Nano Energy 73 (2020) 104736

V. | 4

Contents lists available at ScienceDirect

nano energy

Nano Energy

journal homepage: http://www.elsevier.com/locate/nanoen

ELSEVIER

Check for

Multi-functional wind barrier based on triboelectric nanogenerator for e
power generation, self-powered wind speed sensing and highly
efficient windshield

Yan Wang ™", Jianye Wang®, Xiu Xiao ", Siyuan Wang “, Phan Trung Kien", Jiale Dong”,
Jianchun Mi*¢, Xinxiang Pan ", Hanfeng Wang“" ", Minyi Xu®"

@ Marine Engineering College, Dalian Maritime University, Dalian, 116026, China

b School of Electronics and Information Technology, Guangdong Ocean University, Zhanjiang, 524088, China
¢ School of Civil Engineering, Central South University, Changsha, 410075, China

4 College of Engineering, Peking University, Beijing, 100871, China

ARTICLE INFO ABSTRACT

Keywords:

Triboelectric nanogenerator
Wind energy harvesting
Wind barrier

The integration of traditional wind barriers and novel wind energy harvesters is highly desirable for the con-
version of wind energy to electricity while protecting transportations from strong wind. In this work, a multi-
functional wind barrier integrated by manifold triboelectric nanogenerator (TENG) units is proposed and
investigated. The TENG unit consists of two copper electrodes and one strip of fluorinated ethylene propylene
(FEP) membrane whose two ends are fixed on a 3D printed channel. Based on the optimized structure of each
TENG unit, a wind barrier is presently constructed by 66 TENG units connecting in parallel. It is found that the
wind barrier can generate the output current and power of up to 440 pA and 26 mW at the wind speed of 10 m/s.
It is also significant that the TENG-based wind barrier can harvest slipstream energy induced by passing vehicles.
More importantly, the windshield efficiency of the TENG-based wind barrier is 35% higher than that of the
traditional porous wind barrier, significantly improving the safety of transportations. In addition, each TENG
unit of the wind barrier can work as a self-powered anemometer to monitor the condition of the wind barrier.
Therefore, the present novel wind barrier has a great potential to apply for wind energy harvesting, self-powered
wind speed sensing and highly efficient wind protection.

1. Introduction

To prevent derailment or overturning of high-speed trains and ve-
hicles, wind barriers are usually installed on one or both sides of the line
to create a relatively low local speed environment and improve the
stability of high-speed vehicles under crosswinds [1-4]. Apparently,
there is a huge amount of wind energy resources in the area where the
wind barriers are installed. It is known that the conventional wind tur-
bine is effective in harvesting wind energy but cannot act as a wind-
shield due to its structural characteristics. In addition, the collision
between turbines and wild animals which would lead to severe wildlife
mortality and equipment maintenance still remains a thorny problem [5,
6]. Therefore, it is highly desired to design a novel wind barrier which
can convert wind energy into electricity to power wireless sensor
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networks, as well as efficiently protect against strong wind.

Recently, triboelectric nanogenerator (TENG) has been developed to
generate electrical output based on contact triboelectrification and
electrostatic induction in response to an external mechanical stimuli
[7-21]. A class of wind energy harvesters based on TENG have been
introduced by converting flow-induced vibration into electricity [22-37,
56]. The first experimental study on a flutter-driven TENG was per-
formed by Yang et al. [22] with a fluorinated ethylene-propylene (FEP)
film between two aluminum foils. Results showed that the TENG could
generate an output power of 0.16 mW under a loading resistance of 100
MQ. To further enhance the electrical output, Wang et al. [23] con-
nected 10 TENGs in parallel, and a maximum output power of 25 mW
was generated under the loading resistance of 400 kQ. The integration of
manifold TENG units to increase energy output has become a developing
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trend in practical applications but still needs to be studied systemati-
cally. Additionally, the TENG can serve as an active sensor of both wind
speed and direction using its own electrical output without a secondary
power source [38-40]. These reported flutter-driven TENGs have
exhibited extraordinary advantages, including simple structure, low
cost, robust, high efficiency and good expandability. Thus, TENG has a
great potential to integrate with traditional wind barriers.

In the present work, a novel and multi-functional wind barrier con-
structed by manifold TENG units is proposed and systematically inves-
tigated. The TENG-based wind barrier has an excellent capability to
harvest wind energy from natural wind and also the slipstream energy
induced by passing vehicles. Note that the slipstream is often considered
to be significantly harmful to surrounding people and structures, but it
cannot be harvested by traditional methods due to its arbitrary direction
and instability. More importantly, the windshield efficiency of the
TENG-based wind barrier is found to be 35% higher than that of the
traditional porous wind barrier, significantly improving the safety of
transportations. In addition, the fluttering frequency of the FEP mem-
brane in the TENG unit is found to be linear with the wind velocity, thus
it can be used as an anemometer to monitor the condition of the wind
barrier. Therefore, this work proves the advantages of the TENG-based
wind barrier for wind-shielding, energy-harvesting, self-powered wind
speed sensing, and provides a theoretical basis for its further extensive
application.

2. Results and discussion
2.1. Structure and working principle of the TENG-based wind barrier

Fig. la illustrates the schematic diagram of the wind barrier that is
composed of manifold TENG units. As shown in the insets of this figure,
the TENG unit is made of two copper electrodes and one strip of FEP
membrane fixed in a 3D printed polylactic acid (PLA) channel. A coor-
dinate system is defined to better clarify the geometric structure of the
TENG unit, as displayed in Fig. 1b. The origin of the coordinate system
(x, y) is located at the center of the air gap. The TENG unit works in the
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freestanding contact mode with the dielectric membrane fluttering be-
tween the two electrodes. The sag (s) of the dielectric membrane is
defined as the distance from the lowest point of the fully relaxed
dielectric membrane to the origin of the coordinate. In addition, the
width w, the air gap h, of the TENG unit, the thickness dy of the
membrane and the charge density ¢ are also shown in Fig. 1a and b. All
these parameters would affect the vibration of the membrane and the
electrical performance of the TENG.

The detailed working mechanism is demonstrated in Fig. 1c. In the
initial state, the dielectric membrane is in contact with the lower copper
electrode under gravity effect. Due to the large electronegativity dif-
ference between the dielectric FEP material and copper, positive and
negative triboelectric charges are generated on the surfaces of the cop-
per electrode and the membrane respectively (Fig. 1ci). Under the action
of wind disturbance, the membrane is separated from the lower copper
electrode and vibrates upward. At this stage, triboelectric electrons flow
from the upper copper electrode to the lower copper electrode through
the external circuit, thereby generating a transient current flow
(Fig. 1cii). When the membrane comes into contact with the upper
copper electrode, all the positive charges are presented on this electrode
(Fig. 1ciii). Subsequently, the reversed movement of the membrane
leads to a reversed transfer of electrons through the external circuit
(Fig. 1civ). Till now, a full cycle of electricity generation is completed
and the mechanical energy of wind is converted into electricity suc-
cessfully. Furthermore, the COMSOL Multiphysics software is employed
to calculate the electrostatic field distribution of the TENG. The results
are shown in Fig. S1 in the Supporting Information. Apparently, the
simulation results are in consistent with the above analysis.

According to the theory of the contact-mode freestanding TENG, the
governing equation for TENG can be written as [41]:

dy +h“gQ+26 ((haeg/2 — o)
80S &
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where Vo is the open-circuit voltage and Q is the transferred charge. C,
do, heg, €0 and S represent the capacitance of the TENG unit, the
thickness of the membrane, the height of the air gap, the dielectric
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Fig. 1. Application scenario and working mechanism of the TENG-based wind barrier. (a) Application scenario of the TENG-based wind barrier, photograph of the
TENG unit, and schematic diagram of the TENG unit. (b) Coordinate system of the TENG unit. (¢) Working mechanism of the TENG unit.
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constant in vacuum and the area size of the copper electrode layer,
respectively. @ denotes the displacement of the dielectric membrane
along y-coordinate due to elastic deformation and ¢ is the charge den-
sity. Flutter is a kind of vibration resulting from the coupling of aero-
dynamic forces and the elastic deformation of a structure [42,43]. When
wind flows through the dielectric membrane, the membrane is subjected
to aerodynamic force and starts to vibrate. The vibration of the mem-
brane will further enhance the aerodynamic load, which in turn in-
creases the vibration amplitude of the membrane. Theoretically, the
motion of membrane can be derived from the Euler-Bernoulli beam
theory [42], which is

o o Fo
e

—Ap=0 2
where x represents the position of the dielectric membrane along x-co-
ordinate, w is the displacement of the dielectric membrane along y-co-
ordinate due to elastic deformation, m is the mass of the membrane per
unit length, Ty is the axial internal force, and Ap is the pressure differ-
ence across the membrane.

During the vibration of the dielectric membrane, the membrane
displacement w experiences periodical variations under the action of
transient pressure difference, leading to the generation of alternating
current. It is worth noting that the sag (s) of the dielectric membrane,
which is defined as the distance from the lowest point of the fully relaxed
dielectric membrane to the origin of the coordinate [44], is always
larger than half the height of the air gap. Therefore, the flutter of the
dielectric membrane is confined by the channel. The dielectric mem-
brane contacts with the upper/bottom copper electrodes when |s| =
heg/2. With the further increase of w, the dielectric membrane undergoes
greater deformation and the effective contact area between the dielec-
tric layer and the electrodes is enlarged. Furthermore, the contact area is
also related to the width (w) of the membrane since it is in a rectangular
shape. Therefore, we can conclude from the above analysis that the sag
and width of the dielectric membrane as well as the height of the
channel are the three main parameters that determine the fluttering
characteristics of the membrane, as well as the electricity generation
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performance of the TENG unit.

2.2. Electrical output performance of the TENG-based wind barrier

Structural optimization experiments for the TENG unit are per-
formed in an open-loop low-speed wind tunnel. The schematic of the
experimental setup is shown in Fig. 2a. A TENG unit with an inner
dimension of 100 x 10 x 3 mm?® is first used in the wind tunnel
experiment. It is known that the triboelectric performance of the
dielectric material is one of the critical parameters that determines the
electrical output of the TENG. Therefore, according to the triboelectric
sequence of common materials, Poly tetra fluoroethylene (PTFE), ben-
zene type polyimide (Kapton) and FEP are selected as the dielectric
materials to test the power generation performance of the TENG unit.
The results are shown in Fig. S2. Significantly, the application of FEP
membrane can improve the electrical output of the TENG unit effec-
tively. Therefore, the FEP membrane is adopted for the current work.

Thereafter, the three major parameters affecting the flutter charac-
teristics of the FEP membrane as well as the electrical output of the
TENG unit are studied and the results are displayed in Fig. 2b-e. The
mean value and standard deviation of the critical wind speed are ob-
tained by performing 5 times of the experiment. The test time and the
number of samples in the structural optimization experiments are 30 s
and 1000, respectively. Here, the data and the error bar in Fig. 2c—e are
the mean value and the ‘Mean =+ Standard deviation’ of the testing
samples. The FEP membrane is expected to flutter once wind blows over
membrane surface at a sufficiently high speed. As shown in Fig. 2b, the
FEP membrane of s/hs; < 5/6 do not flutter when the wind speed is
below 3 m/s. This can be explained by the fact that the FEP membrane
has its own stiffness to resist displacement when its two ends are fixed.
To overcome the stiffness and to enable membrane flutter, the wind
speed has to be sufficiently high. When s/h,, is further enlarged, the
critical wind speed rises sharply to 9.5 m/s. A greater s/hqg indicates a
severe state of curl and a larger mass of the FEP membrane. The increase
in s/hyg also results in a larger contact area between the membrane and
the electrodes, thus increasing the amount of transferred charge. In fact,
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Fig. 2. Structural optimization experiments for the TENG unit in a wind tunnel. (a) Schematic of the experimental apparatus. (b) Critical wind speeds for the TENG
units with different s/h,,. Dependence of the output current on the (c) membrane sag, (d) air gap and (e) width of the membrane.
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when the geometrical dimension of the TENG unit is fixed, there is an
optimal s/hg, that makes the TENG unit have the best electrical output
performance. To find out the optimal fit between the sag and the height
of air gap, a systematical experimental test with different s/ hq, is con-
ducted at the wind speed of 10 m/s. As shown in Fig. S3, the maximum
current always presents at s/h,; = 1/2 regardless of the height of the
TENG unit. Therefore, by setting s/hq, at the optimal value of 1/2, the
structural optimization experiments for the TENG unit are conducted in
subsequent. In addition, the width of the TENG unit also affects the
critical wind speed of fluttering. Fig. S4 shows that the critical wind
speed increases with the TENG width. As exhibited in Fig. 2c-e, when
the TENG unit has an inner dimension of 100 x 20 x 3 mm?®, a maximum
current of about 8.7 pA is achieved at the wind speed of 10 m/s.
Correspondingly, a maximum output voltage of 114.1 V and a transfer
charge of 37.2 nC are obtained, as shown in Fig. S5.

The output performance of the TENG unit is not only related to its
geometric structure, but also to the specific wind condition. Fig. 3a-b
demonstrates the dependence of the electrical output of the TENG unit
on wind speed. When the wind speed is lower than 20 m/s, the output
voltage of the TENG unit increases rapidly with the wind speed. More
specifically, as the wind speed increases from 5 m/s to 20 m/s, the
output voltage is increased from 32.7 V to 114.1 V. With the further
increase of wind speed, the accumulation of polarized charge on the
surface of the electrodes reaches a saturation state, and the open-circuit
voltage achieves a maximum value of 114.1 V. However, the output
current of the TENG unit continues to rise with the wind speed. At the
wind speed of 30 m/s, the current can reach about 17.9 pA. Owing to the
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increase of wind speed, the fluttering frequency of the FEP membrane
increases continuously. It is interesting to note that the frequency of the
TENG electric signals is consistent with the flutter frequency of the
membrane. A linear relationship between the wind speed and the flutter
frequency is observed, as displayed in Fig. 3c. The flutter frequency of
the membrane f can be expressed as f = S.,U/L with U being the
incoming mean wind speed, L being the length of the membrane, and S;
being the nondimensional parameter named Strouhal number. For the
flapping flow, Shelley et al. [45] found that the Strouhal number which
was based on the flag length was approximately 1.2. Dai et al. [46] used
numerical simulations of pitching flexible plates and found a high effi-
ciency regime around S = 0.4. These studies indicate that the value of S;
varies with the types of flows, but would be approximately constant for
the same bluff body or membrane. Therefore, the flutter frequency of the
membrane is proportional to the incoming mean wind speed. This sug-
gests that TENG unit can be used to sense the wind speed by utilizing the
linear relationship between the wind speed and the frequency of voltage
signals.

Moreover, the flutter characteristics of the FEP membrane differs at
different values of the turbulence intensity defined as I = w%s, where

ugys is the root-mean-square of the turbulent velocity fluctuations and U
is the mean velocity. The response of the power generation performance
of the TENG unit to wind turbulence intensity is investigated in the wind
tunnel. The wind speed is set to 10 m/s, and the TENG output perfor-
mances at three typical turbulence intensities, i.e. 0.5%, 5%, and 10%
are tested by using different grids installed at the entrance of the test
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Fig. 3. Dependence of the power generation performance of the TENG unit on wind speed, turbulence intensity and wind direction. (a) Open-circuit voltage, (b)
short-circuit current and (c) membrane flutter frequency versus the wind speed. (d) Open-circuit voltage, (e) short-circuit current and (f) membrane flutter frequency
versus turbulence intensity. (g) Open-circuit voltage, (h) short-circuit current and (i) transferred charge of the TENG unit versus inlet wind direction.



Y. Wang et al.

section. The output voltage and current are measured respectively, and
the results are displayed in Fig. 3d and e. Apparently, the increase in
turbulence intensity can improve the electrical output of the TENG unit.
As the turbulence intensity increases from 0.5% to 10%, the open-circuit
voltage and short-circuit current are increased by 56.2% and 33.3%,
respectively. However, the flutter frequency of the membrane seems to
be independent of the turbulence intensity, as shown in Fig. 3f. The
transferred charge Q of the TENG unit can be expressed as Q = ¢S, with
S being the contact area between the membrane and the electrodes, and
o being the charge density [47]. This suggests that a higher turbulence
intensity may disturb the membrane vibration mode and increase local
contact area S. Comparatively, the robust linear relationship between
the incoming mean velocity and the flutter frequency indicates that the
flutter frequency mainly depends on the mean velocity instead of tur-
bulence intensity.

Researchers have found that a disorganized slipstream can be
induced by high-speed vehicles [48,49]. Slipstream is often considered
to be significantly harmful to surrounding people and structures. Due to
its arbitrary direction and instability, it cannot be harvested by tradi-
tional methods. It is exciting to notice that the present TENG unit shows
a superior electrical output performance over a wide wind direction. As
exhibited in Fig. 3g—i, the TENG unit shows a best electrical output when
the wind blows vertically. The output signal has some decrease when the
wind direction deviates from the vertical direction. However, the
open-circuit voltage, short-circuit current and transfer charge can still
reach 93V, 7.4 pA and 32 nC respectively when the wind direction is 65°
from the vertical, indicating that the energy contained in the disorga-
nized slipstream can be effectively harvested by the TENG unit. There-
fore, the TENG-based wind barrier is able to harvest wind energy of
slipstream by passing vehicles, and the TENG-based wind barrier can be
used for harvesting slipstream energy in a breeze condition.

Upon understanding the output performance of the TENG unit, a
power generation wind barrier integrated by 66 TENG units is designed
to harvest wind energy. Fig. 4 shows the electrical output performance
of the TENG-based wind barrier. As can be seen in Fig. 4a, the TENG unit
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can deliver a peak current of about 11 pA at the wind speed of 10 m/s.
For the TENG-based wind barrier, the mean value of current peaks over
the time interval of 6 s is 440 pA (Fig. 4b). As displayed in Fig. 4c, the
peak current increases linearly from 40 pA to 440 pA when the number
of TENG unit increases from 5 to 66. This indicates that, when the
number of TENG units in the wind barrier is further increased, a larger
electrical output is expected. In addition, under the matched loading
resistance of 100 MQ, the peak output power and the volume power
density of single TENG unit with dimension of 100 x 20 x 3 mm® are 5.2
mW and 870 W/m? respectively (Fig. 4d). The peak output power can
reach 26 mW under a loading resistance of 1 MQ for the TENG-based
wind barrier, as shown in Fig. 4e. As exhibited in Fig. 4f, the output
power increases from 5.2 mW to 26 mW with the number of the TENG
unit increasing. But it is interesting to note that the increase in power
does not go linearly. In parallel circuits, the inverse of the total resis-
tance is the sum of inversely each parallel resistance. Therefore, after
manifold TENG units are connected in parallel, the total internal resis-
tance becomes smaller than that in series.

The TENG-based wind barrier has been tested at the maximum wind
speed of 30 m/s which is over Grade 12 on Beaufort scale for 10 min. It
can produce about 820 pA at such wind speed, as shown in Fig. S6. But it
is worthy to note that many membranes are broken under such severe
wind condition. It is necessary to develop stronger material and further
optimize the structure to deal with severe wind condition in the future.
In addition, there are one rectified circuit and two wires connected to
the top and bottom electrodes for each TENG unit. If the TENG-based
wind barrier consists of hundreds and thousands of TENG units, the
connection and layout of those wires would be a great challenge. Also,
the rectified circuits would cause amount of energy consumption.
Therefore, it is highly desired to propose a highly efficient energy
management method.

2.3. Windshield effect of the TENG-based wind barrier

The fundamental function of the wind barrier is to protect the
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transportations from wind load. Porosity is one of the most important
parameters determining the windshield efficiency of the wind barrier
[50]. The increase in porosity will result in a lower weight of the wind
barrier, thereby reducing the load on the load-bearing structural com-
ponents. However, if the porosity is too high, the lateral load of the
barrier may exceed the wind load specified by the strength design,
which will result in the aerodynamic instability of the barrier. The
porosity of common wind barrier is 30%-50% [51]. Therefore, a wind
barrier with the porosity of 45.4% is selected in this work. Smoke-wire
visualization technique is utilized to analyze the flow field at the rear of
the wind barrier and the results are shown in Fig. 5a and b. A fine
high-resistance wire coated in oil stretched across the flow field. The
diameter of the wire is 0.05 mm and its interference to the flow is
assumed to be negligible. The wire can produce short bursts of smoke
controlled electrically by resistive heating. The smoke follows the air
currents, which allows the observer to visualize the flow. Most of the
wind accelerates in the free space above the wind barrier and only a
small amount of wind passes through the gaps of the wind barrier.
Oncoming wind which is blocked by the wind barrier flows around the
wind barrier and produces vortex shedding. Compared to the traditional
wind barrier, the vortex shedding strength behind the TENG-based wind
barrier is greatly enhanced. The reason is that once the FEP membrane
starts flapping, it provides additional blocking effects for the flow. In
other words, the actual porous ratio of the TENG wind barrier reduces
when the FEP membrane flutters.

The velocity distribution behind the wind barrier is measured by a
Cobra probe. By comparing Fig. 5¢ and d, it can be concluded that the
wind speed at the rear of the TENG-based wind barrier is much smaller
than that at the rear of the traditional wind barrier, especially in the area
far from the wind barrier. This phenomenon suggests that the TENG-
based wind barrier can produce a larger area with lower wind speed
and form a larger recirculation zone. To further evaluate the windshield
performance of the wind barrier, a coordinate system displaying in
Fig. S7 is defined. The wake flow behind the wind barrier can be treated
as a two-dimensional flow. Thus, the strength of the vortex shown in
Fig. 5a and b can be estimated by the mean Z-axis vorticity wz =

i <§7‘§ J%’) with U and V being the mean velocity in the X-axis and Y-axis
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direction. From the velocity distribution shown in Fig. 5c and d, the
velocity gradient 9% at X/H = 4, Y/H = 1 is 0.6 s ! and 0.2 57! for the
TENG-based wind barrier and the traditional wind barrier, respectively.
Thus, the vorticity wz behind the TENG-based wind barrier would be
greatly enhanced.

Furthermore, the wind reduction rate 1 defined as follows is intro-
duced [52],

I=1— '.’lxl ;Z|U(Y:Y0,Z:0)|dX
— 0

3)

where X; and X, are the initial and end positions of the measurement, Y,
denotes the height that is selected to calculate the windshield efficiency
and U represents the oncoming wind speed. In the present experiment,
X1/H = 0.2, X3/H = 0.6, Yo/H = 0.8, Up = 10 m/s. According to the
measurement results of the Cobra probe, the wind reduction rate of the
traditional wind barrier is calculated to be 0.40. For the TENG-based
wind barrier, the windshield efficiency is 0.54. Therefore, compared
to the traditional wind barrier with the same porosity, the present
TENG-based wind barrier can increase windshield efficiency by 35%.

Furthermore, many turbulent structures are formed when wind flows
through the gaps of the wind barrier. It can be observed from Fig. 5e and
f that, the flow structure behind the TENG-based wind barrier is severely
disturbed due to the flutter of the FEP membrane, which results in a
higher turbulence intensity. The result is in consistent with the result of
Xu et al. [53]. The increase in turbulence intensity behind the wind
barrier can greatly reduce the overturning torque of the vehicles.
Meanwhile, in view of the turbulence intensity effects on the electrical
output performance of the TENG unit, the increase in turbulence in-
tensity can further increase the power generation of the TENG-based
wind barrier and improve the wind shielding performance. Therefore,
the as-fabricated TENG-based wind barrier exhibits a promising appli-
cation on wind energy harvesting and wind shielding.

2.4. Demonstration of the TENG-based wind barrier

The demonstration experiments are conducted to illustrate the
application of the TENG-based wind barrier. A number of lights are
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arranged along the railway to remind people to be careful of the passing
train or for illuminating. As can be seen in Fig. 6a and Supplementary
Movie 1, the LED is directly lightened at the wind speed of 10 m/s. When
the TENG-based wind barrier is used as a power source, each TENG unit
is rectified in the circuit, as shown in Fig. S8. As presented in Fig. 6b and
Supplementary Movie 2, the ‘CAUTION’-shaped LEDs are powered by
the TENG-based wind barrier. Meanwhile, a temperature and humidity
sensor can be powered by 5 TENG units connected in parallel at the wind
speed of 10 m/s, as shown in Fig. 6¢c and Supplementary Movie 3.
Vertical direction wind speed can directly reflect the wind load of the
wind barrier. As mentioned above, the frequency of the TENG unit
output electric signal is consistent with the fluttering frequency of the
membrane, and the TENG unit provides a feasible way to measure the
wind speed in vertical direction. The wind speed U is obtained using the
relationship between the frequency of current and wind speed, i.e. U =
0.09f. As shown in Fig. 6d and e and Supplementary Movie 4, the real-
time wind speeds obtained by the TENG sensor and a commercial
anemometer are compared and they agree well. Therefore, the TENG
unit can be used as a self-powered anemometer. By measuring the wind
speed, the condition of the TENG-based wind barrier is monitored.
Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.104736

3. Conclusion

In summary, a multi-functional wind barrier integrated by multiple
parallel connected TENG units is proposed in this work. The TENG unit
consists of two copper electrodes and one strip of FEP membrane with its
two ends fixed on a 3D printed PLA channel. The sag of the fully relaxed
FEP membrane, the height of the air gap and the width of the membrane
are the three major geometric factors determining the electrical output
of the TENG unit. By conducting performance test experiments in a wind
tunnel, a structure-optimized TENG unit with the dimension 100 x 20 x
3 mm? is proposed. The power generation of the TENG unit increases
with the wind speed (U) and turbulence intensity (I) when U < 20 m/s
and I < 15%. Significantly, the TENG unit shows a superior output
performance as the wind direction varies from 25° to 155°. The TENG-
based wind barrier is able to harvest wind energy of slipstream by
passing vehicles. A maximum current of 11 pA and a peak output power
of 5.9 mW are achieved under the matched loading resistance of 100
MQ at the wind speed of 10 m/s. The power generation and windshield
performances of the TENG-based wind barrier fabricated by a group of
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66 TENG units connected in parallel are measured in a wind tunnel. The
electrical output of the parallel-connected TENG device is linearly
related to the number of TENG units. For the newly designed wind
barrier, the peak output power can reach 26 mW under the loading
resistance of 1 MQ at the wind speed of 10 m/s, which can drive a
household illuminating LED. Meanwhile, the TENG unit can be used as
an anemometer to monitor the condition of the wind barrier. More
importantly, compared to the traditional wind barrier with the same
porosity, the TENG-based wind barrier can increase the windshield ef-
ficiency by 35%, which can greatly reduce the overturning torque of the
vehicles and improve operation safety. Therefore, the as-fabricated
TENG-based wind barrier has shown great potential applications in
wind energy harvesting, highly efficient wind shielding and self-
powered wind speed sensing.

4. Experimental section
4.1. Manufacture of the TENG-based wind barrier

The fabrication of the TENG unit is shown in Fig. S9. The PLA
channel is printed by a 3D printer and its upper and lower surfaces are
coated with copper electrodes. The FEP membrane has a thickness of 30
pm. The two ends of the membrane are fixed on the PLA channel. The
membrane’s sag can be adjusted by rotating the shaft at the end of the
TENG unit. The TENG unit works in the freestanding contact mode. After
the optimal structure of the TENG unit is determined, acrylic sheet with
the dimension of 420 x 20 x 2 mm is used as the substrate of the wind
barrier for easy manufacturing. Four holes with a diameter of 8 mm are
drilled on the acrylic sheet. The main structure of the wind barrier is
fabricated by 23 acrylic sheets and some gaskets. 4 screws are inserted
into the 23 acrylic sheets from top to bottom. The gap between the two
acrylic sheets is divided into three parts with gaskets. The FEP mem-
brane is set in the gap and the copper electrodes are pasted on the inner
surface of the top and bottom substrates. The TENG-based wind barrier
with 66 TENG units is completed as shown in Fig. S10 and its dimension
is 420 x 20 x 112 mm®. When wind flows through the TENG-based wind
barrier, the membrane can flutter periodically, thus producing alter-
nating voltage and current signals.

4.2. Electrical output measurement

The structure optimization experiments for single TENG unit are

(a)
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Fig. 6. Demonstrations of the TENG-based wind barrier as a power source and a sensor. The photograph of (a) household illuminating LED, (b) ‘CAUTION’-shaped
LED lights and (c) a temperature and humidity sensor by the TENG-based wind barrier. (d) The photograph of the real time wind speed measurement using the TENG
sensor and a commercial sensor. (e) Comparison of TENG sensor and commercial wind speed sensor.


https://doi.org/10.1016/j.nanoen.2020.104736
https://doi.org/10.1016/j.nanoen.2020.104736

Y. Wang et al.

performed in a wind tunnel with a dimension of 0.45 m (width) x 0.45
m (height) x 1.2 m (length). The wind speed varies from 3 m/s to 42 m/
s. As shown in Fig. S6, the size of the experimental domain is 6H
(Length) x 3.75H (Width) x 3.75H (Height), where H is the height of the
wind barrier. The blower is installed at the right end of the wind tunnel,
as displayed in Fig. 2a. An inverter which can control the wind speed is
used to control the rotating speed of the blower. Two screws are inserted
into the two holes of the TENG unit, and the TENG unit is fixed by the
nuts on the screws. Fig. S6 shows the definition of the coordinate system
(X, Y, Z), with the origin O on the ground. The electrodes are connected
to a Keithley 6514 electrometer to measure the open-circuit voltage,
short-circuit current and transfer charge of the TENG. To understand the
windshield performance of the wind barrier, Cobra probe is used to
determine the flow field distribution behind the wind barrier. The
measurements of the probe are carried out in the positions of X/H =
0.17-6 downstream the wind barrier. Corresponding to the position
with a certain X/H, 19 measuring points within the range of Y/H =
0.07-1.65 are selected from top to bottom. The Cobra probe has a
sampling frequency of 2000 Hz. The sampling duration at each
measuring point is 30 s. The Cobra Probe is a multi-hole pressure probe,
which is able to resolve 3-components of velocity and local static pres-
sure in real time. A frequency response in excess of 2000 Hz means the
Cobra Probe is especially suited to the measurement of turbulent flows.
The reader may refer to Wang et al. [54] for more detail of the Cobra
Probe.
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