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Abstract

Wind is one of the cleanest energy sources, and various wind energy harvesters
have been proposed. Here, we study the vibration behavior and excitation mechanism
of an ultra-stretchable electrode film, using which the fabricated TENG device if for
wind energy harvesting. The motion of the ultra-stretchable film in the flow is
illustrated as a coupling of vortex-induced elastic torsional deformation and
pressure-driven galloping. Aerodynamic models based on structural mechanics and
computational fluid dynamics (CFD) are established to systematically elaborate the
deformation characteristics. On the basis of aerodynamic characteristics, perforations
are developed on the electrode film as geometric optimization to enhance
performance of the TENG, in which the output power has been improved for 56.3% in
comparison to the original device. This work firstly demonstrates the flow-induced
vibration of the ultra-stretchable film in TENG, which may paves a way for
improving the design of miniature wind energy harvesters.



Introduction

Wind/airflow energy has attracted great interests and played a reasonable
proportion in the current energy structure. As an alternative to fossil fuels, it is
abundant, renewable and environmentally friendly without carbon emissions.!? For
wind energy harvesting, the wind turbine based on electromagnetic effect has been the
most widely used approach.>> However, these wind energy harvesters can only be
installed in remote areas far away from city and buildings, due to their large volumes,
complex structure and demand on the operating wind velocity.>® Since the rapid
expansion of mobile devices and Internet of Things, miniature energy harvesters have
attracted considerable attention. With characteristics of small size, easy to carry-threat
and long operational lifetime, these miniature harvesters are potentially expected to
replace the conventional Li-ion battery as a better power supply. In order to
implement the wind energy harvester on portable electronic devices and sensors, it is
necessary to develop new design strategies and techniques to achieve miniaturization
and enhanced performance.

Recently, triboelectric nanogenerator (TENG) based on coupling effect of
triboelectrification and electrostatic induction has offered an unprecedented approach
to collect environmental energy.” %12 Aimed at low-frequency resources, the TENG
devices have high efficiency in harvesting natural energy such as wind,'® rain drop'*
and water wave, !> etc. Accordingly, a series of TENG prototypes have been developed
to target at wind energy harvesting. Many kinds of novel materials with characteristic
of excitation response'é, flexible!”!®, fully-elastic!*! or ultra-stretchable?? have been
intensively studied, and various architectures like flutter®>*, lawn structure®, angle
shape?® and rotating disk?’ have been applied to these TENG prototypes. However, the
motion behavior and dynamic characteristics of these wind energy harvesters based
on TENG are rarely studied. Analysis of motion behavior and theoretical research are
highly desired to realize both optimized devices and high performance.

Here, we demonstrate vibration behavior and excitation mechanism of the
ultra-stretchable electrode film based on the fabricated TENG device for wind energy
harvesting. In the advection, the vibration of the ultra-stretchable film is a
complicated coupling between vortex-induced elastic torsional deformation and
pressure-driven galloping. The excitation mechanism is fitted by aerodynamic models,
as well as simulation of fluid-structure interactions based on CFD and finite element
methods is introduced to attain confirmed investigation. Based on aerodynamic
characteristics, perforations are developed on the electrode film as geometric
optimization of the TENG device. The amount, distribution and diameter of the
perforations have been systematically investigated. With developed perforations, fluid
interacting with the electrode film has been more turbulent, where the convergence
time of the film’s vibration reduces by 25 % and vibration intensity increases by
approximate 20%. Accordingly, the generated output power by the TENG is increased
by 56.3%. This work systematically demonstrates flow-induced vibration of the
ultra-stretchable film in TENG, which may serve as an important guidance for
rational design of wind energy harvester.



Results and Discussion

Figure 1a shows schematic of the TENG device based on ultra-stretchable
electrode. The device consists of the arc-shaped frameworks, two negative tribo-layer,
and the compound ultra-stretchable film electrode sandwiched in them. In this device,
the dielectric material fluorinated ethylene propylene (FEP) with decent electron
affinity has been chosen as a negative tribo-layer. To enhance charge density on the
tribo-layer during contact electrification, nanostructure on tribo surfaces of FEP has
been developed by plasma etching. The ultra-stretchable elastic electrode is
compounded by ultrathin Ecoflex substrate and thermoplastic polyurethanes (TPU)
conductive nanofibers (NFs) mesh, where the TPU NFs have been modified by
ultra-long silver nanowires (AgNWs). Since 0.5% N, N-Dimethylacetamide is added
to the AgNWs modification solution, the adhesion between the NFs and AgNWs is
strong. Scanning electron microscopy (SEM) images of TPU NFs mesh before and
after treatment by AgNWs are shown in Figure Sla and Figure S1b, respectively. In
order to attain good surface conductivity and contact electrification, the prepared
AgNWs NFs mesh is attached on surfaces of Ecoflex substrate with a semi-embedded
structure. Atomic force microscopy image of this ravine-like surface microstructure is
shown in Figure Slc. Accordingly, with the fabrication structure like “sandwich”, two
TENG units are integrate in one device, as schematics and photographs exhibited in
Figure S2.

The working principle of this TENG device for breeze energy harvesting can be
divided into two energy conversion processes. That is, wind flow drives AgNWs NFs
electrode to deform, and then the electrode’s vibration lead to electric output based on
contact electrification and electrostatic induction. With continuous motion of the
AgNWs NFs electrode, the changed electric potential difference would be generated
between AgNWs NFs electrode and FEP negative layer. Accordingly, an alternating
output can be induced in the external circuit of the device, the detailed schematic of
which can be found in Figure S3.

For ultra-stretchable AgNWs NFs electrode film fixed in our TENG device, the
motion of which in wind flow can be defined as a complex vibration integrating
torsional and heave deformation (schematic in Figure 1b). The deformation
characteristics of the electrode film have been intuitively captured by high-speed
camera, as shown in Figure 1c. Meanwhile, finite element methods (ANSYS) based
on CFD and simulation of fluid-structure interactions are also carried out. Here, the
established stimulating calculation model in the ANSYS consists of the whole TENG
device not only the film, since the flow field around the film in airflow would be
influenced by the other components of the device. The vibration of the film has been

theoretically fitted well, under the boundary conditions after multiple adjustments



(Movie S1).

Under incident wind flow, torsional deformation of the electrode film is mainly
induced by vortex shedding, while the galloping results from the change of angle of
attack. To clearly reveal the vibration mechanism and motivation, status of the film
changing from static to vibration in wind flow has been researched. At the initial state,
owing to vortexes shedding, the trailing edge of the film would flap up and down
accordingly. This elastic deformation on the trailing edge would bring about torsional
motion of the entire film along its length direction, which finally gives rise to a
corresponding angle of attack at the leading edge (high-speed photography in Figure
2a and Movie S2). Once an angle of attack is induced, a pressure difference on two
surfaces of the film would generate, resulting from difference in flow velocities as

illustrated by Bernoulli’s principle:
P+ pv?+pgh=C (1)

where P is pressure of the certain point in flow, v is flow velocity at the point, p is
density of the flow, g is gravitational acceleration, h is height of the point and C is
the constant. In this illustration, the critical angle of attack is formed at the leading
edge of the film, and a corresponding pressure difference originating from velocity
difference is generated on it. Due to the induced external pressure, the film would
deform upwards and rebound back after collision with the arch frame, forming a
reciprocating oscillation status. To verify this inference, the dynamic flow field
demonstrating vibration of the film has been presented, as shown in Movie S3.
Screenshot in Figure 2b exhibits vortexes shedding from the trailing edge of the film
at the initial state, which is a verification of above-mentioned premise for the origin of
angle of attack. Change of pressure distribution of the film at the beginning has also
been attained, as shown in Figure S4 and Movie S4. Meanwhile, the enlarged images
have been exhibited in Figure 2c¢, which is more clearly to distinguish the pressure
change near the film’s surface. The results demonstrate that the film starts to vibrate
when the induced pressure difference beyond the film’s motion inertia. The induced
vibration would enhance the effect of vortex shedding, and conversely, the vibration
would be intensified until reaching a dynamic balance.

To further analyze deformation of the electrode film, aecrodynamic models of the
film in flow field has been established. As illustrated in Figure 2d, the velocity of the
inflow is U, the moving velocity of the film perpendicular to the inflow is expressed

as:
y®) =5 @)

The relative motion velocity of the film can be defined as U, and the included angle

a between the film’s motion and inflow is demonstrated as:



a =tan™! (%) (3)

In this model, the airflow separates at corner point “1” and “2” of the film’s cross
section and tends to move horizontally along the bottom edge. The whole leeward
area behind the cross section is a turbulent area. The negative pressure closed to the
bottom “1-4” is higher than that in the area “2-3-4”. In this case, a negative lateral
force on the film would be induced when a positive angle of attack induces, which
would enhance the vibration of the film. It’s also noted that the vibration of the film
occurs at a range of reduced frequency:

2 <005 &)

where f is vibration frequency and D represents the thickness of the film there.
Based on analysis of unsteady aerodynamic force of periodic vortex shedding,
frequency of the vortex shedding can also be attained by Strouhal number in

dimensionless form:
s=12 (5)

in which f’ is number of the vortex per second.

Furthermore, the galloping characteristic of the film based on typical models of
harmonic vibration with damping is demonstrated (Figure 2e). Based on
aerodynamics, the relative velocity U, of the film’s cross section can be expressed as:

=y*(t) + U? (6)
The lift force L(t) that acted on the film unit length is:

1
L(t) = 5 pU*DC, (7)
where p is airflow density and Cy is the coefficient of lift, which can be specified as:
2
¢, = % (C,cosa + Cpsina) (8)

Cr and Cp are coefficients of lift force and drag force, respectively. Here, considering
6, and k,, respectively infer to the inherent damping of whole system and spring
stiffness of the film, the motion equation of the cross section in this model can be

deduced via the principle of force balance:

02 J/(t)

a
+ 2m8yw, 22 4k, y(6) = L(E) )

in which m and w, respectlvely represents the mass per unit length and inherent
frequency of the film. Substituting Equation (7), we can obtain the following
expression:

92 y(t) ay(@)

+2m8yw, 22 + kyy(t) = 2pU?DC, (10)

Since the critical angle of attack is usually a minor value, we can expand the



coefficient of lift C, at the vicinity of zero via the Taylor series:

90G,@=09 0)] x a+ o(a?)

Cy=Cy(a=0)+[ o

ac 0 ay®) _ 1 d 2
= C(a=0) + [FL2 4 Cp(a = 0 x Z2x 5+ 0(Z2) (1)
When the angle of attack « is very small, it’s defined as:
__©
*=T (12)
acy acy,
0 " oa T Op (13)

The C,(a = 0) can be neglected during the analysis of situations for vibration, since
it is a certain displacement and shall not interfere with the film’s vibration. The
Equation (10) can thus be derivate as:

o2 J’(t) ay(t)

+ 267w, + wjy(t) =0 (14)
U2p 9Cy(a=0)
28rw, = 28,0, + 2= = (15)

where &1 is sum of structural damping and aerodynamic force. The solution of

Equation (14) can be expressed as follows:

y = Aye o1t sin(wpt + @) (16)
in which,

wp = wy(1+ 83) (17)
where A, represents the initial amplitude and @ is initial phase angle. Based on
Equation (16), we can infer that the solution of Equation (14) is steady when y = 0.

When 47 changes to a negative number, the steady state of the electrode film would

be broken. In this case, the critical vibration condition is achieved according to Den

Hartog discriminant. We can attain the following expression after let [aa% +C D] =f:

U, —8mmér
VSl (18)
D pD?B
fy is the inherent frequency of the film, which is calculated as:
=2 19
fy T o ( )

For films with the rectangle cross section, only when [ is a negative value and

reduced velocity beyond the critical value, the model changes to instability.
Meanwhile, another aerodynamic model in Figure 2f is established to demonstrate

torsional stability of the film. In this model, the cross section of the film is

approximately regarded as supported by the spring. When the cross section takes



place rotational movement, the angle of attack of inflow will change accordingly.

Here, the angle of attack a and relative velocity U, of the film are expressed as:

. _.—1(_RO@®)siny
a = 0(t) —tan (U+R('9(t) cosy) (20)
U2 = (RO(t)sin y)z + (U + RO(t) cos r)z (21)

in which y is angle between rotation tangent and U, while 6(t) presents the rotation

angle. The angular velocity 8(t) of the structure is defined as:
() =2 (22)
de

In addition, the torque per unit length is:

1

Fn = 3pU2D2C,, (23)

where C,, is torsion coefficient that can be defined as:
UZ
Cp = 7r Cy (24)

Cy 1s torque factor around the point of rotation, which is attained by wind tunnel
tests.

Here, the torsional response force equation of the model is attained as:
Ibi(t) +21g85 g () the8(£)= pU2D2Cyp, (25)

In which Iy is polar moment of inertia of the cross section including the fluid’s polar
mass moment of inertia, 8y is structural damping, kg is torsional elastic constant
per unit length and wg is inherent frequency of the cross section. When the rotation
angle is very small, the Equation (20), (21) can be linearized as:

U, =U
{a =0(r) - %0 (26)

The linearized relative motion equation is thus definite as:
Io6(t) +2158500 (t)+keB(£)= pU/2 D? 220D (66 - %(”) 27)
6CM(LZ=O)

Then we definite @ = P

, the minimum critical velocity Ug of torsional

instability can be derivate as:
Ug  —8mlpby
foD — pD3Re
It’s inferred that the cross section would rotate clockwise (¢ < 0) and the torque is

(28)

supposed to decrease, when there exits an instability state. If center of rotating section
tends to direction of pressure center, the instable torque would decrease; if center of
rotating section moves to the front of pressure center, the model is usually stable. For
the film in our TENG device, the air pressure is mainly induced at leading edge of the



film (as have been demonstrated in Figure 2c and Figure S4), and thus the film would
trend to instability more easily.

Since vibration of the electrode film in our TENG device is a coupling of
galloping and torsion, the motion is two-degree of freedom. The Equation (10) and
(25) can further be derivate as:

.. 1
my(t) + 2mé,w,y(t) — S,0(t) + k,y(t) = EpUZDCy 29
.. . 1
Ige(t) + 21959w99(t) - Sxy(t) + kge(t) = EpUzchm
Here, S, is defined as relative displacement (¥, 0) of a point (A, 1) on the vibrating

cross section, x is displacement of the film that perpendicular to inflow and 6 is
rotation angle. The parameters Iy, m and S, are expressed as:

Iy = [ @2 +nPudrdy
A
] m = f pdAdn (30)
A
Sy = fﬂndldn

where p is the mass per unit volume of the film. The angle of attack can be
demonstrated by:

RO y(®
a=0-— U U 31

Accordingly, we define frequency of principal mode as w; and w,, in which

1

S2\]?
a)y + we [(wy + we) - 4wya)9 (1 - Ig_m)]

W12 = S? (32)
2(1-7m)
gm
Here, k; and k, are given by:
( Sxwi
= T o
4 m(a)1 - a)y) (33)
| wa%
ke ="~
k Ig (a)2 - “’9)

In this case, the minimum critical velocity U, of the flow that broke the film’s static
state can be summarized as:

—4mé,w,—4k?1,5ow —4kimé,w,—4lgSgw
U, = min Y 2629‘;6 e GQOHC (34
pD(Rky + 1) (kzna—ofy+ aa) pD(R + ky) <k1 9 4p aa)

Based on the above aerodynamic models, we can infer that if the velocity of
inflow beyond the minimum critical velocity, the input energy worked on the film
would be larger than the energy consumed by internal damping of the film. The film



stars to vibrate with growing amplitude, until a balance is reached between input
energy and consumed energy by damping. Thus, the film’s vibration depends on both
parameters of flow flied and the film itself. That is, the deformation performance of
the film can be adjusted by modifying these parameters.

Here, since energy collection efficiency is the most important element for our
TENG device, some approaches are supposed to be taken to achieve the device’s best
performance. Under the certain inlet wind energy, the output performance of the
device is determined by vibration of the electrode film. Based on Equation (34),
various strategies could be developed to enhance vibration of the film, including but
not limited to: fabricate lighter materials, decrease elastic modulus of the film, or
increase density of the fluid. Among them, introducing perforations on the electrode
film could retain optimized geometric parameters while reduce the mass and elastic
modulus of the film, which can create prescribed inhomogeneous flow profiles and
thus enhance the aeroelastic effect.?%

For the perforations developed on the electrode, several factors of these
perforations must be considered: amount, distribution and their diameter. Accordingly,
several kinds of systematic tests have been carried out (in the advection of 2.5 m/s),
the results are shown in Table S1 and Figure 3a.

Firstly, to investigate the influence of perforation amount, we have prepared four
electrode films with distinct perforation amount and define them with serial number
of “1-1, 1-2, 1-3 and 1-4”, respectively. The film without perforation is defined as
“0#”, as the schematics shown in Table S1. It’s inferred that the samples “1-1” and
“1-4” have attain better performance, based on change of the film’s vibration
frequency and amplitude. However, the amount of these perforations on the electrode
film should be restricted, since contact area between the electrode film and dielectric
layer would decrease sharply with too many perforations, which may weaken the
output of the device. Under the circumstances, the case “1-2” with eight perforations
is a reasonable choice.

Furthermore, the influence of distribution of these perforations on the electrode
film’s vibration is investigated. Compared with the regular arrangement in the series
“1#”, the perforations there are developed to homogeneous interlaced distribution (as
series “2#” shown, “2-1, 2-2, 2-3, 2-4”). It’s noted that with this interlaced distribution
adjustment, a better vibration balance is acquired, as the relationship of vibration
frequency and amplitude shown in Figure 3a. That is, though a larger vibration
frequency of the electrode film is essential to acquire a multiplied-frequency output,
the amplitude of the film can’t be ignored. The amplitude directly affects contact area
between the AgN'Ws NFs electrode film and FEP tribo layer. Namely, a too-small
vibration amplitude of the film should be modified. Hence, the case “1-2” may be
replaced by “2-2” with perforations of interlaced distribution. In addition, the
electrode with eight perforations distributed in three rows is also tested, as the case
“3-1” shown. It’s resulted that the three-row interlaced distribution is unfavorable for
the deformation performance of the film, compared to case “2-2” with two-row
interlaced distribution.

Accordingly, the dependence on diameter of perforation is experimented, which is



defined as series “4#” (“4-1, 4-2, 4-3). The performance of samples in series “4#” is
desirable, by comparing with series “1#” and ‘“2#”. However, the perforation with
oversized diameter (“4-3”) may be reconsidered, since the fatigue durability of the
elastic electrode would be influenced.

Based on the above investigations, the electrode film with optimized distributed
perforation are ultimately developed, which are “5-1" and “5-2”. As the cases shown,
the interval between adjacent perforations in one row is adjusted, where the
perforation distribution slightly gathers toward two sides of the film. The overall
arrangement of the perforation distribution is somewhat like a transversal letter “S”.
The adjustment is mainly based on three reasons:

(1) Due to the arched deformation, the middle area of the electrode film would
bear a greater stress with the larger deformation. Except the fixed points of the film,
the fatigue durability of middle area is also critical. The adjustment of case “5” would
relieve potential risk in the middle area of the electrode film.

(i) With the two arched-shape frameworks, the ventilation volume in the middle
cross area of the TENG device is larger than the two sides. To make the electrode film
driven by inflow more easily, the side areas of the electrode need to be modified with
perforation structure preferentially. From this perspective, the adjustment in “5-1" and
“5-2” is also essential, in which the enhanced vibration performance of the film has
been acquired (Figure 3a).

(i) The motion of the electrode film there is the coupling of vortex-induced
torsional vibration and galloping, which is different to the single flutter of the
non-stretchable film. Hence, the perforation design in case “5” with the distribution
shape that likes a transversal letter “S” may enhance the vortex-induced deformation,
and thus enhance the compound vibration of the film.

Exhibited in Figure 3b and Movie S5 are the high-speed photograph of
comparison between the perforated electrode film (the left side) and an original one
(the right side). Clearly can we discover that the film with perforating treatment
demonstrates an improved vibration frequency and amplitude. Meanwhile, based on
simulation of fluid-structure interactions, vibration performance of the film before and
after perforating treatment are also depicted, as shown in Figure 3c, Figure S5 and
Movie S6. The results demonstrate that the vibration frequency and amplitude of the
electrode film have increased by approximate 20% after developing perforations,
which is consistent to the experimental investigation. Figure 3d demonstrates lift
curves of the electrode films ((i) ordinary, (ii) with perforations) activated by the
airflow. It’s noted that convergence time of the film’s vibration will reduce 25 %
(from 0.4 to 0.3 seconds) with perforated modification, illustrating an improved
flow-driven performance. The change of flow field near the perforated electrode film
has been exhibited, as the enlarged views shown in Figure 4a. The screenshots in the
normal size and the dynamic results can be found in the Figure S6 and Movie S7,
respectively. Owing to the existence of perforations, fluid interacting with the
electrode is more turbulent, contributing to a more drastic deformation. The enlarged
views of fluid field near a single perforation are available in Figure 4b. Figure 5
demonstrates comparison of output performance between the two TENG devices: one



is fabricated with original electrode film, and another with optimized perforated film
(in the wind velocity of 2.5 m/s). It is resulted that compared to original TENG device,
the device with optimized perforated electrode has a significant enhanced output.
Namely, the open-circuit voltage and short-circuit current are both increased by 25%.
Accordingly, the overall output power of the device has increased by nearly 56.3%,
illustrating the effectiveness of perforated modification on the electrode film to
acquire optimized wind energy harvesting device.

Conclusion

In summary, flow-induced vibration behavior of a ultra-stretchable electrode film
in TENG device has been studied. The vibration of the ultra-stretchable film is a
compound of vortex-induced elastic torsional deformation and pressure-driven
galloping. Aerodynamic models based on structural mechanics are established to
analyze deformation characteristics of the electrode film, while CFD and simulation
of fluid-structure interactions are also introduced. Based on aerodynamic
characteristics, perforations are developed on the electrode film as geometric
optimization of the TENG device. Fluid interacting with the electrode film is more
turbulent with perforated structure modification, in which convergence time of the
electrode film’s vibration has reduced 25 %, while vibration frequency and amplitude
increases by approximate 20%. The open-circuit voltage and short-circuit current of
the fabricated TENG are both increased by 25%, that is, the overall output power of
the device has increased by nearly 56.3%. This work firstly demonstrates the
flow-induced vibration of the ultra-stretchable film in TENG, and may open up a

strategy for optimizing current design of wind energy harvesters.

Methods

Fabrication of ultra-thin, ultra-stretchable AgNWs NFs electrode: The
unidirectional TPU NFs is prepared using electrospinning (Shenzhen Tong Li Tech Co.
Ltd.). Then the TPU NFs are modified by the dilute AgNWs solution (with 0.5% N,
N-Dimethylacetamide, by volume). The diameter of used AgNW is 50 nm with length
of 100-200 um. Spin-coating technique is adopted to prepare the Ecoflex film
substrate of AgNWs NFs electrode, with thickness around 100 um. The part A and B
of Ecoflex is well stirred with mass ration 1: 1 and cured at vacuum chamber with 40
°C. The laser ablation based on Engraving machines laser (UNIVERSAL PLS6.75,
US) is chosen to develop perforation on the electrode film. The whole size of the
electrode film is around 10 cm X 2 cm x 150 um.

Fabrication of TENG device: 3D printing technology is used to attain arched
frameworks of the device, with UV Curable Resin material. The size of arched
framework is 10 cm (length) x 2 cm (width), with radian of 0.68 rad. Al coating (with



magnetron sputtering, 300 nm) developed on one surface of FEP films (25 pum) is
attached to the two arched substrates, functions as output electrode of negative tribo
layer. Finally, the AgNWs NFs electrode is fixed at the middle of the device to form
two TENG units.

Characterization and measurement: High speed photography is captured by
high-speed camera (Photron, Japan), while the others photographs are attained by
ordinary camera (Canon 600D, Japan). Microstructure of the material there is
analyzed by SEM (SU8020, Hitachi) and AFM (MFP-3D-SA, Asylum Research). The
electrical output of the TENG device is measured by Stanford Research Systems
Kethiely 6514.
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Figure 1. Design of the TENG and deformation characteristic of the ultra-stretchable
electrode film. (a). Structure and materials design of the TENG. (b). Schematic diagram of
compound deformation of the ultra-stretchable AgNWs NFs film in the wind flow. (¢). High speed
photography of the ultra-stretchable AgNWs NFs film vibrating in the flow. Inset in the top

right-hand corner is the corresponding step time.
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Figure 2. Vibration mechanism and motivation of the electrode film. (a). Status of the film
electrode changing from static to vibration under wind flow. (b). Screenshot from ANSYS
exhibiting vortexes shedding from the trailing edge of the film at the initial state under wind flow.

(¢). Pressure distribution change of the film at the beginning of the flow-induced vibration. (d,e,f).

The aerodynamic models of the film in flow field.
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Figure 3. Design and optimization of perforations developed on the electrode film. (a).
Vibration amplitude and frequency of the electrode with distinct distributed perforations. (b). High
speed photography of vibrations of the perforated (left) and ordinary (right) electrode films. Inset
in the bottom left is the corresponding step time. (¢). The maximum amplitude and (d)

convergence curves of two distinct electrode films.
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Figure 4. Flow field distribution near surfaces of the perforated electrode film. (a). The
changing flow field near the perforated electrode film (side view). (b). Flow field around a
perforation on the film.
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Figure 5. Output performance of the TENG devices. (a). Dependence of open-circuit voltage
and (b) short-circuit current of TENG device fabricated with original electrode film, under the
flow velocity 2.5 m/s. (¢). Dependence of open-circuit voltage and (d) short-circuit current of
TENG device fabricated with perforated electrode film, under the flow velocity 2.5 m/s.
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