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Leaf-Like TENGs for Harvesting Gentle Wind Energy

at An Air Velocity as Low as 0.2 m s

Hao Li, Jing Wen, Zhigiang Ou, Erming Su, Fangjing Xing, Yuhan Yang, Yanshuo Sun,

Zhong Lin Wang,* and Baodong Chen*

Existing technologies for harvesting electrical energy from gentle wind

face an enormous challenge due to the limitations of cut-in and rated wind
speed. Here, a leaf-like triboelectric nanogenerator (LL-TENG) is proposed
that uses contact electrification caused by the damped forced vibration of
topology-optimized structure consisting of flexible leaf, vein bearing plate,
and counterweight piece. The effectiveness of the topology-optimized leaf-
like structure is studied, which solves the problem of reduced output due to
electrostatic adsorption between the leaf surfaces while reducing the cut-in
(0.2 m s7") and rated wind speed (2.5 m s7'). The LL-TENG unit having small
dimensions of 40 cm2 (mass of 9.7 g) at a gentle wind of 2.5 m s™' exhibits
outstanding electrical performances, which produces an open-circuit voltage
of 338 V, a short-circuit current of 7.9 tA and the transferred charge density
of 62.5 pC m~2 with a low resonant frequency of 4 Hz, giving an instanta-
neous peak power of 2 mW. A distributed power source consists of the five
LL-TENGs in parallel is developed by designed self-adaptive structure, for
which the peak power output reaches 3.98 mW, and its practicability and
durability are successfully demonstrated. This study is a promising distrib-
uted power source technology to drive electronics in gentle wind outdoor

1. Introduction

Wind is a vast, clean, readily available, and
renewable energy source, which is used to
produce electricity using the kinetic energy
created by air in motion. General wind
classifications are divided into 12 Beau-
fort-Wind-Scale for differentiating winds
of different average speeds such as calm,
light air, breeze, gale, storm, and hurri-
cane. Wind is harvested through wind tur-
bines or energy conversion devices, which
generate electricity by converting the
kinetic energy of the wind into mechanical
energy.ll Gentle wind (calm, light air, and
breeze) is a more random and intermit-
tent source of energy which occupies the
major proportion in the whole year of
wind distribution and an important role
in energy collection. For example, simple
and high-efficiency harvesting gentle wind
energy enjoys huge potential and broad

environments.
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prospect in outdoor or desert.” However,

traditional  electromagnetic  technolo-

gies for harvesting electrical energy from

gentle wind face an enormous challenge

due to the limitations of cut-in and rated
wind speed, and continual emerged new technologies often fail
to displace old ones or as a useful supplement.

TENGs (triboelectric nanogenerators)®l were shown that
the technologies possess high-effective conversation of the
random low-frequency mechanical energy into electricity,
such as wind, raindrops,® water waves,®! and biomechanical
energy. Because of several advantages it offers over other dis-
tributed energy harvesting technologies, which are easy fabri-
cation,”! lightweight,!®l low cost,l”! diverse selection of mate-
rials,'% and strong adaptability. Therefore, a variety of TENG
prototypes have been developed using for collecting different
speeds of wind energy by optimized device structure and tribo-
electric materials.™ During the research, it was discovered that
relatively few studies have been conducted on the collection
of gentle wind energy. Most reports focusing on the high air
velocity (>5 m s7}) as a result of structural limitations of these
devices resulting in the demand of high cut-in wind speeds if
running fine.’*l Therefore, the development of a matched
TENG for high-efficiency harvesting gentle wind energy is nec-
essary to promote the practical application and to supply the
world's present energy demands.

© 2023 Wiley-VCH GmbH
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Here, we report a leaflike triboelectric nanogenerator (LL-
TENG) with topology-optimized leaf-like structure which can
high-effectively harvest wind, airflow speeds from the range of
0.2 to 5.5 m s\ We study the effectiveness of topology-optimized
strategy, which solves the problem of reduced electrical output
due to electrostatic adsorption between the leaf surfaces while
reducing the cut-in (0.2 m s7) and rated wind speed (2.5 m s7}).
The advantage of LL-TENG with ultralow cut-in wind speed is
demonstrated by damped forced vibration in a topology-opti-
mized structure. The peak power of LL-TENG unit may reach
2 mW at a wind speed of 2.5 m s, and its practicability and
durability are successful demonstrated. A distributed power con-
sisting of five-unit LL-TENGs in parallel is developed by designed
self-adaptive structure which the peak power reaches 3.98 mW
that shows the advantage of LL-TENG for harvesting low-speed
gentle wind energy. Coupled with an energy management
system, it may be utilized as a direct-current power for driving
electronics and has proved itself in applications such as a self-
powered emergency alarm system and a self-powered weather
monitoring network, respectively. This work proposes an efficient
method for collecting the ubiquitous gentle wind that is over-
looked by traditional technologies or cannot be collected owing to
structural restrictions. This is crucially significant and might be a
valuable addition to existing distributed power sources.

2. Results and Discussion

2.1. Structure Design and Working Principle of LL-TENG

Figure 1a shows a diagram of a distributed power source network
based on the LL-TENGs array for harvesting gentle wind energy
to drive electronics in the desert. General wind classifications are
divided into 12 Beaufort-Wind-Scale, as shown in Table S1 (Sup-
porting Information). The LL-TENG uses contact electrification
caused by the damped forced vibration of topology-optimized
structure consisting of flexible leaf, vein bearing plate, and coun-
terweight piece, the photograph is shown in Figure 1b. The func-
tional materials involved are 430 stainless-steel sheets, fluorinated
ethylene propylene (FEP) film, aluminum (Al) film, and polyvinyl
chloride (PVC) film, as shown in Figure 1c. Considering that the
appropriate thickness and the mechanical properties of the mate-
rial have a positive effect on the physical vibrations as well as in
order to achieve an ultra-low resonance frequency, a 430 stainless-
steel sheets (50 um) was chosen as the lower support leaf sur-
face. Its super elasticity makes it easy to deform when subjected
to small pressures and to return to its original shape when the
pressure is released, which is vitally important for harvesting low-
speed gentle wind energy. Then, FEP film, Al film, PVC film, and
leaf-like vein bearing plate are sequentially attached layer-by-layer
and the stainless-steel sheet as a support layer is mounted face-
to-face with the PVC film using a base made from 3D printing
and UV-cured resin as a spacer. The selection of FEP film as the
triboelectric layer is due to its corresponding high negative charge
affinity. In addition, the stainless-steel sheet was bent initially into
a semi-curved shape to provide conformal contact and separation
of the two triboelectric layers during damped forced vibration.
Based on the coupling between electrification and elec-
trostatic induction, the working principle of LL-TENG with
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contact-separation mode are schematically illustrated in
Figure 1d. The Al film connected to the upper flexible leaf is
called electrode A, acting as both an electrode and a triboelec-
tric layer, and the stainless-steel sheet bonded to the lower leaf is
called electrode B. In addition, the FEP film is attached to elec-
trode B and plays the role of another triboelectric material. When
the device is placed in a continuous wind, the leaf surface is sub-
jected to wind forces and the damping force of the counterweight
piece on top of the leaf, causing the LL-TENG to vibrate by peri-
odic external driving forces and the dorsal leaf-like bearing plate
is an effective solution to the problem of electrostatic attraction
between the two leaves. As a result, the Al film and FEP film
are periodically brought into contact and separated. In the begin-
ning, electrode A contacts the FEP film (Figure 1d, state i). Due
to the stronger ability of FEP film to attract negative charges, a
certain number of negative charges occur on the surface of FEP
film, and the same number of positive charges appear on elec-
trode A. With the wind effects, counterweight piece of the leaf
swings to a certain angle, and electrode A separates from the
FEP film (Figure 1d, state ii). According to electrostatic induc-
tion, free electrons on electrode B transfer to electrode A through
the external load to balance the potential difference. Therefore, a
pulsed electric current is generated from electrode A to electrode
B. There follows a maximum amplitude position (Figure 1d,
state iii). The combined effect of drive (wind), damping (counter-
weight piece), and elasticity (stainless-steel sheet), resulting in the
leaf swing velocity slows down to zero. Subsequently, all external
forces applied can generate resilience, which can cause the leaf
to spring back in reverse. At this time, the two triboelectric mate-
rials get close to each other, and electrons flow backward through
the external load (Figure 1d, state iv). Finally, electrode A contacts
the FEP film again, and LL-TENG returns to the original state
i. Based on this periodically damped forced vibratory motion, a
continuous alternating current is generated in the external cir-
cuit. As can be seen from Figure le, the signal shapes of the V¢,
short-circuit current (Isc), and transferred charge (Qsc) as well
as, they can reach approximately 257 V, 165 nC, and 8.2 UA at a
wind speed of 2.5 m s7! respectively. Cut-in wind speed, as one
of the most important basic parameters, is regarded as an indi-
cator to assess the performance of TENG. Obviously, based on
the structural optimization, the cut-in wind speed of LL-TENG
is 0.2 m s7!, which is nearly five times less than the previous
relevant work, as shown in Figure 1f%] Notably, the LL-TENG
has limitations when it comes to collecting wind energy from all
directions, since it can only do so from the oncoming wind. To
achieve all-around random light-air energy harvesting, we have
implemented a distributed power source consisting of five units
of LL-TENG connected in parallel by a designed self-adaptive
structure, as shown in Movie S1 (Supporting Information). The
photographs of the distributed power source are visualized in
Figure S1 (Supporting Information), which includes a left view
a), a front view b), a top view c), and the 3D photograph of one
single LL-TENG device d).

2.2. Vibration Model and Aerodynamic Analysis of LL-TENG
First, we equate the dynamics characteristic of LL-TENG during

gentle wind-blown oscillation to a damped forced vibration

© 2023 Wiley-VCH GmbH
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Figure 1. Application scenario, structure and working principle of LL-TENG. a) Prospective application of LL-TENG as a distributed power in the desert.
b) The photograph and structure of LL-TENG. c) Working principle of LL-TENG. d) Open-circuit voltage (Voc), transferred charge quantity (Qsc), and
short-circuit current (Isc) of LL-TENG at a wind speed of 2.5 m s7\. e) Bar graph of the cut-in wind speed about the comparison between the LL-TENG

and existing relevant researches.

model of a mass at the top of the leaf, as shown in Figure 2a.
In the design of LL-TENG with topology-optimized leaflike
structure, the oscillating two leaves undergo deformation and
leading to its flapping. In the inset, the dynamic stress analysis
of LL-TENG was simulated at the mechanical condition and
external airflow conditions by using the software ANSYS, and
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a finite element analyzing the interfacial stress distribution
model for the topology-optimized structure of LL-TENG was set
up. The results show that the dynamic stresses are concentrated
at the point of contact between the leaves and the base where
they increase with the amount of deformation. It is noteworthy
that by optimizing the leaf radius curvature which can achieve

© 2023 Wiley-VCH GmbH
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Figure 2. Aerodynamic analysis and forced damping vibration simulation of LL-TENG. a) Simplified damped forced vibration model of LL-TENG.
(Using the software ANSYS, the inset shown that the dynamic stress analysis of LL-TENG was simulated at the mechanical condition and external
airflow conditions, and a finite element analyzing force model for the topology-optimized structure of LL-TENG was set up.) b) Local eddy characteristic
of LL-TENG collects by schlieren photography. c) Sequential swinging features and contact-separation states of LL-TENG under the damped forced

vibration. d) The simulated formation of eddies around the LL-TENG device.

the desire deformation. Based on the damped forced vibra-
tions of the counterweight piece and the stainless-steel sheet,
the vibrations on the LL-TENG are resolved into the two oper-
ating modes, the autonomous stochastic resonance induced
by two modes can be determined. Thereafter, the two modes
of the damped forced vibrations on the LL-TENG device are
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discussed. One is the under-damped movement of the device
due to the effects of rapidly changing gusts of wind over a short
period of time. For example, the device is subjected to elastic
and damping forces when an instantaneous wind of 3 m s
is applied to its surface in a windless state. According to the
analysis of the forces analysis, the stochastic resonance system

© 2023 Wiley-VCH GmbH
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is subjected to elastic and damping forces, which are solved by
the general solution can be expressed as:

x=Ae " cos(wt+9) 1)

A=\/x§+(v0 + Bxy)* Jwh ()

where @, is the angular frequency of the stainless-steel sheet
(0§ = km™), Bis the damping coefficient, A is the amplitude
and cos (@t + ¢) is the period factor, details of the calculations
are shown in Supporting Information Note. When S < @,, the
system is in underdamped forced vibration. So, it can be seen
that the excitation stochastic response is related to the damping
force generated by the moveable counterweight piece and that
the displacement vibration curve decreases periodically with
time. To verify that the experiment matches the theory, the
output voltage of LL-TENG can be derived from the equivalent
capacitance model of TENG as follows:

V. =0x(t)/& 3)

where Vi is the open-circuit voltage, x(t) is the transient dis-
tance between the two triboelectric layers, o is the triboelectric
electric surface charge density, and g, represents the dielec-
tric constant of the vacuum. According to the formula it can
be derived that Vi is proportional to the transient distance
between the triboelectric layers. It is therefore possible to
equate the voltage magnitude to the vibration displacement. As
can be seen in Figure S2a (Supporting Information), the experi-
mentally measured Vo curve matches the calculated curve.
The second mode of operation is the system being subjected
to periodic external driving forced vibration. In this process,
the system is subjected to three forces: the elastic force, the
damping force, and the external driving force. The general solu-
tion of the formula can be expressed as:

x=Ae" cos(wt+¢)+ Acos(w,t+¢) (4)

A= (0} - 0l) +4B o} (5)

where fis the external force, @, is the external frequency, and
details of the calculations are shown in Note S1 (Supporting
Information). In damped forced vibration, the vibration gains
energy from the work done on it by an external force and
loses energy due to damping. At the beginning of the forced
vibration, the former is stronger than the latter. The vibration
gradually strengthens, and as the vibration strengthens, the
loss of energy increases, until the steady state is reached when
the energy obtained is exactly compensated for the loss of
capacity, at which time the state of motion is simple harmonic
vibration. As can be seen in Figure S2b (Supporting Infor-
mation), the experimentally measured Vo curve matches
the calculated curve. After steady state of the damped forced
vibration system:

x:Acos(a)ptH//) (0)
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The whole damping vibration process can be also easily
decomposed into a horizontal component and a vertical compo-
nent for a single degree of freedom system (Figure 2a). For the
force analysis of both models, it is obtained that:

fi ()=%+wx+2B% 7)

fy ()=7+wiy+2py (8)

At the same time, the airflow distribution around the LL-
TENG device can be clearly observed by the schlieren photog-
raphy, as shown in Figure 2bi-vi. When the airflow starts to
move on the leaf, the leaf deforms with the counterweight and
the vortex can be clearly observed at the top of the leaf during
the movement, as shown in Figure 2bv. Then, the interaction
between the leaf and airflow was simulated via FLUNT soft-
ware. Figure 2c presents the sequential images of the damped
forced vibration.! First, the LL-TENG is showing with a cer-
tain bending on its equilibrium point, as shown in Figure 2ci.
In the first half of a vibration cycle, the device first reaches the
largest upward displacement, as shown in Figure 2cii; then, it
returns back to the initial position, as shown in Figure 2diii. In
the remaining half cycle, the device reaches the largest down-
ward displacement, as shown in Figure 2civ. The displacement
of the device is visualized in Movie S2 (Supporting Informa-
tion). The results show that the damping vibration is consistent
with the simulation. As demonstrated in Figure 2d, in fluid
dynamics, when an airflow past the arc-shaped elastic leaf at
certain velocities, vortices are created top of the leaf, which may
be one of the reasons for the wind energy harvesting achieved
by LL-TENG at low speeds of wind.["™! The movement status of
the LL-TENG and the formation of vortices under synchroni-
zation are shown in Figure S3 (Supporting Information). The
simulation results are consistent with the airflow distribution
observed by the s schlieren photography. The continuous vari-
ation of the airflow and the displacement of the leaf are visual-
ized in Movie S3 (Supporting Information).

2.3. Structural Parameters Optimization of LL-TENG

As can be seen by wy, the inherent vibration of LL-TENG is
related to the counterweight piece and the elasticity coefficient
of the stainless-steel sheet. Thus, changing the weight of the
counterweight piece can change the frequency of the damped
forced vibration. Therefore, the effect of counterweight pieces
was first studied. Second, the output performance of LL-TENG
is also influenced by the parameters of topology-optimized leaf-
like structure, such as leaf aspect ratio, leaf initial state cur-
vature, and spacing between leaves, which should be studied
respectively. Considering that the LL-TENG device is driven to
achieve low cut-in wind speed under the action of gentle wind
and to avoid over-damped vibration due to excessive mass of
the counterweight piece, the mass of the counterweight piece
should not be too heavy, the counterweight piece on top of LL-
TENG leaf was designed to be 0.5, 1, 1.5, and 2 g for testing
experiments, as shown in Figure 3a. The load on the counter-
weight piece at the top of the leaf increases continuously with

© 2023 Wiley-VCH GmbH

850807 SUOWW0D aA1eeID 3(cedljdde au Aq peusenob ase e YO ‘88N JO Se|nl 10} ArIqiT8uIUO 8|1 UO (SUOTPUCD-pUR-SLUB)LI0D A8 1M ATeIq U1 [UO//:SANY) SUORIPUOD pue swie | 8y 88S *[£20z/T0/E0] Uo Akiqiaulluo A8|1m ‘O uonmisu| Builleg-sed Aq L022T2202 WiPe/z00T OT/I0pAW0d A8 imAiq i puluo//Sdny woy papeojumod ‘0 ‘8Z0E9T9T



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

b c o
a 60 - iy £ 200
L = L
~ c
N5 L 150 |
E4.5 i g _
V4 ol © 100 |-
N S30 = 2|
2 B
g | = s S sop
- =15 & |
ATENG : i 2 ol
Counterweight s L
: o B N O = - ' = . : :
piece 0.0 A T = 02 05 10 15 20 25 30
Weight (g) Wind speed (m/s)
360 2000 10
d € 6 L (f* ) a .l ==
N ! > ] <
T 8270 1502 183
(@)= 1
o S g1 E
5. 4= ?;7 ! g’—G qt)
g | = 180} 11008 {1 3
~ D | 2 -—
= ¢ © 45
8 7 S ﬂ % ] o
Ireng IC il & 90| piali 150 = | G
| 2 . 573
r o [2])
@) | (= _8
@ <
0 1 . 1 i | 0 | . ] g | 0 |,: Jo»n
; 2.0 25 3.0 2.0 25 3.0
Aspect ratio Aspect ratio Aspect ratio
3.0cm = l 3.0cm
£200 | < .
> r e B
= -—
£150 |- =
3
o &) r
©100 - & sl
o | =
£ 5 1)
(5] B _E,’ 2
2 ol 0-8) o
% 1 L | L | " 1 L I " 1 " 1 | " 1 " 1 L 1 L 1 " 1 " |
= 02 05 10 15 20 25 30 02 05 10 15 20 25 30

Radius of curvature

Wind speed (m/s)

Wind speed (m/s)

Figure 3. Structural parameters optimization of LL-TENG. a) Counterweight piece parameters of LL-TENG with topology-optimized leaf-like structure.
b) Vibration frequencies of different counterweight pieces at a wind speed of 2.5 m s7. c) Transferred charge quantity (Qsc) of LL-TENG with different
counterweight pieces and wind speeds. d) The aspect ratio of LL-TENG with topology-optimized leaf-like structure. €) Vibration frequencies of different
aspect ratios at a wind speed of 2.5 m s7\. f) Open-circuit voltage (Voc), transferred charge quantity (Qsc), and short-circuit current (Isc) of LL-TENG
with different aspect ratios at a wind speed of 2.5 m s™'. g) The radius of curvatures of LL-TENG. h) Transferred charge quantity (Qsc) and i) short-
circuit current (Isc) of LL-TENG with different radius of curvatures and the wind speeds.

the spacing between the leaves, the aspect ratio of the leaves,
and the initial state curvature of the leaves controlled. As can be
seen in Figure 3D, the resonant frequency of LL-TENG device
decreases with increased the weight of the counterweight
piece, this is consistent with the results of the @, analysis. At
different wind speeds from 0.5 to 3.0 m s7!, the best matching
counterweight piece is 0.5 g. The reason is that when the coun-
terweight piece is 0.5 g, it is not only effective in responding
quickly to the impact of the wind but also has better output per-
formance compared to others at different wind speeds, the elec-
trical output performances of 198 nC, 338 V, and 79 pA were
shown in Figure 3c and Figure S4a,b (Supporting Information).
The phenomenon is that steady state damped forced vibra-
tion is an open dissipation system which continuously absorbs
energy from the driving force source and at the same time dis-
sipates capacity due to damping. When the dissipation capacity
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increases until it is exactly the same as the absorbed energy, the
system reaches a steady state. The lighter counterweight piece
forms a smaller damping force and takes less time to move
from the initial state to the steady state.

In addition, the output performance of LL-TENG can be
improved by increased effective contact area. To clearly demon-
strate, the electrical output of LL-TENG was studied with dif-
ferent structural parameters under the wind speed of 2.5 m s7*
(by changing the aspect ratio of the topology-optimized leaf-
like structure), as shown in Figure 3d. As shown in Figure 3e,f,
the leaf width “D” is constant at 4 cm, the vibrational frequency
of the LL-TENG device decreases with increased leaf lengths
“Ly” (the length of 4, 8, and 12 cm), and the electrical output
will first increase with the increased L and then decrease. The
reason for this phenomenon is that a longer triboelectric layer
can induce a greater contact area, however, the elasticity of the

© 2023 Wiley-VCH GmbH

850807 SUOWW0D aA1eeID 3(cedljdde au Aq peusenob ase e YO ‘88N JO Se|nl 10} ArIqiT8uIUO 8|1 UO (SUOTPUCD-pUR-SLUB)LI0D A8 1M ATeIq U1 [UO//:SANY) SUORIPUOD pue swie | 8y 88S *[£20z/T0/E0] Uo Akiqiaulluo A8|1m ‘O uonmisu| Builleg-sed Aq L022T2202 WiPe/z00T OT/I0pAW0d A8 imAiq i puluo//Sdny woy papeojumod ‘0 ‘8Z0E9T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Wind speed (m/s)

C
o912
o 1<
& o & !
II I . A : r ) —t‘_gE
a
= ] e
‘ ‘ ¢ o AR
A28 S
® a
) Qo ‘5
[ ] D13 £
<]
= &
I, (N, 1 L 1 L 1 2 1 = @
20 25 30 2 3 4 5 e

Distance (mm)

- 0.2

Short-circuit current (UA) —»
»® o w o ©
T T T 7

'
o
L

a b
375
s K |
2’ i —1: 2
© 300 |
(o]
E -
S 225 |
“g L
2 150 |- ;
ATENG z
—y— g 751 =l
— &) L
0 . joii , PETP 1
: ) 05 10 15
Length ratio Distance
d (=)
=200 =02 L 10} 1S 6\ F o2 : 10 : 15
S P Zwoop
9 P > i
gor gsof o
S L S L b
= 0 : ! =0 i ]
5 ' H ) \ H
o y { > ! !
5 ! ! S 5ol !
%100 - 5 50 : :

! . £ ! :
<3 : : Lol ! ;
0-200 B i i 2 I | i

: & ;

0 10 = o 10

Time (s)

Time (s)

Time (s)

Figure 4. The electrical output performance of LL-TENG. a) Schematic diagram of LL-TENG's supporting base. b) Open-circuit voltage (Voc) of LL-
TENG with different length ratio of support base and wind speeds. c) Open-circuit voltage (Voc), transferred charge quantity (Qsc), and short-circuit
current (Isc) of LL-TENG with different distance at a wind speed of 2.5 m s™'. d) Open-circuit voltage (Voc), e) transferred charge quantity (Qsc), and
f) short-circuit current (Isc) of LL-TENG with different wind speeds at optimal parameters.

leaf decreases with the increased L, which hinders the effec-
tive separation of two triboelectric layers. Afterward, the initial
state curvature of the leaf was changed with other conditions
held constant for experimental comparison, and photographs
of stainless-steel sheets with different curvatures are shown in
Figure 3g. Here, the radius of curvature (R), arc length (L)),
and central angle () of the arc part satisfy the relationship
(R = L,/0). As depicted in Figure 3h,i and Figure S4c (Sup-
porting Information), different R from 3.0 to 5.0 cm were
employed to explore the output performance, which indicates
that the optimal output performance can be obtained at R of
4.5 cm. This is due to the fact that with the increased curva-
ture, the area of the leaf surface exposed to the wind becomes
larger and the elasticity of the stainless-steel sheet is reduced,
making it easier to separate between the two leaves. As the
wind speed increases, the external drive is stronger than the
recovery force of the stainless-steel sheet, prevent the leaf
from oscillating periodically, resulting in a sudden drop in
output. The output of LL-TENG increases with decreased R
and abruptly at 5 cm. The LL-TENG leaf support base is shown
in Figure 4a. By varying the support base for different length
ratios and wind speed cases, it can be seen that the output per-
formance is high and more stable at 1:2, as shown in Figure 4b.
In addition, varying the base clearance distance reveals that the
device performance decreases with increased the clearance, as
shown in Figure 4c. Based on the above experimental results,
the output performance of LL-TENG can be optimized with a
counterweight piece of 0.5 g, a leaf aspect ratio of 1:2.5 (the
wide of 4 cm and the long of 10 cm), a circular radius curva-
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ture R of 4.5 cm, a support base with a length ratio of 1:2, and
a clearance distance of 2 mm. At this set of structure param-
eters, the LL-TENG achieves maximum output performance of
338 V, 198 nC, and 79 PA at different wind speeds at a wind
speed of 2.5 m s7!, as shown in Figure 4d—f, respectively. The
charge density transferred of 62.5 pC m= is reached on the
effective contact area.

2.4. Electric Output Performance of LL-TENGs Array

A distributed power source (DPS) consists of the five LL-
TENGs in parallel is developed by designed self-adaptive
structure for all-round random gentle wind energy harvesting,
including a full-wave rectifier bridge and a power manage-
ment circuit (PMC)."" Figure 5ai shows a schematic diagram
of DPS including the LL-TENGs array, rectifier bridge, and
PMC. Figure 5aii shows the 3D structure drawing of DPS. In
particular, the gas discharge tube (GDT) of PMC, is selected
for use based on the high internal resistance and alternative-
current output characteristics of the device, as well as the
output. With the PMC, the problem of the device being unsuit-
able for directly powering electronic components can be effec-
tively solved. The schematic illustration of PMC is shown in
Figure S5 (Supporting Information), where the direct-current
power after the full-wave rectifier bridge is applied into oscil-
lation circuit through GDT and finally stored in the capacitor
for load applications. As shown in Figure 5b, the number of LL-
TENG units increases from 1to 5. The V¢ is remains constant
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Figure 5. Output performance of LL-TENGs network based on designed self-adaptive structure. a) The parallel connection of LL-TENG units through
the rectified bridges and power management circuit (PMC). b) Open-circuit voltage (Voc) and short-circuit current (Isc) of LL-TENG with different
numbers. c) The output power and instantaneous peak current-resistance relationship profiles for the LL-TENG. d) Output power of LL-TENGs from
different number. e) Voltage profiles of the capacitor with different capacitance charged by the LL-TENG unit. f) Voltage profile of the 100 uF capacitor
charged by the LL-TENGs with different number. g) Durability of LL-TENG based on the measurement of transferred charge quantity under 110000

cycles of operation. h) Enlarged view of durability test at 20000 cycles and 100000 cycles.

with the different number of LL-TENG units, while the Isc
increases from 79 to 24.3 pA.

To evaluate the matched impedance and the peak power of
the LL-TENG device, its output performances are tested with a
series of different load resistances at a wind speed of 2.5 m s,
As illustrated in Figure 5S¢, the output current has a horizontal
trend when the resistance is small. Then the output current
gradually decreases with increased the external load resist-
ance, and the output power rise and then falls. A peak power of
2 mW is obtained under a load resistance of 80 MQ. As shown
in Figure 5d, a peak power of the DPS based on five LL-TENGs
arrays reaches 3.98 mW, and the peak power increases linearly
with increased the number of LL-TENG devices. In addition,
the peak power at 0.2 m s~! wind speed is shown in Figure S6
(Supporting information). It is thus conceivable that when a
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sufficient number of DPSs are integrated, the transmission of
the sensing information with long distances can be achieved
in the desert (e.g., temperature and humidity sensors, wireless
alarms, etc.). In addition, the DPS device has enough power to
light 127 LEDs, as shown in Figure S7 (Supporting informa-
tion). Moreover, the charging voltage of the capacitors with dif-
ferent number of LL-TENG units were investigated, as shown
in Figure 5e,f. When operating at a wind speed of 2.5 m s7, the
voltage of the capacitors from 10, 33, 47, and 100 UF are reached
21, 9.15, 5.44, 2.34, and 0.98 V in the charging time of 300 s,
respectively. The voltage of 100 UF capacitor increases with
increased the number of LL-TENG unit, and the value of voltage
rise becomes faster in the same charging time. Furthermore,
the output performance of LL-TENG was studied with the time
of 78 h (more than 110 000 cycles) in continuous operation,
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Figure 6. Applications demonstration of distributed power source (DPS) based on the LL-TENGs network. a) Photograph of LL-TENGs network as a
DPS. b) Circuit schematic of the self-powered system consisting of a DPS, power management circuit (PMC), rectifier bridge, capacitor, transmitter
terminal, and receiver terminal. ¢) Photograph and demonstration of the self-powered emergency alarm system. d) Voltage profile of a self-powered
emergency alarm system in the process of charging and discharging. e) Photograph and demonstration of the self-powered signal lights system.
e) Photograph and demonstration of the self-powered signal lights system. f) Photograph and demonstration of the self-powered meteorological
monitoring system. g) Voltage profile of the self-powered meteorological monitoring system in the process of charging and discharging.

the results are shown in Figure 5gh, and Figure S8a,b (Sup-
porting Information). Scanning electron microscope (SEM)
images shown that the surface of the used FEP film has expe-
rienced light wear, which is not very different from the unused
FEP film. The initial surface of the unused Al film had regular
streaks due to the processing technology, and the streaks did
not change much after use (Figure S8c,d Supporting Informa-
tion). The results show that the transferred charge of LL-TENG
retains still 97.5% after a continuous operating time of 7.8 h
(Figure S9, Supporting Information), and the surface of FEP
and Al film is lightly worn during the contact-separation pro-
cess, which has very little effect on the output performances.

2.5. Practicability and Applications of LL-TENG

A self-powered emergency alarm system was developed, it has
a simple structure consisting of the DPS, rectifier bridges,
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a PMC, a 470 uF capacitor, and signal transmitting unit, as
shown in Figure 6a. The circuit schematic of the DPS is shown
in Figure 6b. The working frequency of signal transmitting unit
is 433.92 MHz. The photograph of the self-powered emergency
alarm system and receiving terminal are exhibited in Figure 6c.
In fact, the transmitting distance between the transmitter
and the receiver may be tens or hundreds of meters, which is
dependent on its transmission power and power supply. In the
demonstration, a distance of 6.5 m is tested due to the space
limitation of the laboratory. The voltage profile of the self-
powered emergency alarm system in the process of charging
and discharging, as shown in Figure 6d. When the charging
time of the capacitor exceeds 210 s, the switch is closed and
the transmitter is powered for sending a warning signal, then
the remote signal receiver will be triggered and are given voice
or the alarm signal light, as shown in Movie S4 (Supporting
Information). In addition, a real-time self-powered signal light
guidance system was developed for providing longest-distance
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point-to-point assistance and clues to direction with geological
survey personnel, explorers, vehicles, and camel caravan in
the desert, as shown in Figure 6e and Movie S5 (Supporting
Information). It can be a self-powered way to drive 127 LEDs
and provide essential light or in the right direction to passers-
by and vehicles at night in the wild. Furthermore, the meteoro-
logical monitoring technology can provide big data support for
oil exploration, development, and production in the outdoors or
desert, and plays an important role in basic support for deserti-
fication prevention and climate change research. A simple self-
powered meteorological monitoring system was constructed by
combining a commercial hygrothermograph, a DPS, rectifier
bridges, a PMC, and a 470 pF capacitor, as shown in Figure 6f
and Movie S6 (Supporting Information). The voltage profile of
the self-powered meteorological monitoring system in the pro-
cess of charging and discharging, as shown in Figure 6g. At a
wind speed of 2.2 m s7, the operating voltage of the commer-
cial hygrothermograph can be reached by the DPS within 26 s,
which starts supplying power to the hygrothermograph and the
display will always be illuminated. In conclusion, the applica-
tions of LL-TENG-based DPS by harvesting gentle wind energy
for powering these low-power sensors is demonstrated, proves
the effective and feasibility of LL-TENG as a self-powered dis-
tributed generation technology based on the contact electrifica-
tion and structure optimization.

3. Conclusion

In summary, we reported a new leaf-like triboelectric nanogen-
erator (LL-TENG) based on damped forced vibration caused by
the topology-optimized structure for high-effectively harvesting
electrical energy from ultralow cut-in speed airflow/gentle wind
energy. The LL-TENG is comprised of flexible leaves, leaf-like
vein bearing plates, and counterweight pieces, that resemble
plant leaves and derive effective output from low resonant fre-
quency of damped forced vibration when driven by airflow or
gentle wind. We study the effectiveness of topology-optimized
leaf-like strategy, which solves the problem of reduced elec-
trical output due to electrostatic adsorption between the leaf
surfaces while the cut-in and rated wind speed reduced to
0.2 m st and 2.5 m s7.. The peak power of LL-TENG unit may
reach 2 mW at a wind speed of 2.5 m s7%. A distributed power
source (DPS) consists of five-unit LL-TENGs network in par-
allel is developed by designed self-adaptive structure, which the
peak power reaches 3.98 mW. Coupled with a power manage-
ment circuit (PMC), the DPS may be utilized as a distributed
direct-current power source for driving electronics. A set of
applications include a self-powered emergency alarm system, a
self-powered signal lights system, and a self-powered meteoro-
logical monitoring system were developed, respectively, and its
practicability and durability are successful demonstrated for air-
flow/gentle wind energy harvesting in the desert. The effective
and feasibility of LL-TENG was demonstrated as a self-powered
distributed generation technology for the information transmis-
sion, data acquisition, and climate monitoring of large areas no
man's land, and provides emergency alerts for the expedition,
rescue, and human activities in the desert. This work proposes
a novel topology-optimized strategy for harvesting gentle wind
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energy of 0.2-2.5 m s7!, with the deep-going research, we are
looking at the possibility of wide application that the LL-TENG
technology may be a potential complementarity for wind tur-
bines and distributed micro-nano energy in the future.

4. Experimental Section

Fabrication of LL-TENG: The base parts of LL-TENG were made by
3D printing (Tiertime up 300) with PLA material (Anycubic). The two
leaves measure 10 cm (length) x 4 cm (width), with a PVC film (nearly
20 um) on top and a 430 stainless-steel sheet (50 um) on the bottom.
The aluminum electrodes were pressed through the machine onto the
PVC film and the FEP film was applied to the surface of the stainless-
steel sheet. The stainless-steel sheet and the PVC film were each applied
to the base support, after which the two electrodes were connected to
the rectifier bridge. The distributed power source (DPS) consists of five
LL-TENGs connected in parallel, supported by three parallel circular
acrylic plates, connected to the shaft by means of bearings. A tailpiece
was also added in the opposite direction of the device.

Characterization and Measurement: SEM was used to determine
the microstructure of the samples (SU8020, Hitachi). The airflow was
simulated by an electric fan. A commercial anemometer was used to
measure wind speed. The Keithley 6514 system electrometer was applied
to measure the electric output of LL-TENG. Airflow motion image on
the LL-TENG surface measured by the schlieren photography (Luftvis).
The base of LL-TENG was made by a 3D printer (Tiertime up 300). The
dynamic stress analysis of LL-TENG was simulated at the mechanical
condition and external airflow conditions by the software ANSYS.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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