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Abstract

We report a new type of turbine disk-type triboelectric nanogenerator (TD-TENG) to
effectively convert small-scale wind energy into electricity. A unique double-floor TENG has
been designed and its configuration has been carefully optimized by applying different polymer
layers, contact areas and opening angles. With an optimized contact area of 83 cm?, the TD-
TENG delivers an open-circuit voltage of 230 V, a short-circuit current of 9 uA, and a peak
power of 0.37 mW under an external load of 7 MQ. Based on the TD-TENG, a self-powered
wild fire pre-warning system has been constructed for temperature and fire monitoring. Such
new TD-TENGs represent a promising sustainable energy solution for the distributed

electronics in the era of Internet of things.

Keywords: Triboelectric nanogenerator, wind energy harvesting, turbine disk-type, self-
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1. Introduction

5G and Internet of things (I0Ts) have been significnatly changing our lives. Powering the
distributed electron devices and sensor network sustainably is highly desired and remains a
challenge [1-4]. Traditional fossil fuels are not only polluting the environment, but are also non-
renewable and unaccommodated. So researchers have to explore new ways for supplying power
[5-7]. Wind energy is renewable but remains underexplored due to the need for expensive
equipment and high maintenance cost [8-11].

Invented in 2012, the triboelectric nanogenerator (TENG, also called as Wang generator) is
a promising technology for converting mechanical energy into electricity [12,13]. It is based on
the coupling effect of triboelectrification and electrostatic induction [14-16]. It is derived from
the Maxwell's displacement current [17-21] which can effectively harness environmental

mechanical energy sources such as wind [22-28], vibration [29,30], raindrop [31, 32],

biomechanical [33-36], and blue energy [37-39]. Compared with traditional electromagnetic
generators, Teng has unique advantages such as lightweight, facile manufacturing, high
conversion efficiency, diverse selections of materials, and wide application range [40-42]. With
the rapid development of 10Ts over the last few decades, a large number of networked sensors
are needed to collect and monitor big data. After entering the distributed age, the power supply
should also be reformed accordingly. However, traditional power supply methods such as the
cable transmission and the battery power supply, are costly and have difficulties in supplying
power to sensors that are widely and remotedly distributed [43,44]. Therefore, it is necessary
to build a sensor network where wireless transmission shall be one of the main transmission
methods. Recently, on the basis of TENG, some researchers successfully demontrated self-
powered portable electronic equipment and the liquid-surface fluctuation sensor to realize
wireless transmission of alarm signals over a long distance [35,45]. At present, TENG is used

to convert all kinds of mechanical energy into electricity to replace traditional electromagnetic



generators for distributed and sustainable power supply [46-49]. However, in most cases, the
output performance of TENG degrades gradually due to the wear abrasion of triboelectric
materials under long-term working conditions.

In this article, we present a new type of turbine disk-type TENG (TD-TENG) for harvesting
wind energy. Our design is more suitable for operating conditions with low wind speed near
the ground, and the system can be installed anywhere without impacting the environment. The
turbine disk-type rotational structure can effectively avoid the wear between triboelectric
materials even under the high rotational speed, showing overwhelming durability compared
with the rotating-structured TENG. With a contact area of 83 cm?, the TD-TENG delivers an
open-circuit voltage of 230 V, a short-circuit current of 9 pA, and the peak power of 0.37 mW
with an external load of 7 MQ. Furthermore, relying only on the TD-TENG as a sustainable
power source, a wireless self-powered wild fire pre-warning system has been successfully
developed by the combination of the TD-TENG, a rectification circuit, a matching capacitor,
an electronic thermometer, a signal transmitter, and a receiver. This combination improved the
easiness and simpleness of the wild temperature and fire monitoring. This work greatly extends

the applicability of TENG as an energy harvester and power source for distributed electronics.

2. Results and discussions

2. 1 Working principle of the TD-TENG

First, the double-floor TD-TENG has been carefully designed for wind energy harvesting
(see Fig. 1). The double-floor TD-TENG device is fixed on a steel tube by conductive slip rings
(Fig. 1b). The first floor and the second floor are provided with three pairs of the contact-
separation TENG units. The diameter of the first floor and the second floor is 32 and 26 cm,
respectively. Accordingly, the effective contact areas of the single fan blade are 83 and 44 cm?,
respectively. Figure 1c-e show the exploded view and materials of the contact-separation TENG

unit used to manufacture the TD-TENG device. Thin aluminum (Al) electrodes are pasted on



the fan blade at the top and on the substrate at the bottom to collect the induced charge on the
two triboelectric materials. The triboelectric layers containing fluorinated ethylene (FEP),
polyimide (Kapton), Nylon, and polytetrafluoroethylene (PTFE) are pasted on the surface of
the Al electrode at the top to be used for the comparative study of the output performance. The
polypropylene (PP) film of the counter triboelectric layer is pasted on the surface of the Al
electrode at the bottom. The detailed fabrication processes of the unit can be found in
Experimental method. The TENG unit can work under both downwind and headwind
conditions (see schematics in Fig. 1f). When the wind blows (downwind), the fan blade will be
blew up to open up a certain angle to drive the turbine disk. Next, the turbine disk rotates to the
point where the other fan blade is opened. The fan blade returns to its original state due to the
effect of wind resistance. In this way, the three fan blades are lifted successively by the wind,
and the turbine disk rotates clockwise around the steel pipe axis. The rising and falling processes
correspond to the contact-separation working mode. The size of the pairs of fan blades on the
turbine disk changes because of the different diameters of the first-floor and second-floor disks.
The size of the fan blade has a direct effect on the working efficiency of the TD-TENG. When
the fan blade area is enlarged, its mass increases so the required wind speed also becomes larger.
Usually, the second-floor TD-TENG rotates faster than the first one when the wind speed is
constant. Video S1 (Supporting Information) shows the working conditions under three
different wind speeds.

The working mechanism of the TD-TENG is elaborated as follows (see schematics in Fig.
2a). In the initial state (Fig. 2a-I), when the triboelectric layer FEP film on the fan blade is in
contact with the PP film on the base, the FEP film is negatively charged while the PP film has
the same amount of positive charges. When the fan blade is lifted by the wind for a moment
(Fig. 2a-II), the FEP film is more electronegative than the PP film due to the contact
electrification. So, the FEP film tends to gain electrons to maintain an equal amount of positive

charge on the bottom electrode. Then the charge is transferred from the upper electrode to the



lower electrode through an external circuit to maintain the balance of the electrostatic voltage.
When the fan blade is completely lifted (Fig. 2a-III), the positive and negative charges of the
upper and lower electrodes are equal, and there will be no charge transfer in the external circuit.
When the fan blade rotates to the headwind state, the fan blade falls rapidly (Fig. 2a-IV). At this
time, more electrons are acquired by the lower electrode. To maintain the electrostatic voltage
balance, electrons are transferred to the upper electrode through the external circuit. As the
rising and falling processes of the fan blade repeat regularly, the charge transfer induced by the
upper and lower electrodes are also periodic. Therefore, the generator outputs AC signal. As
shown in Fig. 2b, the finite element simulation results of the potential distribution (COMSOL

software) verifies the feasibility of the TD-TENG.

2.2 Electrical output performance of the TD-TENG

To investigate the output performance quantitatively, a linear motor was used to precisely
control the fan blade. The simulated blades were lifted by the wind and then returned to their
original state by gravity and headwind. In this experiment, four different kinds of triboelectric
materials such as FEP, Kapton, Nylon, and PTFE were selected to operate at a frequency of 1.5
Hz and with a fan blade area of 44 cm?. The output power from the TD-TENG was gradually
increasing in the order of PTFE, Kapton, Nylon, and FEP as shown in Fig. 3a-c. The transferred
charge reached the maximum value of 50 nC under the short-circuit condition. The short-circuit
current and the open-circuit voltage of the TD-TENG reached up to nearly 7 pA and 150 V,
respectively. Therefore, the FEP and PP films were selected as two triboelectric materials for
the TD-TENG to ensure optimized output performance.

After determining the optimal triboelectric materials, the effect of the contact area of the fan
blades has to be considered. In this experiment, three sizes of the contact area were selected
(Fig. 3d-f). The electricity generation unit delivered an transferred charge (Qsc) of 22 nC, an

open-circuit voltage (Voc) of 60 V, and a short-circuit current (Isc) of 3 pA with an effective



contact area of 19 cm?. When the effective contact area was increased to 83 cm?, the Is value
could reach 9 pA and the Qsc value was larger than 82 nC. The Vo value was stable and
exceeded 230 V peak to peak. With an increase in the contact area of the fan blade, an increase
in both the wind resistance and wind speed was required. Therefore, two fan blades with the
areas of 83 cm? and 44 cm? were selected as the first-floor and second-floor structures for the
TD-TENG. Here, the second-floor TD-TENG was under normal running when the wind speed
was very low. However, the first floor and the second floor work in an orderly manner
simultaneously when the wind speed is high. Also, the second-floor TD-TENG rotated faster
than the first-floor TD-TENG under a certain wind speed. The output performance of TENG is
affected by the interaction between two triboelectric layers. Therefore, in order to identify the
possible effects of fan blade quality, the mass of the fan blade was changed to verify the
characteristics of the output in the experiments. Here, 5 g and 10 g of the weights were added
to the fan blades with an area of 44 cm? (Fig. 3g and h). In addition, the effect of mass on the
output performance of the TD-TENG with a fan blade area of 83 cm? is shown in Figure S1
(Supporting Information), which shows no notable effect on the output performance by
increasing the mass of the fan blade. The amount of transferred charge was nearly 50 nC and
the open-circuit voltage was about 150 V. This was because the contact effect was closed to the
saturated state when the output performance reached the optimal range. To avoid the influence
of environmental humidity on the output performance and ensure the accuracy of the whole
experiment, the test was carried out in an acrylic sealing cover with a dehumidifying fan (see
the test equipment in Fig. 3i and Video S2). For the purpose of cost savings, good efficiency,
and reduction in the demand level of wind speed, the most optimized structure was selected in
the following experiment.

The influence of the openning angle on the contact effect was studied to optimize the output
performance. The stroke of the linear motor was used to adjust the open-angle of the fan blade

in the experiments as shown in Fig. 4a and Fig. 4b. From the experimental data, it could be seen



that the open-angle had no direct relationship with the output performance. The amount of
transferred charge was nearly 52 nC and the open-circuit voltage was about 155 V. The output
performance of the TD-TENG with an 83 cm? area fan blade with different openning angles
has been investigated (see Figure S2, Supporting Information). To make the TD-TENG work
more smoothly and have better rotation, the open-angle was increased to improve the wind
resistance. The open-angle of the fan blade was adjusted to 90°. Fig. 4c and 4d show the test
results on the influence of the running frequency on the output performance. The running
frequency could be adjusted by a linear motor to be setto 1 Hz, 1.5 Hz, and 2 Hz. The transferred
charge was nearly 51 nC and the open-circuit voltage was about 152 V in one cycle. More data
on the effect of frequency on the output performance of the 83 cm? fan blade is provided in
Supporting Information (Figure S3). It can be seen that there is no significant influence on the
open-circuit voltage by increasing the running frequency. However, there was an increase in
the number of transferred charges in unit time which shortened the charging time of the
capacitor. Fig. 4e shows that the voltage increases and current decreases with an increase in the
load resistance (measured at a working frequency of 1 Hz). The peak power of the TD-TENG
was up to 0.37 mW under a load resistance of 7 MQ (Fig. 4f). And then one, two, and three
TENG units were sequentially integrated on the second-floor turbine disk (see the output
performances in Fig. 4g-i). Moreover, the output performances of the first floor shown in Figure
S4, illustrates that the working frequency of the whole device increases with the number of
TENG units. The highest electric output was obtained with three TENG units. In practical
applications, the working frequency (or rotational speed) of TD-TENG could be increased with

increasing the wind speed.

2.3 Self-powered wild fire pre-warning system

Figure 5a shows the potential scene of the self-powered temperature sensor and wild fire pre-

warning system. This system was composed of a double floor TD-TENG, six rectifier bridges,



a capacitor of 220 pF, a digital thermometer, a matching set of wireless transmitters and
receivers, a switch, and a breadboard. The self-powered system can be placed on the grassland,
desert, or other non-residential areas. Also, the novel double-floor TD-TENG can
simultaneously light up 180 series LEDs (Figure S7 and Video S3). It can work as a distributed
power source to drive smoke and temperature sensors, when there is an occurrence of wild fire
in the grassland. To avoid power loss, six TENG units were connected to each of the six rectifier
bridges (electrical diagrams shown in Fig. 5b and S5). The photograph of the double-floor TD-
TENG based on six TENG units (Fig. 5c) has been deployed for practical applications in the
wild (Fig. 5d). We first test the performance of charging capacitors by the TD-TENG under the
laboratory fan with different capacitance (Fig. Se) and different wind speeds (Fig. 5f). When
the wind speed is higher, the working frequency of the TD-TENG becomes high and the amount
of transferred charge also increases for the same charging time. Therefore, the charging curve
under higher frequency takes less time to reach 3 V. To evaluate the stability, the 44 cm? size
TENG unit was continuously tested at a frequency of 1.5 Hz (Fig. 5g). After the 1400 cycles,
the transferred charges of the first and the last 50 cycles were recorded. They kept a consistent
level of nearly 50 nC. For a detailed comparison, the enlarged views of the output waveform at
the first and the last 5s were also presented. The results confirmed that the performance did not
degrade during the long working duration (Figure S6). Figure 5h shows the important
components of the self-powered temperature sensing system. The double floor TD-TENGs was
used for charging a capacitor of 220 uF when it achieves a defined charging voltage of 2 V,
which is about ten minutes under laboratory conditions. Then, the electronic thermometer is
powered to detect the laboratory temperature to be 24.9 [ (the self-powered process is shown
in Video S4).

For proof-of-concept demonstration, the self-powered fire pre-warning system has been
constructed (see photographs in Fig. 51 and the circuit diagram in Fig. 5j). A video of the

working device is provided in Video S5. After the capacitor of 220 uF was charged from 0 V to



about 3 V in 35 min, the transmitter will be driven to send a signal to the receiver, which turned
on the alarm to send out sound and light when the switch was closed. The system can respond
instantly to trigger the buzzer to emit a buzzing alarm. In an outdoor windy environment, the
charging voltage of the capacitor reached a gate voltage of 3V in a shorter period, then the
system is started and enters a real-time monitoring state. It is expected that the warning time
will be shortened with increasing wind speed, which justifies the application in wild fire pre-

warning.

3. Conclusion

We have presented a new type of TD-TENG, which can be utilized as both wind energy
harvester and sustainable power source. In order to improve the practical applicability, a double
floor TD-TENG device is designed and systematically optimized for wear minimization under
rotational conditions. Harvesting wind energy near the ground with overwhelming durability
has been demonstrated. Specifically, it delivers an open-circuit voltage of 230 V and a short-
circuit current of 9 pA, transferred charge of 82 nC under the effective contact area of 83 cm?,
and the maximum peak power of 0.37 mW under an external load of 7 MQ. Furthermore, a self-
powered wild fire pre-warning system has been successful constructed by the combination of
TD-TENGs, rectification circuit, matching capacitor, electronic thermometer, and signal
transmission and receiver. It proves that, with an appropriate rectification circuit, the TD-
TENGs can not only harvest wind energy near the ground, but also work as a distributed source
for low-power electronics. This work provides a proof-of-concept demonstration for TENG

toward multifunction practical applications under outdoor condition.

4. Experimental method

First of all, the first-floor and second-floor disks made of resin with diameters of 26 cm and

32 cm, respectively, were manufactured by 3D printing. Each turbine disk was fixed on the



stainless-steel tube through the conductive slip ring to ensure that the wires of the TENG unit
could not twist due to the rotation of the turbine disk. Then, three pairs of two kinds of TENG
units with effective contact areas of 44 cm? and 83 cm?, respectively, were manufactured by 3D
printing. Finally, they were fixed to the corresponding disks. The Al electrode film with a
thickness of 20 um was pasted on the lower and upper parts of the fan blade and the base,
respectively. The whole unit consisted of a triboelectric membrane, a resin shell, and aluminum
electrodes. The material of the triboelectric films on the top was FEP with a thickness of 80 um.
They had a polygon shape with areas of 55 cm? and 95 cm?, respectively. The material of the
triboelectric films on the bottom was polypropylene (PP) with a thickness of 80 um. They had
a polygon shape with areas of 44 cm? and 83 cm?, respectively.

The output performance of the TD-TENG device was accurately measured under the ideal
triggering generated by a linear motor. The short-circuit current, the open-circuit voltage, the
transferred charge of the TENG device, and the charging voltage of different capacitors were
measured by a current preamplifier (Keithley 6514 System Electrometer). The display and

storage of data were performed by installing the software LabVIEW on the computer.
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Turbine disk-type TENG (TD-TENG)
for harvesting wind energy.
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Fig. 1 Design and working process of the TD-TENG for wind energy harvesting. (a)
Application scenario and overview of the TD-TENG for harvesting wind energy. (b) Schematic
of the double-floor TD-TENG based on six TENG units. (¢) Exploded view and corresponding
materials of the TD-TENG. (d) and (e) Photographs of the TENG unit. (f) Working principle of

the TD-TENG under the influence of wind.
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Fig. 2 Electricity generation and potential distributions. (a) Working mechanism of the TD-
TENG under the four working states. (b) The finite element simulation results of the potential

distributions under the four working states employing the COMSOL software.
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Fig. 3 Output performance of the TENG unit under different structural parameters. (a)
Transferred charges, (b) open-circuit voltage, and (c) short-circuit current of the TENG unit
with different triboelectric materials. (d) Transferred charges, (e) open-circuit voltage, and (f)
short-circuit current of the TENG unit with different areas of the fan blade. (g) Transferred
charges, and (h) open-circuit voltage of the TENG unit with different masses. (i) Photograph of

the test equipment.
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Fig. 4 Output performance of the TENG unit under different testing conditions. (a)

Transferred charges, and (b) open-circuit voltage of the TENG unit at different open angles. (c)

Transferred charges, and open-circuit voltage of the TENG unit at different working frequencies.

(e) The voltage and current of the TENG unit under different load resistances. (f) Peak power

of the TD-TENG. (g) Transferred charge, (h) open-circuit voltage, and (i) short-circuit current

of the first-floor TD-TENG in one cycle.
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Fig. 5 Application of TD-TENG in wild fire pre-warning. (a) Application scene of the self-
powered wild fire pre-warning system. (b) The circuit schematic diagram, (c) structure design,
and (d) digital photograph of the system. (¢) Charging curves of the double floor TD-TENGs
for different capacitance under the working frequency of 1 Hz. (f) Voltage curves of a 220 puF
capacitor charged under different working frequencies. (g) The output stability of the TD-
TENG. (h) Photograph of the self-powered temperature sensing system. (i) Photograph of the

self-powered wild fire pre-warning system. (j) The circuit principle of the self-powered system.



Highlights:

1. A unique design turbine disk-type triboelectric nanogenerator (TD-TENG) for
harvesting wind energy near the ground.

2. Overwhelming durability and electrical output performances for harvesting breeze
near the ground.

3. A distributed self-powered warning system has been demonstrated for prairies fire

prevention.
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