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Energy Harvesting from Breeze Wind (0.7-6 m s™') Using
Ultra-Stretchable Triboelectric Nanogenerator

Zewei Ren, Ziming Wang, Zhirong Liu, Longfei Wang, Hengyu Guo, Linlin Li, Site Li,
Xiangyu Chen,* Wei Tang,* and Zhong Lin Wang*

1. Introduction
Wind is one of the most important sources of green energy, but the

current technology for harvesting wind energy is only effective when the
wind speed is beyond 3.5-4.0 m s7'. This is mainly due to the limitation
that the electromagnetic generator works best at high frequency. This
means that light breezes cannot reach the wind velocity threshold

of current wind turbines. Here, a high-performance triboelectric

Wind energy has played an essential
role in global green energy since it is
plentiful, renewable, and widespread.!"?!
Many large wind farms are established
since the wind turbine technology has
been extensively studied. The capacity

installed worldwide is cumulative up

nanogenerator (TENG) for efficiently harvesting energy from an ambient
& ( ) / & &Y to 591 GW by the end of 2018.° Mega-

. . _'I . .

gentle wind, espeaall).' for .speeds I?elow 3 m s7! is reported, by taking watts of power can be generated merely

advantage of the relative high efficiency of TENGs at low-frequency. by a single wind turbine as it oper-

Attributed to the multiplied-frequency vibration of ultra-stretchable and ates under optimized conditions.[*]

perforated electrodes, an average output of 20 mW m~ can be achieved However, a technological shortcoming

with inlet wind speed of 0.7 m s™!, while an average energy conversion e’fls;[led md t}fseldnll)“hmes }115 ﬂ;at thel

. . . . t -
efficiency of 7.8% at wind speed of 2.5 m s7' is reached. A self-charging wind speed SRoulc be more than 3 m

. oo . , (their manufactured cut-in speed, usu-

power package is developed and the applicability of the TENG in various ally 3.5-4.0 m s! on modern turbines?)

light breezes is demonstrated. This work demonstrates the advantages of in order to generate power to the utility

TENG technology for breeze energy exploitation and proposes an effective system,®12l as limited by the physics of

supplementary approach for current employed wind turbines and micro the electromagnetic generator.">' Nev-

ertheless, the most of the wind avail-
energy structure. ) ) )

able in the environment is low-speed

airflows, which is below the turbines’

threshold speed.>!® The ubiquitously

distributed light breeze would be an effective micro energy
source for current small portable electronic devices and
Internet of things (IoTs). Since the light breeze energy can’t
be harvested by the conventional turbines effectively,”1®! this
part of energy has been wasted in vain. Meanwhile, the har-
vesting of light breeze energy is generally regarded limited
may attribute to the unsatisfactory efficiency of these conven-
tional energy scavengers under low-speed wind. The device
with high efficiency under low-speed wind is urgently nec-
essary, to propose a significant approach for current energy
harvesting of light breeze.

Recently, the invention of the triboelectric nanogenerator
Dr. L. Wang, Dr. H. Guo, Prof. Z. L. Wang (TENG). has oﬁ"f:red an unprec.ed(.ented .approa.ch for efﬁcienﬂy
School of Material Science and Engineering converting environmental agitations into high electric out-
Georgia Institute of Technology puts,1>2% especially for energy resources within low mechan-
Atlanta, GA 30332:0245, USA ical frequency, such as wind, rain drop, and water wave.[*!-24
Dr.S. Li ) Accordingly, a series of TENG prototypes have been investi-
Department of Chemistry d . ind h . h . |
Carnesie Mellon Universit gated targeting at wind energy harvesting, where various nove

g Y : - cod [25-27]

Pittsburgh, PA 15213, USA architectures and materials are applied.| However, these
The ORCID identification number(s) for the author(s) of this article reports are focused on scavenging high-speed Wmd energy
can be found under https://doi.org/10.1002/aenm.202001770. (>5 m s7Y), and the light breeze energy harvesting by these

devices is infeasible since minimum operating speed thresh-
olds of these devices are still rather high.?®-33 To collect energy
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from low-frequency excitation of gentle wind, material and
architecture of the entire device need to be systematically opti-
mized to acquire multiplied-frequency output.

Here, we demonstrated that a gentle wind-driven TENG
(GW-TENG) can efficiently harvest energy from ultralow-
speed wind/airflow (0.7-6 m s7). Different from previously
reported generators for gentle wind energy harvesting, the
GW-TENG utilizes the ultra-stretchable, perforated film elec-
trode that resembles a stirred rubber band when driven by
gentle flow, to acquire an effective output from multiplied-
frequency vibration. An average power density of 20 mW m™3
can be achieved with inlet wind speed of 0.7 m s7}, while an
average energy conversion efficiency of 7.8% at wind speed
of 2.5 m s7! has been reached, indicating the superiority of
GW-TENG for low-speed airflow energy harvesting. Cou-
pling with the self-charging power package, the GW-TENG
has been exhibited as direct power supply for wireless trans-
mission, toward the trend of next-generation TENG serving

TPU Fiber

www.advenergymat.de

wearable electronics and IoTs. The applicability of GW-TENG
has been demonstrated in situations of gentle wind induced
by the fan of a working laptop, turning pages of a book and
the side-road air flow created by a passing car. This work pro-
posed an effective strategy to harvest ubiquitously distributed
but usually neglected low-speed airflows and gentle intermit-
tent wind source, which is of great importance and can be an
effective supplement for current micro energy structure.

2. Results and Discussion

2.1. Design and Operation of GW-TENG

A schematic of GW-TENG for gentle wind energy harvesting
is shown in Figure la. The velocity comparison and corre-
sponding visible natural phenomena for the proposed gentle
wind/breeze are shown in Table S1 (Supporting Information).

— Curable Resin

Figure 1. Structure design of the GW-TENG. a) Schematic diagram of GW-TENG for light breeze energy harvesting. Insets: Partially enlarged diagram
of AgNW NFs. b) SEM image of unidirectional TPU NFs. Scale bar: 50 um. c) Micromorphology of the AgNW NFs, where TPU NF is wrapped by long-
distance ordered AgNWs cluster. Scale bar: 600 nm. d) Photograph of the GW-TENG. Scale bar: 3 cm. e) Photograph of the ultra-stretchable AgNW
NFs film electrode. Scale bar: 22 mm.
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The structure of GW-TENG can be divided into three parts:
arch-shaped frameworks, negative tribo-layer, and ultra-
stretchable film electrode sandwiched in them (inset in
Figure 1a). The arched components are made by 3D printing
with UV curable resin. Fluorinated ethylene propylene (FEP)
is chosen as dielectric material of GW-TENG, whose surface
has been treated by plasma etching for introducing nano-
structures (Figure Sla, Supporting Information) to enhance
the tribo charge density. The unidirectional thermoplastic
polyurethanes (TPU) spinning nanofibers (NFs) modified by
ultra-long silver nanowires (AgNWs) has been compounded
on surfaces of the ultra-thin Ecoflex substrate, functioning
as the positive electrode tribo-layer. Scanning electron
microscopy (SEM) images and photographs of TPU NFs
mesh before conductive treatment by AgNWs are shown in
Figure 1b and Figure S1b-d (Supporting Information). The
TPU NFs wrapped by long-distance ordered AgNWs cluster
are prepared (Figure 1c and Figure Sle, Supporting Infor-
mation) by dilute AgNWs transfer using a unidirectional
glass grating frame. The adhesion between the NFs and
AgNWs would be adequately strong, due to the NF surfaces
would be slightly corrode by the N,N-dimethylacetamide that
added to the dilute AgNWs solution. The Ecoflex substrate
is obtained by spin-coating and the prepared AgNW NFs are
attached to the substrate surface to form a semi-embedded
structure, before the substrate is completely cured. This
semi-embedded structure can ensure good extensibility and
surface conductivity of the electrode. Meanwhile, the ravine-
like surface microstructure (atomic force microscopy image
in Figure S1f, Supporting Information) formed by these
semi-embedded conducting NFs on the electrode is crucial
for enhancing the output of GW-TENG. Because electrostatic
induction can be greatly enhanced by this ravine-like micro-
structure with “occlusion effect,” which has been reported by
a latest research.?* The whole GW-TENG device presents an
“arch” shape (Figure 1d) to increase triboelectric area between
the elastic electrode and FEP layer, the design principle of
which is presented in Note S1 (Supporting Information). To
further improve the aeroelastic effect of the ultra-stretchable
elastic electrode and enhance the electrode’s vibration perfor-
mance, the distributed perforations have been introduced on
the electrode. Since the perforations on the film can create
prescribed inhomogeneous flow profiles and thus enhance
the aeroelastic effect.*® The electrode sandwiched in the GW-
TENG would integrate two TENG units in one device, real-
izing the maximized space utilization, as photographs and
schematics exhibited in Figure 1d and Figure S4 (Supporting
Information).

The working principle of GW-TENG for breeze energy har-
vesting can be elucidated from two aspects: Namely, wind flow
deforms elastic electrode, and electrode deformation generates
electric output. When the middle film electrode deforms and
vibrates in the airflow, the alternating output can be induced
in the external circuit, ascribed to continuous contact-electri-
fication and electrostatic-induction between this elastic elec-
trode and FEP dielectric layer®® (the details can be found in
Figure S5a, Supporting Information). The potential distribution
under the open-circuit condition is simulated, as depicted in
Figure S5b (Supporting Information).

Adv. Energy Mater. 2020, 2001770
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2.2. Material Design and Optimization for the Ultra-Stretchable
Electrode

For conversion into electricity of low-speed wind through
GW-TENG efficiently, the material component and physical
(mechanical and electrical) properties of the gentle flow-
driven electrode are essential, requiring it to be stretchable,
elastic, and light in weight. Figure 2a,b shows the tensile
property of unidirectional TPU NFs mesh. It is noteworthy
that with the mesh thickness near 10 um, elongation of the
NFs mesh can reach 400% before broken, indicating a satis-
fied mechanical property for fabrication of the electrode. For
the substrate film of the electrode, the mechanical behavior of
which ought to resemble a plucked rubber band when driven
by breeze, to acquire multiplied-frequency contact-separate
motion from low-frequency excitation of gentle wind. That's
because a positive correlation between the output of TENG
device and frequency of contact-separate motion exits,*” and
an adequate vibration amplitude of the motional electrode
is also necessary to ensure sufficient contact-separate dis-
tance,?® based on the equations:

sc= ZSGdoxm“{ (1)
(do +x(t))
fpt o< f or Logy, fpl =Log,f +D (2)

where Isc is the absolute short-circuit current of TENG, S is
the size of contact area, o is the triboelectric surface charge
density, f is triggering frequency of mechanical energy, x(t)
is real-time contact-separate distance (X, is the maximum),
dy is the effective thickness of the dielectric layer defined as
dy = X d;/&,’% P, is the optimized average output power of
TENG, D is a constant.

Q (dy+x(1)+ 20

&o &

Vo (3)

Ve is open-circuit voltage of TENG, Q is transferred charges
between the two tribo-layers, and g, is permittivity of vacuum.
The detailed derivation of Equations (1)—(3) can be found in
Note S2 (Supporting Information). To clearly demonstrate that
in experiment, flow-induced vibrations of several ultrathin
films of distinct materials were studied under wind flow of
2 m 57}, in which their vibration amplitude and frequency are
shown in Figure S6 and Video 1 (Supporting Information).
The performance of silicon rubber is more desirable, that is,
the characteristic of which in low-speed air flow ought to like
the behavior of a plucked rubber band or bowstring. Only in
this way, multiplied-frequency of contact-separate motion can
be acquired from the low-frequency excitation of gentle flow,
and the efficiency of energy acquisition can be improved. In
this case, Ecoflex 00-50 has ultimately been a reasonable choice
as substrate material of the electrode. The elastic modulus of
the pure Ecoflex substrate film and the compound electrode are
shown in Figure 2c. The Ecoflex 00-50 films used there have
not been treated with per-tension. In addition, the geometric
parameters (length, width, thickness) of the electrode have been
investigated systematically, with ultimate optimized dimension

© 2020 Wiley-VCH GmbH
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Figure 2. Mechanical behavior and electrical conductivity of the AgNW NFs electrode. a) The TPU NFs mesh at initial state (0% strain) and stretched
state (400% strain). b) Elastic properties of TPU NFs mesh with distinct thickness. c) Tensile test of the compound electrode based on Ecoflex substrate
and AgNW NFs mesh (10 um). d) Photographs of the electrode connected in the LED circuit when tensile strain changing from 0% to 100%. e) AR/R,
of the electrode versus tensile strain & with AgNW NF meshes in different thickness. f) Current—voltage curves of the electrode at different strains.
g) Multi-cycle tests of AR/Ry change of the electrode when stretched to different maximum strains. h) Stability test of AgNW NFs electrode with
maximum strain of 10% for around 6000 cycles. i) Conductivity change of the electrode in the bending deformation.

of 8 cm X 2 cm X 120 um. The details are shown in Figure S7
and Note S3 (Supporting Information).

Figure 2e illustrates a relative change in resistance (AR/Ry)
of the electrode, in which thicknesses of the compounded
AgNW NFs mesh are various. With thickness of 10 um, the
AgNW NFs electrode can withstand strain up to about 160%.
Obviously, the stretchability of the electrode can be precisely
modulated by further modifying density and size of AgNW
NFs. Figure 2f demonstrates current-voltage curves of the
electrode under different strains. Photographs of the electrode
connected to a green light-emitting diode (LED) circuit when
the strain changing from 0% t0100% are shown in Figure 2d.
Aiming for practical applications, the conductive stretching
stability and durability of AgNW NFs electrode are studied.
Multi-cycle tests for AR/R, of the electrode when it’s stretched
to different strains are carried out (Figure 2g), where the tested
electrode shows a stable cyclic behavior. The fatigue durability
of this AgNW NFs electrode is also tested with a strain of 10%
for about 6000 cycles, during which the variation of AR/R,

Adv. Energy Mater. 2020, 2001770
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exhibits good repeatability (Figure 2h). The conductivity of the
electrode stands in bending deformation is also illustrated, as
shown in Figure 2i. These results imply that AgNW NFs film
electrode is satisfactory for the fabrication of GW-TENG, with
both reliable mechanical and electrical properties.

2.3. Performance of GW-TENG

Performance of GW-TENG for breeze energy harvesting is
demonstrated in Figure 3. A closed-loop wind tunnel control
system is constructed to precisely control the inlet wind speed
for standardized tests (Figure 3a). The uniformity of the flow
in the testing tunnel has been demonstrated by measuring flow
velocity of nine featured points (inset of Figure 3a and Figure S8,
Supporting Information). Figure 3b illustrates the dependence
of output (Voc and Isc) of GW-TENG on the airflow, ranging
from 0.7 to 6.0 m s7! (the outputs there in Figure 3 come from
a unit of GW-TENG). It’s noted that the Voc and Isc increase

© 2020 Wiley-VCH GmbH
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Figure 3. Electrical characteristics of GW-TENG. a) The self-feedback wind tunnel control system with closed loop circuit for output testing of GW-
TENG. Insets: the closed loop circuit and the smoothness test of the generated airflow in the tunnel. b) Dependence of Voc and Isc induced by GW-
TENG with the airflow velocity ranging from 0.7 to 6.0 m s™. c) The changing motion frequency of the AgNW NFs electrode corresponding to the
increasing flow velocity. d) The instantaneous output power and e) average power of GW-TENG in the air flow. f) Average energy conversion efficiency
of GW-TENG. g) Durability test of output of GW-TENG with continuous working cycles around 200 000.

near linearly with the flow velocity until 3 m s7}, beyond which
the peak value trends gently. The phenomenon results from
two aspects: saturation of contact area between AgNW NFs film
electrode and the negative layer; vibration frequency changing
of AgNW NFs electrode (Figure 3c). This change can attribute
to the relationship between lift force and elastic restoring force
of AgNW NFs electrode. Figure 3d,e illustrates the instan-
taneous and average output power of GW-TENG, respec-
tively. The corresponding load-output curves are depicted in
Figure S9 (Supporting Information). Furthermore, both surface

Adv. Energy Mater. 2020, 2001770
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and volumetric power density of GW-TENG are calculated. To
grasp the latest researches of scavengers for gentle wind energy
harvesting, we have collected the literatures and made a sys-
tematic comparison of these exited devices, as details shown in
Tables S2 and S3 (Supporting Information). An average power
density of 0.4 and 20 mW m™> can be achieved by GW-TENG
with inlet wind speed of 0.7 m s7%. The output power density of
GW-TENG reported here is so far the highest one to the best of
our knowledge, under the certain same flow velocity (<6 m s77).
The result illustrates the superiority of this GW-TENG device

© 2020 Wiley-VCH GmbH
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based on TENG technology in low-frequency energy harvesting,
comparing to the electromagnetic and piezoelectric genera-
tors. The comparison detail is demonstrated in Note S4 (Sup-
porting Information). The prominent output of GW-TENG is
also directly elaborated by lighting 240 LEDs simultaneously
even the wind speed is merely 2 m s™! (Video S2, Supporting
Information).

Figure 3f demonstrates the average energy conversion effi-
ciency 17 of GW-TENG for harvesting light breeze energy, where
7 is defined as the ratio of generated electricity by GW-TENG
W, and inlet wind energy F,

n=—* @
which can be further expressed as:

2 | ZI; Rdt

[ e —— ®)
[ ps[uy a

R is the internal impedance of GW-TENG, p is the air density,
S is air-inlet area, and U(#) is the inlet wind speed. The detailed
derivation can be found in Note S5 (Supporting Information).
As Figure 3f shown, the 17 changes with inlet-wind intensity
and the superiority of this GW-TENG for low flow energy har-
vesting is demonstrated, in which the 7 reaches maximum of
78% at inlet wind speed of 2.5 m s. Besides, the durability of
GW-TENG is tested with continuous working cycles of around
200 000, where the output of GW-TENG performs stable with
no apparent fluctuation (Figure 3g).

2.4. Self-Charging Power Package and the Applicability
of GW-TENG

To utilize the generated electricity from GW-TENG more effec-
tively, a self-charging power package is developed based on a
modified power management circuit, as shown in Figure 4a.
The circuit of the energy package is presented in Figure 4f,
where the core modules include power energy transfer, self-
management energy storage, and DC buck conversion. To
improve the performance of the energy storage, the polyester-
film capacitor instead of previous Al electrolyte capacitors¥4]
is adopted there with almost no leakage (Figure 4b). Figure 4c
presents charging curves of this polyester-film and other two Al-
electrolyte capacitors (100 V, 50 uF), charged by the same TENG
(Figure S10, Supporting Information), in which charging prop-
erty of the polyester-film capacitor is always linear and stable up
to its rated voltage. Here, the electric energy from GW-TENG
can be autonomously storage, modulated to steady DC output
and supply to the external load by this energy package. There-
fore, this self-charging power package can be a power supply
for small electronic equipment and information transmission.
The long-distance wireless transmission based on this energy
package as energy source has been demonstrated, as shown
in Figure 4g and Video S3 (Supporting Information). After
the energy package with capacitance of 100 UF is charged for
about 2 min by three paralleled GW-TENGs (with gentle wind
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of 2 m s7Y). The wireless transmitter (Figure 4d) is powered to
emit a trigger signal to remotely switch a red warning light in
the receiver (Figure 4e). The voltage variation of the energy
package for two consequent transmitting processes can be
found in Figure 4h.

Since gentle wind ubiquitously exists in various ambient
situations, the GW-TENG can be widely applicable as energy
harvester or power supply for sensing systems. Here, the
applicability of GW-TENG in three breeze situations is demon-
strated, to be specific, gentle airflow induced by the fan of a
working laptop, turning pages of a book and the road-side air
flow created by a passing car, as depicted in Figure 5a. For a
majority of electrical equipment, recycling the wind energy of
their cooling fans may be an alternative approach to save the
limited energy supply. As presented in Figure 5b and Video S4
(Supporting Information), the gentle wind induced by cooling
fan of the working laptop can be effectively harvested by GW-
TENG. The generated electricity can directly power a display
board with 120 LEDs. Meanwhile, the output signal can be a
sensing source for detection of the machine’s working state. In
Figure 5c and Video S4 (Supporting Information), the gentle
intermittent wind source resulting from turning pages of a
notebook is effectively collected by GW-TENG. The generated
electrical signal of which is shown in Figure 5e. Besides, the
energy harvesting of air flow at the roadside induced by the
passing cars is worthy attention, since a huge energy demand
of numerous road-side equipment exist. Figure 5d,f and
Video S5 (Supporting Information) have elaborated the feasi-
bility of this energy collecting by GW-TENG. Here, the passing
car has a lateral distance of 2 m to GW-TENG, significantly
beyond the standard safe distance to the roadside (usually
0.6 m). Thus, when a large number of GW-TENGs are set at side
of roads with huge traffic flows, the collected energy can be con-
siderable. Besides, the self-powered traffic monitoring system
based on GW-TENG is also potentially demonstrated, as the dis-
tinct output signals in Figure 5f shown. When running speed of
the passing car is low (<20 km h7), there is no electricity gen-
erated from GW-TENG since the induced air flow is too weak
to operate the device (Video S5, Supporting Information). With
the speed increases, obvious output signals can be acquired, and
accordingly, amplitude and duration time of the signal would
be enhanced (Figure 5f). Overall, these explorations validate the
extensive practical applicability of GW-TENG in our ambient
situations. Meanwhile, for practical application, some protective
means can be taken to guarantee the effectivity of GW-TENG for
energy harvesting of natural breeze wind, the details are demon-
strated in Figure S21 (Supporting Information).

3. Conclusion

In summary, we have demonstrated a high-performance
strategy to efficiently harvest breeze energy based on TENG
technology. Different from the previous reported generators,
the GW-TENG utilize the ultra-stretchable, perforated electrode
that resembles a stirred rubber band when driven by gentle flow,
to acquire effective output from multiplied-frequency vibration.
An average power density of 20 mW m™ can be achieved with
inlet wind speed of 0.7 m s7!, and an average energy conversion

© 2020 Wiley-VCH GmbH
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Figure 4. lllustration of the self-charging energy package. a,b) Photographs of the energy package and polyester-film capacitor. c) Charging curves of
the polyester-film and several Al-electrolyte capacitors (100 V, 50 pF). d,e) Photographs of the wireless transmitter and receiver. f) Circuit schematic of
the energy package. g) Demonstration of the energy package as an effective energy supply for long-distance wireless transmission. h) Voltage variation

of the energy package in two consequent transmitting processes.

efficiency of 7.8% at inlet speed of 2.5 m s7* has been reached,
indicating the superiority of GW-TENG for low-speed airflow
energy harvesting. The average output power density within the
low-speed range (0.7-6 m s7) is the highest among its peers
to the best of our knowledge. To utilize the generated elec-
tricity from GW-TENG more effectively, a self-charging power
package is developed based on a modified power management
circuit. The integrated self-powered micro energy system has
been exhibited as directly power supply for wireless transmis-
sion, toward the trend of next-generation TENG serving wear-
able electronics and IoTs. Light breeze is ubiquitous in ambient
situations, the applicability of GW-TENG has been demon-
strated via gentle wind induced by the fan of a working laptop,
turning pages of a book or the road-side airflow created by a
passing car, and etc. Our study establishes a novel approach for
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efficiently scavenging commonly neglected low-speed breeze,
and may function as a feasible supplementary strategy for cur-
rent employed wind turbines and micro energy structure.

4. Experimental Section

Fabrication of Ultra-Thin, Ultra-Stretchable AgNW NFs Electrode: The
unidirectional TPU NFs mesh was prepared using electrospinning
(Shenzhen Tong Li Tech Co. Ltd.). TPU spinning solution was poured
into a plastic syringe with a blunted G10 needle and a constant
potential (10 kV) was adopted between the needle and the grounded
metal collectors. The AgNWs were transferred from the dilute solution
(with 0.5% N,N-dimethylacetamide, by volume) to TPU NFs mesh by
a unidirectional glass grating frame, with transfer of several times to
acquire the AgNW NFs. The diameter of AgNW was 50 nm with length

© 2020 Wiley-VCH GmbH
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Figure 5. lllustration of the applicability of GW-TENG. a) Schematic of the applicability of GW-TENG in ambient various situations. Energy harvesting
from b) light breeze induced by a working laptop, c) gentle intermittent wind induced by turning over pages of a notebook, or d) air flow at the roadside
created by a passing car. e) Output signal of the GW-TENG for gentle wind harvesting induced by turning over pages of a notebook. f) Schematic and
distinct output signals from GW-TENG when the car passes with different running speed.

of 100-200 um, which was purchased from XFNANO Tech, China. The
Ecoflex film substrate (around 100 pm) was obtained by spin-coating
(500 r min™"), with Ecoflex solution mixed by parts A and B (1:1 by
mass), and then cured at vacuum chamber with 40 °C. Before the film
was completely cured, the prepared AgNW NFs mesh (10 um) would be
attached to both surfaces of the film to form the electrode with semi-
embedded surface structure. The perforation distributed on the electrode
was developed by Engraving machines laser (Universal PLS6.75, USA).
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Fabrication of GW-TENG: The two arched components of GW-TENG
were made by 3D printing (SLA 3D printer) with UV Curable Resin (DSM
Imagine 8000, produced by Royal DSM, the Netherlands), with radian of
0.68 rad and size of 10 cm (length) x 2 cm (width), and two longitudinal-
extension fixed end (1 cm) for fixing the electrode. The appearance of
the arched component was like a door handle. The FEP film (25 um)
with one surface treated by Al coating (300 nm) was attached to the two
arched substrates, where the Al coating was attained through magnetron
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sputtering (Discovery635, Denton). The film electrode (10 X 2 cm) was
fixed at the middle of GW-TENG and thus two TENG units would be
fabricated in one device.

Fabrication of the Self-Charging Power Package: The core modules of the
energy package included power energy transfer, self-management energy
storage, and DC buck conversion. Two polyester-film capacitors (100 V,
50 uF, M.D.L) were connected in parallel to storage the micro energy. The
model of rectifiers used here was DB207 (ASEMI), and the Al electrolytic
capacitor (100 V, YXA) was purchased from Rubycon, Japan. The inductors
(PK0608) were purchased from DJS, China, while the resistors were metal
film resistors produced by TeleSky, China. The silicon controlled rectifier
(SCR) was adopted with PCR606 SOT-23. The whole size of the energy
package was 11.5 x 9 x 4.5 cm, while the input end for power source
(GW-TENG) and outlet end of the package were reserved.

Characterization and Measurement: Microstructure of the samples
was acquired by using SEM (SU8020, Hitachi) and AFM (MFP-3D-SA,
Asylum Research). Videos and photographs were captured by camera
(Canon 600D, Japan) and high-speed camera (Photron, Japan).
Mechanical tensile and stretch cycling tests were operated in an
ESM301/Mark-10 system. The strain rate of films during test was around
0.016 per second, and the geometry of these films was rectangle (with
tested width of 2.5 cm, length 2-3 cm). The electrical output of the
device was measured by Stanford Research Systems Kethiely 6514.
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from the author.
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