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A B S T R A C T   

Multi-direction, irregularity, low-grade, the dynamic characteristics of low-grade airflow energy are prominent 
that making it difficult to collect. Here, we propose a vibration-coupled triboelectric nanogenerator (VC-TENG) 
induced by vortex to achieve from weak to ultra-strong vibration, thus effectively converting low-grade airflow 
energy into vibrational mechanical energy, and then electric energy. The transferred charge and short-circuit 
current increases is 47 and 26.9 times due to designed vortex structure, and the resonant response time is 2 s 
at a speed of 4.1 m/s. A VC-TENG unit delivers a peak power of 4.5 mW under a load resistance of 500 MΩ. A 
grouping of applied demonstrations of self-powered system validates the practicality and durability of VC-TENG. 
This work offers a practical strategy for harvesting low-grade airflow energy, and is a promising distributed 
power technologies for self-powered monitoring and forecasting system in the wild.   

1. Introduction 

Airflow energy is a ubiquitous and sustainable source of carbon-free 
energy with wide distribution and immense potential for power gener-
ation [1]. Traditional airflow energy harvesting primarily relies on wind 
turbines or energy conversion devices. However, in outdoor environ-
ments, the majority of airflow falls into the category of low-grade winds, 
where the wind speed is insufficient to meet the startup requirements of 
turbines [2]. Additionally, these low-grade winds are multi-directional 
and irregular, making it difficult for traditional turbines to effectively 
capture this energy. Consequently, there is significant promise and po-
tential in collecting low-grade airflow energy for powering small elec-
tronic devices, particularly in outdoor or desert settings [3–6]. 
Conventional electromagnetic wind turbines are primarily designed to 
supply power to large-scale electrical grids and are not suitable for small 

mobile electronic devices, distributed sensors, or sensing systems [7–9] 
order to tackle this challenge, there is a pressing need to develop an 
innovative generator capable of effectively harvesting low-grade airflow 
to power microelectronic devices and distributed sensors. 

Triboelectric nanogenerators (TENGs) exhibits tremendous potential 
for airflow energy harvesting due to its merits of low cost, [10–13] facile 
manufacturability,[14–19] high adaptability, [9,20–23] and a wide 
range of material options [18,21,24–31]. The current wind-driven 
triboelectric nanogenerators (TENGs) primarily rely on rotational 
structures, which typically require wind speeds higher than 5 m/s to 
achieve high output performance. However, most of the available wind 
speeds in the environment are within the range of gentle breeze (0–1.5 
m/s) to moderate wind (3.4–5.4 m/s) [32]. Additionally, to achieve 
efficient energy harvesting, these reported TENGs generally adopt 
complex structures and sophisticated processes, which are not 
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conducive to large-scale production and widespread use [33–35]. Thus, 
it is of great significance to design innovative structures for micro 
airflow energy harvesting that are simple, have low starting wind 
speeds, are portable, and have high efficiency to promote the practical 
application of wind-driven TENGs. Vortex-induced vibration (VIV) is a 
common phenomenon in fluid mechanics where the instability of 
airflow generates vortices [36]. The alternating effect of vortices in-
fluences the pressure distribution around objects, resulting in vibration. 
It can lead to fatigue failure and a shortened lifespan of structures, but it 
also signifies the potential to capture significant mechanical energy. In 
recent years, there has been extensive interest in effectively converting 
this energy into electricity. Traditional generators primarily employ 
piezoelectric and magneto-electric conversion technologies, but piezo-
electric generators are limited by high stiffness and low cycle life, 
making them unsuitable for low airflow speeds and long-term operation. 
Electromagnetic generators are costly and complex, rendering them 
unsuitable for low-cost and maintenance-free applications. The combi-
nation of VIV phenomena with TENG technology for capturing airflow 
energy offers advantages such as efficient energy conversion, adapt-
ability to low airflow speeds, multi-directional response, and flexible 
regulation. It is a highly promising technology for airflow energy 
harvesting. 

Here, a vibration-coupled triboelectric nanogenerator (VC-TENG) 
was developed to efficiently harvest low-grade airflow energy with 
multi-directional and irregular characteristics using an arc-shaped 
structural strategy. The generator consists of a base, support rod, 
wind-direction tailfin, arc-shaped wind board, cylinder, and multiple 
power generation units. The power generation device is composed of 
polyamide (PA) balls, two copper electrodes and two fluorinated 
ethylene propylene (FEP) films. As airflow flows around the cylinder, 
the VC-TENG can induce vortex-induced vibrations over a wide range of 
wind speeds. Its startup wind speed can be as low as 1 m/s, a single 
TENG unit can produce an open-circuit voltage of 160 V, a transferred 
charge of 48nC, and a short-circuit current of 1.2μA. At a wind speed of 
4.1 m/s, the peak power of the VC-TENG can reach 4.5 mW. The output 
performance of the VC-TENG remains essentially unchanged after more 
than 11,200 cycles during a continuous operation of 6.9 h, demon-
strating its practicality and durability. Furthermore, we demonstrated 
its self-powered alarm system and wireless sensor powering, showcasing 
the potential applications of the VC-TENG. 

2. Results and discussions 

2.1. Structure design and working mechanism of VC-TENG 

The VC-TENG is designed to efficiently harvest low-grade airflow 
energy to power electronic devices in desert environments. Fig. 1a 
presents a schematic diagram of the distributed power network based on 
the VC-TENGs array. The VC-TENG is driven by airflow, enabling sus-
tained movement of the PA ball on the FEP film within the TENG unit. 
Typically, the motion or acceleration of a vibration-driven TENG indi-
rectly affects the internal structure, and complex motion condition may 
not provide sufficient driving force for complete contact-separation. so 
minimizing vibration response is an effective method. This study will 
demonstrate the merits of this approach. Another advantage is that the 
commercial PA balls are very cheap, costing only about 6% of com-
mercial PTFE balls and are easy to produce. Additionally, the mass 
density of PA is 0.95 g/cm3, which is lower than PTFE 2.2 g/cm3. The 
small PA balls could obtain a higher contact efficiency than large objects 
and achieve greater volume power density. The enlarged view of the 
TENG unit is shown in Fig. 1b. The TENG unit is composed of a PCB 
circuit board substrate, a surface copper foil, and FEP films and PA balls, 
with the PA ball located in the gap between the two FEP triboelectric 
layers. 

The working principle of the TENG unit is shown in Fig. 1c. Driven by 
the wind, the PA balls collide and contact with the FEP films. During the 

contact electrification process, The PA balls acquire positive surface 
charges, and the FEP films obtain negative surface charges. The surface 
charges can persist for a long time as they are trapped electrons within 
potential well. (Fig. 1c(i)) shows the already-charged surfaces of both PA 
balls and FEP films. As PA balls move from the left to the right, the 
positive charges gradually induce negative electrons on the right elec-
trode. The electrons flow back to the right electrode due to the elec-
trostatic potential and generate the current in the circuit, as shown in 
(Fig. 1c(ii)). The current may exist before the PA ball reaches the right 
electrode. (Fig. 1c(iii)) shows the gathered PA balls in the right elec-
trode. When the PA balls move back from right to left, the electrons 
gradually flow to the left electrode. The process generates a current in 
(Fig. 1c(iv)) opposite to the one in (Fig. 1c(ii)). The reciprocating motion 
of the PA balls will induce free electrons to flow between the two elec-
trodes to produce alternating current. To better understand the output 
performance of the VC-TENG, the potential distribution of the two 
electrodes in different states was simulated by using the finite element 
analysis (commercial software of COMSOL Multiphysics). (Fig. 1d(i)) 
clearly shows the potential difference between the two electrodes when 
the dielectric balls are located on the left electrode. When the dielectric 
ball slide to the middle of the two electrodes, the potential become zero, 
as shown in (Fig. 1d(ii)), which drive current to flowing in the external 
circuit. Then, when the dielectric ball slide to the right electrode, the 
potential difference between the two electrodes is clearly shown in the 
potential profile in (Fig. 1d(iii)). When the dielectric ball is again located 
in the middle of the two electrodes, as shown in (Fig. 1d(iv)), the po-
tential returns to zero, driving current to flow in the external circuit 
again. When the TENG unit is running at a wind speed of 4.1 m/s, its 
open circuit voltage, transfer charge and short-circuit current can reach 
160 V, 48nC, and 1.2μA. As can be seen from Fig. 1e-g. To achieve en-
ergy harvesting from all wind directions, an adaptive wind-facing 
structure was designed, as shown in Video S1 (Supporting Information). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109062. 

2.2. Vibration model and theoretical analysis of VC-TENG 

The vibration induced by vortex shedding (VIV) is caused by the 
alternating shedding of vortices from the surface of the cylinder. As 
shown in Fig. 2a, When the fluid flows past the cylinder, it does so in an 
irregular and asymmetric manner on both sides, forming a series of 
alternating vortices. These vortices exert periodic lateral flow forces on 
the cylinder, leading to its oscillation. 

When a cylinder is subjected to flow, it induces vortex shedding vi-
brations. The vibration of the cylinder under the influence of the flow 
can be regarded as a spring-mass-damping system [37–40]. The equa-
tion of motion for the cylinder can be expressed as: 

mÿ+ cẏ+ ky =
1
2

ρU2DCL (1)  

Where m, c, k is the mass, damping, and stiffness of the cylinder, ρ is the 
fluid density,D is the cylinder diameter, and U is the incoming flow 
velocity. CL represents the coefficient of lift for the linear variation 
experienced by the cylinder. The y, ẏ, and ÿ are the displacement, 
velocity, and acceleration of motion. Using structural dynamic re-

lationships: c
m = 4πξfn, k

m =
(

2πf2
n

)
. And using the relationship be-

tween mass ratios m∗ = 4m
ρπD2 (1) can be rewritten as: 

ÿ+ 4πξfnẏ+
(
2πf 2

n

)
y =

2U2CL

πm∗D
(2)  

Where ξis the damping ratio of the structure, fn is the natural frequency 
of the structure, and m* is the mass ratio. The following dimensionless 
equation is further defined as follows: 
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Fig. 1. Structure and working principle of VC-TENG. (a) Schematic of self-powered Gobi-desert monitoring system based on VC-TENG network for airflow energy 
harvesting. (b) Amplified structure and internal TENG units of VC-TENG. (c)Working principle and process of TENG units. (d) The corresponding potential distri-
bution calculated by COMSOL in a 2D plane. (e) Open circuit voltage waveform. (f)Transfer charge quantity waveform. (g) Short-circuit current waveform. 
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Ÿ =
ÿD
U2

˙Y =
ẏ
U

Y =
y
D

Fn =
fnD
U

(3) 

Substituting Eq. (3) into Eq. (2) yields the dimensionless equation for 
structural vibration: 

Ÿ + 4πξFnẎ +(2πFn)
2Y =

2CL

πm∗
(4) 

The detailed derivation process is described in note S1 (Supporting 
Information). In a Kármán vortex street, fluid forms a vortex structure as 
it flows around a bluff structure. The vortex itself is a concentration of 
energy that absorbs the fluid’s kinetic and pressure energy and converts 
it into kinetic and pressure energy within the vortex. When the vortex 
reaches a certain strength, it generates a pressure field in the fluid, 
resulting in a Kármán vortex street. Therefore, the formation of vortices 
and the conversion of energy are the primary reasons for the occurrence 
of Kármán vortex street-induced vibration. [41] Fig. 2b shows the 
oscillation amplitude with and without the arc-shaped wind board. As 
shown in video S2 (Supporting Information), It can be observed that the 
motion is more pronounced with the presence of the arc-shaped wind 
board compared to the absence of the arc-shaped wind board. There may 
be two possible reasons for this. Firstly, the arc-shaped wind board can 
reduce the scale of the vortex, making it easier to peel off. In this context, 
the scale of vortex refers to the size of the vortex region. When there is 
no arc-shaped wind board present, there is a vast space behind the 

cylinder. In this scenario, the vortex generated propagate backward 
along the flow direction, resulting in a larger-scale vortex formation. 
Correspondingly, the energy density within the entire vortex is lower, 
leading to a smaller vortex-induced force. Consequently, the vortex has 
difficulty detaching from the surface of the cylinder. However, when the 
arc-shaped wind board is introduced, the shape of the arc-shaped wind 
board facilitates the formation of vortex more effectively, and the wind 
board restricts the expansion space for the vortex, reducing its scale. In 
this situation, the energy density within the vortex increases, leading to 
a higher vortex-induced force. As a result, the vortex is more prone to 
detachment from the surface of the cylinder. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109062. 

Secondly, the arc-shaped wind board can also increase the frequency 
of the vortex. The vortex frequency is related to its scale and flow ve-
locity. By appropriately designing the shape and positioning of the arc- 
shaped wind board, it is possible to modify the scale and velocity of the 
vortices, thereby increasing their frequency and enhancing vortex 
shedding. This leads to more intense forces acting on the cylinder, 
resulting in larger oscillations. The dynamic stress analysis of VC-TENG 
under mechanical and external airflow conditions was simulated using 
ANSYS software, as shown in video S3 (Supporting Information). Then, 
the interaction between the cylinder, arc-shaped wind board, and 
airflow was simulated using FLUNT software, as shown in video S4 

Fig. 2. Dynamic fluid-structure interaction analysis and electric field simulation of VC-TENG. (a) Dynamic fluid-structure interaction analysis of VC-TENG. (b) 
Vibration amplitude of VC-TENG with and without arc-shaped wind board. (c) Vibration simulation and surrounding vortex characteristics of VC-TENG (using ANSYS 
software). (d) The corresponding electric field distribution calculated by COMSOL in a 2D plane. 
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(Supporting Information). The motion state of VC-TENG and the for-
mation of synchronous vortices are shown in Fig. 2c. In fluid dynamics, 
when airflow passes through a cylinder at a certain velocity, vortices are 
generated behind the cylinder, and the arc-shaped wind board can 
enhance the vortices. This may be one of the reasons why VC-TENG can 
collect airflow energy at low wind speeds. Fig. 2d shows the variation of 
the electric field strength of VC-TENG during the motion process, which 

was simulated using the finite element analysis method (Commercial 
software of COMSOL Multiphysics). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109062. 

Fig. 3. Structure optimization of VC-TENG unit. (a) Single and double triboelectric layers of VC-TENG unit. (b) Transferred charge of single and double triboelectric 
layers with PA balls at different duty ratios. (c) Transferred charge at different electrode gaps. (d) Electrical output performance measured with balls of Different 
Materials. (e) Electrical output performance of different diameter PA balls (f) Definition of the angle between wind direction and electrode direction. (g) Transferred 
charge, (h) Short-circuit current and (i) Open-circuit voltage change from 0◦− 180◦. (j) Schematic of multi-layer VC-TENG. (k) Transferred charge measured for 
different numbers of VC-TENG units. (l) The transferred charge and current exhibit nearly linear proportionality with the number of VC-TENG units. 
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2.3. Structural optimization of VC-TENG 

The Number of PA balls and triboelectric layers, contact area, and 
electrode gap are the essential structural parameters of a TENG unit.  
Fig. 3a shows a schematic of the components of a TENG unit. The 
number of PA balls in the unit space is crucial to achieving the optimal 
output. The duty ratio, defined as the ratio of the volume occupied by 
the PA balls in the TENG unit, can describe the amount. Fig. 3b compares 
the electrical output performance between different duty ratios. In the 
experiment, an upper empty half-open TENG unit was first used to study 
the electrical output performance. It can be seen from Fig. 3b that the 
output performance is optimal when the duty ratio of the balls is 50%, 
with a corresponding transferred charge of 25 nC. The half-open TENG 
has only one layer of FEP films which limited the surface charge density. 
With double-layer FEP films and 50% duty ratio, the transfer charges 
reached 48 nC. The double triboelectric layers produce more surface 
charges than a single triboelectric layer. The corresponding open-circuit 
voltage and short-circuit current are detailed in Fig. S1(Supporting In-
formation). However, the transfer charges begin to decrease when the 
duty ratio over 50%, possibly because as the number of PA balls in-
creases and occupies more space, the balls cannot fully move from one 
electrode to another, while duty ratio lower than 50% will reduce the 
corresponding contact area. By measuring the unit weight and vibration 
conditions, 50% duty ratio would be the optimal parameter. The width 
of the gap between the left and right electrodes also affects the electrical 
output performance. The electrical output performance was investigated 
for gap widths of 1 mm, 2 mm, 4 mm, 6 mm, and 8 mm. From Fig. 3c, it 
can be observed that at a gap width of 2 mm, the maximum transfer 
charges are approximately 48nC. The open-circuit voltage and short- 
circuit current are shown in Fig. S2(Supporting Information). There 
may be two reasons for this. One is that the diameter of the PA balls is 
2 mm, and a gap of 2 mm is sufficient to accommodate the independent 
process of the PA balls. Another reason may be the working area. During 
the idle period of motion, the PA balls had the tendency to accumulate at 
the corner, while a few PA balls remained behind. The gap of 1 mm 
makes the balls insufficient to generate an independent process, while 
gap widths of 4 mm, 6 mm, and 8 mm reduce the working area of the PA 
balls. In these cases, more PA balls are in the gap area, contributing little 
to the transfer charges. In addition, the material selection of the balls 
should be considered during optimization. Although there are a wide 
range of material choice and potential modification, PA balls are still a 
representative choice. As shown in Fig. 3d, it can be seen that the output 
performance of PA balls is optimal. Fig. 3e compares the output per-
formance of PA balls with different diameters, and the output is optimal 
with a diameter of 2 mm. The lower output of 1 mm balls may be due to 
their smaller size and lighter weight, resulting in smaller accelerations., 
and the other reason is that 1 mm balls are more prone to electrostatic 
adsorption, which restricts their movement. The utilization rate of 3 mm 
balls is smaller than that of 2 mm balls, and their weight is larger. 
Generating less motion under the same driving force. The ability of the 
TENG to collect vibration energy from any direction was also studied. 
The direction is defined as the intersection angle between the electrodes 
direction and the vibration motion, as shown in Fig. 3f. Fig. 3g-i displays 
the measured transfer charges, short-circuit current, and open-circuit 
voltage for angles ranging from 0◦ to 180◦. It can be seen from Fig. 3g 
that the transfer charges are highest at 0◦ and 180◦, and lowest at 90◦. 
This is mainly because at angles of 0◦ and 180◦, the PA balls moved 
completely from one electrode to the other, while at 90◦, the PA balls 
mainly moved on a single electrode, resulting in minimal charge transfer 
through the external circuit. The short-circuit current and open-circuit 
voltage also reflected the changes caused by the directions that can be 
seen from the Figure3h-i. Detailed results for the 0–180◦ direction can be 
found in Fig. S3 (Supporting Information). Therefore, the VC-TENG can 
harvest airflow energy from any direction and is more suitable for di-
rections that can provide enough motion to separate the PA balls from 
one electrode to another. From the results, it can be concluded that the 

device’s output performance is optimal at 0◦and 180◦, worst at 90◦. 
Multiple TENG units were combined and placed inside a cylinder to 
increase the volume power density of the entire VC-TENG, as shown in 
Fig. 3j. When the wind drives the TENG, all units can simultaneously 
collect airflow energy and work effectively. Fig. 3k shows the relation-
ship between the number of units and the transferred charge. It can be 
seen that the output performance increases linearly with the increase in 
the number of units, as shown in Fig. 3l. The corresponding short-circuit 
current can be found in Fig. S4 (Supporting Information). 

The external structural parameters of VC-TENG are also key factors 
that affect its output performance. As shown in Fig. 4a, we first studied 
the electrical output performance under different curvatures of the arc- 
shaped wind board and wind speeds, the transfer charges can be 
observed to increase with the increment of curvature and wind speed in 
Fig. 4b until reaching a stable state, When the curvature is 25 and the 
wind speed is 4.1 m/s, the transfer charges can reach 0.47 μC. The 
corresponding current is shown in Fig. 4c, and when the curvature is 25 
and the wind speed is 4.1 m/s, the current can reach 12.3 μA. Secondly, 
considering the influence of the distance between the arc-shaped wind 
board and the cylinder and the height of the position of the arc-shaped 
wind board on the swinging effect, as shown in Fig. 4d. the electrical 
output performance was studied under different distances between the 
arc-shaped wind board and the cylinder. The distance is defined as the 
distance from the center of the arc length of the arc-shaped wind board 
to the cylinder wall, When the distance is 2 cm, the highest transfer 
charges are 0.46 μC, and the short-circuit current is 12.2 μA. as shown in 
Fig. 4e. The swinging effect is not good when the arc-shaped wind board 
is 1 cm or 3 cm from the cylinder, it is possible that at a distance of 1 cm, 
there is not enough space between the arc-shaped wind board and the 
cylinder to generate vortices, and the corresponding eddy current force 
is very small or even non-existent. When the arc-shaped wind board is 
positioned 3 cm away from the cylinder, the flow field between the 
cylinder and the arc-shaped wind board will weaken, and the resulting 
eddy current force will be smaller, which will make the swing of the 
cylinder smaller. Therefore, the optimal distance between the arc- 
shaped wind board and the cylinder is 2 cm. The height of the arc- 
shaped wind board also affects the performance of the structure. As 
shown in Fig. 4f. The electrical output performance of the arc-shaped 
wind board at different heights was tested. The height is defined as 
the distance from the bottom of the arc-shaped wind board to the 
rotating support base. The maximum output value is achieved when the 
height of the arc-shaped wind board is 12.5 cm, with a corresponding 
transfer charges of approximately 0.47 μC and a short-circuit current of 
approximately 12.4 μA. It is possible that when the height is 12.5 cm, the 
center of the arc-shaped wind board coincides with the center of the 
cylinder, and at this point, the elastic support rod is in an optimal state 
with balanced force deformation and elastic recovery. When the arc- 
shaped wind board is lower, the elastic support rod is less prone to 
deformation, and a greater excitation force is required for it to vibrate. 
When the arc-shaped wind board is higher, its elastic support rod is more 
prone to deformation, but its recovery deformation cycle is longer, 
resulting in a lower swing frequency and a decrease in the overall 
structural output performance. The aspect ratio of the arc-shaped wind 
board also has a significant impact on the swing of the cylinder. The 
aspect ratio of the arc-shaped wind board as shown in Fig. 4g, affects the 
cylinder differently when the wind blows over it. as shown in Fig. 4h, the 
transfer charges increase with the increase in the size of the arc-shaped 
wind board until it tends to stabilize. Fig. 4i shows the change in the 
short-circuit current also increases first and then tends to stabilize. The 
size of the arc-shaped wind board has a significant influence on the 
formation and shedding of vortices. As can be seen from Fig. 4h-i, when 
the size is 50 × 50 mm, the transfer charges and short-circuit current 
tend to be stable, possibly because the 50 × 50 mm arc-shaped wind 
board is the same diameter size as the cylinder, and the fluid flowing 
through the cylinder can be compressed by the arc-shaped wind board 
within this range, making it less likely to diverge and easier to shed 
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vortices. When the size continues to increase, the compressing effect on 
the vortices is not significant, and the corresponding electrical output 
performance is relatively stable with no significant changes. 

The electrical output performance was tested with and without the 
arc-shaped wind board. Fig. 4j shows the schematic diagram of the 

device structure with and without the arc-shaped wind board. Without 
the arc-shaped wind board, the transfer charges were about 0.01 μC and 
the short-circuit current was 0.48 μA. With the arc-shaped wind board, 
the corresponding transfer charges increased to 0.47 μC and the short- 
circuit current increased to 12.9 μA, as shown in Fig. 4k-l. Compared 

Fig. 4. Performance optimization of VC-TENG. (a) Different curvature parameters of wind board of VC-TENG. (b) Transferred charge and (c) Short-circuit current at 
different curvatures and wind speeds. (d) Distance between the arc-shaped wind board and the cylindrical body, and height of the arc-shaped wind board from the 
rotating support base. (e) Transferred charge and short-circuit current at different distances (f) Transferred charge and short-circuit current at different heights (g) 
Arc-shaped wind board with different length-to-width ratios. (h) Transferred charge and (i) Short-circuit current at different length-to-width ratios of arc-shaped 
wind board. (j) Comparison of device structure with and without arc-shaped wind board. (k) transferred charge and (l) short circuit current with and without 
arc-shaped wind board. 
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to the case without the arc-shaped wind board, the transfer charges 
increased by about 47 times and the short-circuit current increased by 
about 26.9 times. To better evaluate the output performance of the VC- 
TENG, according to calculations, the energy output per unit volume of 
VC-TENG can reach 2.3 W/m3. 

2.4. Performance and applications demonstration of VC-TENG 

A self-powered environmental monitoring system based on airflow 
energy harvesting was developed for distributed desert monitoring ap-
plications, as shown in Fig. 5a. In this system, the VC-TENG collects and 
converts airflow energy in the environment into electrical energy, which 
is then managed and stored by the power management circuit to supply 

power to the load. The schematic diagram of the power management 
circuit is shown in Fig. 5b. In addition, Fig. 5c shows the charging per-
formance of the VC-TENG using different capacitors. When operating at 
a wind speed of 4.1 m/s, the voltage of the capacitors from 10, 22, 47, 
100,220and 4700 µF are reached 26.4, 16, 7.4, 3.1,2.2, and 1 V in the 
charging time of 200 s, in order to evaluate the impedance matching and 
peak power of the VC-TENG device, its output performance was tested 
with a series of different load resistances at a wind speed of 4.1 m/s, as 
illustrated in Fig. 5d. When the resistance is small, the output current 
showed a horizontal trend. Then the output current gradually decreased 
as the external load resistance increased, and the output power rise and 
then falls. A peak power of 4.5 mW was obtained at a load resistance of 
500 MΩ. Additionally, after continuous testing for 6.9 h (over 11,200 

Fig. 5. Applications Demonstration of VC-TENG. (a) Schematic process of VC-TENG for self-powered environmental monitoring. (b) PMC Circuit Schematic. (c) 
Voltage profiles of the capacitor with different capacitance charged by the VC-TENG. (d) The output power and instantaneous peak current-resistance relationship 
profiles for the VC-TENG. (e) Durability test of VC-TENG at a wind speed of 4.1 m/s for over 6.9 h. (f) Photos and demonstrations of a self-powered weather 
monitoring system. (g) Photos and demonstrations of a self-powered emergency alarm system. (h) Voltage profile of self-powered weather monitoring system during 
charging and discharging. (i) The voltage profile of the self-powered emergency alarm system during the charging and discharging process. (j) 720 LEDs lighted up by 
the VC-TENG. 
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cycles), as shown in Fig. 5e and Fig. S5 (Supporting Information), the 
transfer charges of the VC-TENG still remained at 97.9%, Environmental 
monitoring technology can provide big data support for outdoor or 
Gobi-desert oil exploration, development, and production, and is of 
great significance for desertification prevention and climate change 
research. The output energy of the VC-TENG is first rectified and stored 
in a 680 μF capacitor through a bridge rectifier and a PMC. Next, the 
commercial energy harvesting power chip LTC3588 is used to further 
stabilizes the electrical energy and generate stable voltage to drive the 
temperature/humidity sensor and transmitter. The circuit connection 
diagram of the LTC3588 as shown in Fig. S6 (Supporting Information). 
In the experiment, the mobile phone and transmitter are connected 
through the Wi-Fi network, enabling remote transmission of meteoro-
logical signals as shown in Fig. 5f. The voltage versus time is shown in 
Fig. 5h. After initial charging a 680μF capacitor for 22 min, the power 
management circuit can generate 5 V voltage to drive the sensor and 
transmitter to work for the first time. Then the phone can receive tem-
perature/air pressure/humidity signals from the system approximately 
every 9 min. The corresponding visual demonstration can be found in 
Video S5 (Supporting Information). A self-powered emergency alarm 
system has been developed, consisting of a rectifier bridge, PMC, 680 μF 
capacitor, and signal transmitter unit. The Photograph of the self- 
powered emergency alarm system and receiving terminal are exhibi-
ted in Fig. 5g. The voltage curve of the self-powered emergency alarm 
system during charging and discharging is shown in Fig. 5i. When the 
charging time of the capacitor exceeds 467 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 Video S6 (Supporting Information). In addition, the 
VC-TENG can drive 720 LED lights, as shown in Fig. 5j and Video S7 
(Supporting Information), which can provide lighting and direction 
guidance for pedestrians and passing vehicles at night. These applica-
tions demonstrate that VC-TENG can harvest airflow energy to meet 
energy supply requirements. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2023.109062. 

3. Conclusion 

In summary, we reported a new triboelectric nanogenerator (VC- 
TENG) utilizing vortex-induced vibration for harvesting low-grade 
airflow energy. Benefitting from the arc-shaped structure strategy, the 
vibration from weak to ultra-strong is realized, its presence enhances the 
transferred charge by 47 times, increases the short-circuit current by 
26.9 times. At a wind speed of 4.1 m/s, the peak power can reach 
4.5mw. Coupled with a power management circuit (PMC), the VC-TENG 
can be utilized as a distributed direct-current power source for driving 
electronics. A series of applications, including self-powered emergency 
alarm systems, self-powered signal light systems, and self-powered 
meteorological monitoring systems, have been developed and success-
fully verified for practicality and durability in airflow energy harvesting 
in the Gobi-desert. This work gives a new strategy to improve the har-
vesting efficiency of low-grade airflow energy, but also as a self-charging 
power cell exhibits large potential for building sustainable self-powered 
monitoring and forecasting system in the future. 

4. Experimental section 

4.1. Fabrication of VC-TENG 

The components of VC-TENG mainly consist of a carbon fiber tube 
(diameter 50 mm, height 250 mm, wall thickness 0.5 mm) serving as the 
induced pole, a glass fiber rod (diameter 2 mm, height 250 mm) serving 
as the support pole, a base (made by UV-cured 3D printing), a ceramic 
bearing (605CE/P2), an arc-shaped wind board (made of resin), a tail fin 
(made of acrylic), a connecting structure (which allows the carbon fiber 

and glass fiber to be concentrically connected, made by UV-cured 3D 
printing), and an embedded power generation unit. The tail fin and 
ceramic bearing are connected to the outer ring of the base by designing 
corresponding slots to maintain a certain height with the base, and the 
carbon fiber tube and glass fiber are connected to the base through the 
connecting structure. The power generation unit is then placed inside 
the carbon fiber tube, and the arc-shaped wind board is placed at the 
center of height of the tail fin. 

A single TENG unit primarily consists of PA balls (diameter 2 mm), 
PCB circuit board (diameter 50 mm, thickness 0.3 mm), FEP films 
(thickness 30 µm), and a ring clamp (UV-cured 3D printed). The PCB 
circuit board adopts a bare copper process, with one side of the substrate 
covered in copper while the other side is not. The side with copper 
features two semi-circular copper areas with a certain gap (electrode 
gap). The FEP films is adhered to the side of the PCB circuit board with 
copper, Two PCB circuit board substrates coated with FEP films are 
placed vertically with a 2 mm spacing, and the PA balls are positioned 
within the 2 mm gap. Subsequently, a ring clamp is utilized to secure the 
assembly. The entire VC-TENG consists of ten TENG units. 

4.2. Characterization and measurement 

The single TENG unit is driven by a linear motor (R-LP3). The open- 
circuit voltages, short-circuit currents and transferred charges of VC- 
TENG were measured by the low-noise voltage preamplifiers (Keithley 
6514 system electrometer). A programmed LabVIEW interface was used 
to realize real time data acquisition. The airflow was simulated by an 
electric fan. A commercial anemometer was used to measure wind 
speed. 
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