearly, RMS voltage has the same trend as that of
peak voltage varying with wind speed. This is because GTENG in these
configurations almost have the same vibration frequency as seen in
Fig. 5(e). In addition, it is noted that given the fixed length of main
beam, it’s better for the galloping triboelectric nanogenerator in 12-9
configuration as the wind speed is below 2.5 m/s and in 12-12 config-
uration as is beyond 2.5 m/s in order to generate higher level of output
voltage. It is concluded that the threshold wind speed is mainly gov-
erned by the length of the main beam. This is because according to the

theory of onset speed, when 24%% _ 974 > 0 the bluff body starts to
oscillate and galloping occurs. ¢ and w are damping ratio and nature

2m

frequency of the main beam attached with bluff body, which can be
determined by the experiments. Then the theoretical expression for

threshold speed can be obtained as Uy = ;‘mTi”l’.

Therefore, the governing
parameter is mainly the nature frequency of main beam attached with
bluff body, which is relative to the length of main beam (L;). And with
increasing the main beam length, the nature frequency is decreased and
hence the threshold wind speed is reduced. The details of output power
for GTENG in 12-12 configuration varying with load resistance are
supported in SI-3. The time history curves of open-circuit voltage and
short-circuit current for GTENG in 12-12 configuration at different wind
speeds are offered in SI-4. Additionally, the quantity of charge that
transferred during a single separation-to-contact period is evaluated
through a capacitor of 100 nF without a rectifier, as its shown in SI-5. For
the GTENG in 12-9 configuration, the quantity of charge that trans-
ferred during a single separation-to-contact period is 21.4 nC under the
wind speed of 1.4 m/s. It reaches over 80% of the quantity of transferred
charge under the wind speed of 6 m/s. For the GTENG in 12-12
configuration, the transferred charge is 29.5 nC under the wind speed
of 6 m/s. That’s to say, the maximum surface charge density of this
GTENG is about 32.8 pC/m?

Next, the length for main and auxiliary beams of GTENG is changing
at the same time, namely, both at 6 cm, 9 cm, and 12 cm. The output
performance for these three configurations (6-6, 9-9 and 12-12 config-
urations) is compared and shown in Fig. 5(b, d, f). It is noted that the
onset speed of galloping is increased with a decrease of beam length. For
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example, as the length is decreased from 12 cm to 6 cm, the onset speed
is increased from 0.8 m/s to 2.5 m/s. This is because the natural fre-
quency of main beam is increased with decreasing the length. The
damping is also increased. According to the galloping instability crite-
rion, it needs a higher wind speed to overcome the damping force to
reach the occurrence of galloping vibrations. In this way, a longer beam
is almost followed by a higher peak value of output voltage. This is
because of a larger contact force due to the inertia effect. As to RMS
output voltage, however, it has different variation trend. In particular, at
higher wind speeds, GTENG in 6-6 and 9-9 configurations can produce
higher values of RMS voltage. This is due to higher vibration frequencies
in 6-6 and 9-9 configurations compared to 12-12 configuration, as
shown in Fig. 5(f). Inspecting Fig. 5, it is concluded that when the wind
speed is below 2 m/s, GTENG in 12-9 configuration has a better output
RMS voltage as high as 40V. When the wind speed is between 2 m/s and
3.5 m/s, 9-9 configuration gives higher RMS voltage from 40V to 60V.
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As the wind speed is beyond 3.5 m/s, 6-6 configuration is a better choice
for GTENG to generate RMS voltage of beyond 60V which is much
higher than other configurations.

According to Fig. 5, it is noted that GTENG in different configurations
displays very different output characteristics, especially 12-9 configu-
ration which is different from other configurations. In order to make
clear of this distinct, the electrical signal in different configurations is
analyzed. Taking 12-9 and 12-12 configurations for example, voltage
and current measurements are carried out under a wind speed of 2 m/s
for representing the single- and double-contact modes, respectively. In
the single contact-separation mode, transferred charges can produce an
AC output with an open-circuit voltage of 220V and a short-circuit
current of 7 pA, as shown in Fig. 6(a and b). Inspecting the profiles of
electrical signal and galloping images, it is found that the contact
behavior of two sheets occurs and there is an increase in contact area as
seen in Fig. 6(c-I). Then the contact area is decreased with fluctuations
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(Fig. 6(c)-1I), and eventual separation occurs in the following step
(Fig. 6(c)-III). These oscillation behaviors clearly reflect the curves of
voltage and current. A steep increase in contact area after collision be-
tween two beams is associated with the peak values of voltage and
current. A fluctuation and decrease in contact area then followed by a
separation are also evident in the profiles. As to the double-contact
mode, two peaks of open-circuit voltage and short-circuit current in
one period are shown in Fig. 6(e-h), which are the results of additional
contact during vibrations at non-equilibrium position. For example, the
galloping force initially drives a strong contact to produce the first peak
value as seen in Fig. 6(g-I, h-I). Then the two beams soon separate due to
counterforce (Fig. 6(g)-1II), resulting in negative values of voltage and
current. In the following, the second contact occurs at the non-

20

Nano Energy 70 (2020) 104477

equilibrium position due to restoring force of beams (Fig. 6(g)-III).
After that, the separation eventually takes place as shown in Fig. 6(g-IV).
As a result, the profiles of voltage and current in electrical signal are
clearly distinct from that of the single-contact mode. This additional or
second contact is dependent on the beam dimensions. Indeed, with
increasing the wind speed from low to high values, the contact mode is
changed from single to double. As a result, there is a transition wind
speed between single- and double-contact modes for different configu-
rations of GTENG, as seen in Fig. SI-6 It is noted that with the increase of
the auxiliary beam length (L), the transition value from single-to dou-
ble-contact mode is decreased. This is because with the increase of Lo,
the vibration amplitude at the contact position is increased in the same
wind speed. Then the contact behavior is more likely to happen. In
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Fig. 7. Demonstrated application of the GTENG under lab and open environments. (a-d) In the wind tunnel. Charging performance of the GTENG for (a) different
capacitors at a wind speed of 6 m/s, (b) 10 pF capacitor at different wind speeds, and (c) applications in powering digital watch. Powering a number of 90 LEDs under

(d) the wind tunnel environment and (e) open air-conditioner vent environment.
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addition, such an additional contact due to free vibrations is a novel
characteristic of the GTENG using two flexible beams. It could effec-
tively enhance triboelectrification, especially at high wind speeds which
can be figured out from Fig. 5 when the wind speed is beyond 4 m/s. This
improved electrical characteristic implies a large average system power
density, which can be combined with an energy storage system such as
capacitors or batteries. The comparisons of output performance for the
present GTENG with other recent studies [43-48] shown in Tab. 2 is
offered in SI-7. It is found that whether from the aspects of output
voltage or power density, the present designed GTENG is superior to
most of TENGs in compared studies, especially at low wind speed
conditions.

In the GTENG system, the durability of the device is indeed depen-
dent on the property of triboelectric material due to the cyclic collision
behaviors. An electrical performance is tested for prolonged galloping
behaviors of the energy harvester. The open-circuit voltage is evaluated
by monitoring the time of about 2 h. The results indicate that the output
performance of GTENG in 12-12 configuration hardly changes as
observed in SI-8. With this in mind, charging performance of the GTENG
is conducted and the AC voltage is rectified to DC voltage through a
rectifier circuit. The obtained DC voltage as a function of time for
different capacitors is shown in Fig. 7(a) when the wind speed is 6 m/s. It
is noted that the charging speed is decreased with the increase of
capacitor. Clearly, increasing the wind speed from 1.4 m/s to 6 m/s is
followed by an increase of charging speed, which can be seen in Fig. 7
(b). Fig. 7(c) displays the application of powering digital watch using the
proposed GTENG. It is seen that after 120 s charging in step I, the DC
voltage can reach to about 1.5V, then it discharges to power the digital
watch at step II. It can power the digital watch to show about 20 s at step
III. In order to show the GTENG can be applied at low wind speed, e.g.,
1.4 m/s, 12-9 configuration of GTENG is used to do the application
demonstration. In the following, a number of 90 LEDs is powered by the
present GTENG in 12-9 configuration under a wind speed of 5 m/s in the
laboratory as shown in Fig. 7(d). In addition, to demonstrate the per-
formance of a GTENG in an ambient environment, it is placed at the vent
of air-conditioner, as shown in Fig. 7(e). In this way, the GTENG is
subjected to airflows of around 3 m/s when the air-conditioner is
working. Experiments show that most of LEDs can be powered using the
proposed GTENG. The corresponding experimental videos for powering
LEDs are shown in SI-9.

3. Conclusions

This study presented that galloping behavior can be effectively
employed for triboelectric energy harvesting at low wind speed through
an elegant structure design which composed of two flexible beams. The
dynamic behaviors of proposed GTENG in different configurations
including single-contact and double-contact modes were identified by
experimental analysis. Each contact mode resulted in a distinct char-
acteristic for output voltage varying with wind speed, which was
strongly related with the natural frequency of main and auxiliary beams.
The single-contact mode for GTENG exhibited large electrical outputs at
low wind speeds. With increasing the wind speed, electric performance
was gradually enhanced. In the GTENG, the average output power was
dependent on contact strength, surface contact area and contact fre-
quency, in addition to the external load resistance. We demonstrated a
self-sustained GTENG in 12-12 configuration generated a peak voltage
of 400V at a wind speed of 4 m/s with 3 cm x 3 cm triboelectric
membranes. With another design of GTENG in 12-9 configuration, the
electrical performance reached 200V at a low flow velocity of 1.4 m/s.
This work introduced a new route for triboelectric energy harvesting by
utilizing the galloping phenomenon, which commonly happens in civil
engineering but is a self-sustained vibration with low onset speed. This
GTENG shows a very simple structural configuration and has the po-
tential for large-scale applications over large areas at low cost.
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3.1. Experimental methods

3.1.1. Preparing of the GTENG

FEP membrane (50 pm in thickness), Nylon membrane (GE-Amer-
sham, RPN303B, 100 pm in thickness), PET substrates (75 pm in
thickness) and Al electrodes (50 pm in thickness) were first bonded in
sequence using polyacrylate adhesives. Thus, the TENG cell was fabri-
cated. Subsequently, a Y-shape three-blade bluff body with an angle of
90° was fabricated with ABS Reins using a 3D printer. It was then
fastened to the free end of the main beam, which is fabricated out of an
aluminium flake. Finally, the TENG cell was fastened to the main beam
and the auxiliary beam.

3.1.2. Characterization of the GTENG

A handheld oscilloscope (Micsig, TO1102) was employed to measure
the output voltage with an 100:1 oscilloprobe, and the short-circuit
current was measured using a sampling resistor of 100 kQ. The sur-
face morphology on the nanostructured Nylon membrane was observed
using a SEM (Hitachi, SU8010). An anemometer (SMART SENSOR
AR866) is used to measure the wind speed in the experiments.
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