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ABSTRACT

The environmental micro-energy harvested by the triboelectric—electromagnetic hybrid generator (TEHG) can power sensors and
Internet of Things (loT) nodes in smart agriculture. However, the separation structure of traditional TEHG raises the complexity of
form and material, which is harmful to the miniaturization of the device. Herein, a single-material-substrated
triboelectric—electromagnetic hybrid generator (SMS-TEHG) based on the flexible magnets is designed to achieve the structural
integration of triboelectric nanogenerator (TENG) and electromagnetic generator (EMG). The flexible magnets serve as the
electropositive triboelectric materials for TENG and the magnetic materials for EMG, simplifying the structural complexity of
TEHG. The open-circuit voltage (Vo) of the TENG and EMG are 187.2 and 9.0 V at 300 rpm, respectively. After 30,000 cycles of
stability testing, the V¢ of the TENG and EMG retain about 95.6% and 99.3%, respectively. Additionally, the self-powered
applications driven by SMS-TEHG in intelligent greenhouse have been successfully demonstrated, such as crop light
supplementation, rain monitoring, and wireless temperature and humidity sensing. This work provides a new design for TEHG
and possibilities for applying TEHG and loT in smart agriculture.
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high-frequency output performance of TENG is insufficient, and
the harvested energy cannot meet the power consumption in |
smart agriculture. TENG can be used in cooperation with other
energy harvesters, such as solar cells [21-23], electromagnetic
generators (EMG) [24-26], piezoelectric nanogenerators [27, 28],
and thermoelectric generators, to increase the total energy output
[29-31]. Among them, the triboelectric—electromagnetic hybrid
generator (TEHG) combined with TENG and EMG is commonly
used to collect mechanical energy in the environment, such as
wind energy [32] and vibration energy [33]. To meet the design
requirements of TEHG, it is usually required to design two
independent components of TENG and EMG, which leads to the
disadvantage of complex mechanical structure [34-36]. Therefore,
a design of simplifying the TEHG structure is needed to improve
the collection of mechanical energy to provide stable green energy
for sensors in smart agriculture and IoT.

Here, a single-material-substrated triboelectric-electromagnetic

1 Introduction

The Internet of Things (IoT) and big data are widely used in smart
agriculture to improve production efficiency [1-3]. The power
supply of sensors in smart agriculture currently mainly relies on
batteries, which need to be replaced regularly and cause
environmental pollution [4,5]. Massive numbers of sensors
require new distributed power supplies to operate for extended
periods of time and reduce pollution [6,7]. Wind energy as
renewable energy widely exists in agricultural environment.
Considering the low power consumption of individual sensors in
sensor networks, it has great potential to solve the problem of
distributed power supply by converting local wind energy into
electric power. Therefore, wind energy harvesters with a simple
structure need to be developed to satisfy the distributed and low-
power energy demand of smart agriculture.

Triboelectric nanogenerator (TENG) is an energy harvester
based on the coupling effect of contact electrification and

electrostatic induction invented by Wang’s group in 2012 [8-13].
Due to the advantages of low cost, lightweight, and high efficiency
[14-17], TENGs have been used to convert mechanical energy
into electric power in various environments to supply low-power
devices such as thermometers and watches [18-20]. However, the

hybrid generator (SMS-TEHG) based on flexible magnets is
proposed to collect wind energy. Different from the past design
method of using different materials for the TENG part and the
EMG part in the TEHG, the flexible magnet is used as the friction
material of the TENG to replace the commonly used
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electropositive triboelectric materials and the magnetic material of
the EMG. The combination of TENG and EMG is realized by
using flexible magnets. The TENG part and the EMG part will not
affect each other when operating simultaneously, which means
that SMS-TEHG has the advantage of simple structure to operate
stably in smart agriculture. Moreover, self-powered applications
are successfully demonstrated in intelligent greenhouses powered
by SMS-TEHG, including real-time rain monitoring, nighttime
crop light supplementation, and wireless temperature and
humidity sensing, demonstrating the potential applications of SMS-
TEHG in smart agriculture.

2 Results and discussion

2.1 Structural design and operation principle

Smart agriculture relies on sensors and wireless sensing devices. At
the same time, there are many wastes of natural wind energy
around the agricultural production environment. The capture of
natural wind energy in agricultural production is an effective
supplement and alternative to the traditional power supply mode.
As shown in Fig.1(a), a  single-material-substrated
triboelectric—electromagnetic hybrid generator (SMS-TEHG) is
developed and installed around greenhouses and farmland to
collect wind energy in agricultural environment. Figure 1(b)
presents the entire structure of the SMS-TEHG, which is
constituted of one TENG and one EMG for power generation.
The external whole of the generator is cylindrical, and the shaft
extended by the internal rotor can connect various wind energy
collection devices. Here, the wind spoon is taken as an example.
The internal structure and the supporting structure of SMS-TEHG
are composed of a stator and a rotor. The grating copper electrode
with a distance of 4 mm is fixed on the cylindrical base as the
electrode of TENG, and a layer of polytetrafluoroethylene (PTFE)
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film adheres to the surface of the electrode as the electronegative
friction material. The cylindrical base and the outer cylinder are
fixed by using double-sided tape. Four flexible magnets are fixed
on the rotor as electropositive triboelectric materials, forming the
TENG part of SMS-TEHG. The relative motion of PTFE and
flexible magnets leads to the generation of alternating current
(AC) signals. The outer cylinder is designed with grooves for
fixing the coil, and the four coils are uniformly fixed under the
grating electrode. The coil on the stator combines the flexible
magnet group on the rotor to form the EMG part of SMS-TEHG.
Figure S1 in the Electronic Supplementary Material (ESM)
illustrates the fabrication flow diagram of SMS-TEHG. The SMS-
TEHG assembled photo is indicated in Fig. 1(c). The shell is
fabricated by a three-dimensional (3D) printer, supporting the
structure, isolating the external environment, and serving as the
stator of SMS-TEHG. The coils are first wound by a winding
machine. The arc mold is used to shape the coils to have the same
arc as the stator to match the arc stator. Figure 1(d)(i) is a photo of
the electrode portion of TENG, and Fig. 1(d)(ii) exhibits the coil
group fixed under the electrodes. The four flexible magnets are
uniformly distributed and settled on the rotor (Fig. 1(d)(iii)).
Figure 1(d)(iv) illustrates that flexible magnets have better
flexibility than rigid magnets.

2.2 Operational principle and simulation

The four typical phases in the working mechanism of SMS-TEHG
are depicted in Fig. 2(a). Positive electrostatic charge is generated
on the flexible magnet, whereas negative charge is generated on
the PTFE film surface during contact electrification. The total
electric charge of the flexible magnet portion and PTFE is identical
due to the conservation of electric charge. With the relative
rotation of the flexible magnets and the electrodes, the free charge
on the electrodes will be redistributed between the two sets of
electrodes by an external load to balance the change in potential

Wind scoop

Flexible
W gne: W PTFE PLA
@ coil

| Copper [ Aluminum

Figure 1 Mechanism design of SMS-TEHG. (a) SMS-TEHG devices are installed at intervals around the greenhouse. (b) The structural profile of SMS-TEHG
exhibits that each component is coaxial. (c) Photo of the prototype. The wind scoop is installed after assembly. (d) (i) TENG unit in SM-TEHG. (ii) EMG unit in SM-
TEHG. (iii) The rotor with flexible magnets is installed. (iv) The photograph of a flexible magnet unit demonstrates its flexibility.
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Figure2 SMS-TEHG working mechanism. (a) The working principle of TENG in four different states. (b) The space electric fields of the four working states of

TENG are simulated by COMSOL. (c) The working principle of EMG.

difference, according to the principle of electrostatic induction.
Due to the existence of the periodic structure, the induced periodic
charge transfer between the two sets of electrodes will produce
alternating current (AC) signals. COMSOL (COMSOL
Multiphysics 5.6) was used to model the electrostatic field,
demonstrating the power generating mechanism of TENG (Fig.
2(b)). The EMG portion works on the basis of electromagnetic
induction, which creates periodic AC signals when the magnetic
flux changes (Fig. 2(c)). In the initial state, such as step (i), the
magnet faces the coil, and there is no induced current. The
magnetic flux in the coil drops as the magnet revolves around the
axis, causing an induced current in the circular copper coil (step
(ii)). As the magnets move away from the coils, the current
continues to flow until the magnets and coils are completely
staggered (step (iii)). Subsequently, as the magnet approaches the
coil, the magnetic flux in the coil increases, causing a reverse
induced current (step (iv)). The EMG signal creates a continuous
alternating current due to the rotating movement. The magnetic
field of the ring magnet array is analyzed, and the magnetic field
exhibits periodic fluctuations on the running trajectory of the coil
(Fig. S2 in the ESM).

2.3 Optimized parameters and output characteristics

The SMS-TEHG is placed in a wind tunnel, and the rotation speed
of the rotor of the SMS-TEHG is recorded under different wind
speeds. As illustrated in Fig. 3(a), the rotating speed is almost
proportional to the wind speed. The output performance of the
SMS-TEHG was tested using a servomotor as a power source in
the following tests. To study the influence of the length of flexible
magnet on the performance of TENG, the servo motor was used
to drive SMS-TEHG at 200 rpm. As shown in Fig. 3(b), the open-
circuit voltage (Vo) of the flexible magnet with a length of 60—
80 mm is measured by an electrometer. The results illustrate that
the Vi increases with the length of the flexible magnet. When the
length of the flexible magnet increases from 60 to 80 mm, the V¢

increases from 118.2 to 182.1 V. Simultaneously, the short-circuit
current (Isc) of TENG increases from 3.3 to 6.1 pA with the rise in
the length of the flexible magnet (Fig. 3(c)). The voltage increase is
attributed to the increase of the area corresponding to the flexible
magnet and PTFE and the current increases with the increase of
the voltage. When the length of the flexible magnet is 80 mm, the
electric output performance of TENG is tested at 50-300 rpm.
With the increase in rotating speed, the Vo of TENG remains
187.2 £ 5V, it does not change with the change of rotational speed
(Fig. 3(d)) due to the constant contact area, and the I increases
from 1.0 to 7.0 pA with the increase of rotational speed (Fig. 3(e)).
The performance of TENG charging to the capacitor is tested (Fig.
S3 in the ESM). As shown in Fig. 3(f), to demonstrate the output
performance of TENG under different external loads, at the speed
of 200 rpm, the resistor box was used to connect different resistors
on the output electrode of TENG as the load. When the resistor
increases, the voltage increases from 0.2 to 179.3 V; the current
decreases from 6.6 to 0.7 pA, and the output power first increases
to a peak of 0.8 mW at 30 MQ) and then decreases. The output
performance of TENG is tested at different rotating speeds with
the load of 30 MQ. (Fig. $4 in the ESM). It is a common strategy
for TENG to charge the capacitor first and then power the
appliance. The stability of TENG was tested, and its Vi retains
about 95.6% after the 30,000 cycles, which maintains good stability
(Fig. 3(g)). The surface of the flexible magnet has no noticeable
change before and after the stability test under the light
microscope (Fig. 3(h)), which may be the reason for maintaining
the stability of the performance. Relative humidity, as an essential
changing factor in agricultural production, will have a particular
impact on the performance of TENG. At 25 °C, the performance
of TENG was tested at different relative humidity (200 rpm).
When the relative humidity is 90%, the I is reduced by 13%
compared with 30% (Fig. 3(i)), which may be attributed to the
shell of the SMS-TEHG that isolates the power generation unit
from the external environment.
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Figure 3 Performance test of TENG part. (a) The wind speed corresponds to the speed of the servomotor. (b) Vi and (c) I of different magnet lengths. (d) Ve and
(e) I of the electrode at different rotating speeds. (f) Output performance with different loads under a rotating speed of 200 rpm. (g) TENG stability test at 50 rpm. (h)
Surface morphology of flexible magnets before and after stability test. (i) TENG output test at different relative humidity.

In previous studies, TEHGs generally consisted of two separate
parts, which resulted in complex structures and late maintenance.
In SMS-TEHG, the EMG coil group is fixed on the back of the
electrode, and there is a TENG electrode barrier between the coil
and the magnet. As shown in Fig. 4(a) and Fig. S5 in the ESM,
there is no difference in the output performance of the EMG
between the coil and the flexible magnet with and without TENG
at 200 rpm. The number of coils affects the output performance of
EMG. When the speed is 200 rpm, the output performance of
EMG is tested by changing the number of coils. For EMG, V¢
can be expressed as
X M

Voe =n—
oc ndt

Among them, n is the total number of turns, and the change of

the magnetic flux with time is % The Vi increases linearly with
the increase in the number of coils (Fig. 4(b) and Eq. (1)).

d¢
Voo _"ar _ d¢

Iy = =

= 2
R, nR, R,dt @

where Iy is the short circuit current of the EMG; R, is the total
resistance of the coil; R, is the resistance of a single turn. The Iy
does not change with the number of coils because the internal
resistance of the EMG rises with the number of coils (Fig. 4(c) and
Eq. (2)). This is because the coils are connected in series. When
the numbers of coils and magnets are same, the force of the shaft
in each direction is equal, which is beneficial to reducing wear.
Four coils were used in the following tests to obtain higher output
performance. In order to study the effect of rotational speed on
the performance of EMG, the electric signal of EMG was tested at
50-300 rpm. With the increase in rotating speed, the Vi
increases from 1.6 to 9.0 V (Fig. 4(d)), and the Iy increases from
0.8 to 4.6 mA (Fig. 4(e)). The EMG load was tested at 200 rpm

(Fig. 4(f)). With the rise of external load resistance, the voltage
increases from 0.3 to 6.0 V, and the current decreases from 3.2 to
0.2 mA. The maximum load power is 53 mW with a load of
2 kQ. In agricultural production, harsh environments such as rain
and snow often cause changes in environmental humidity. The
Voc and I of EMG do not change with relative humidity change,
displaying a stable output performance in harsh environments
(Figs. 4(g) and 4(h)). The stability of EMG was tested at 50 rpm,
and its Vi is retained about 99.3% after 30,000 cycles (Fig. S6 in
the ESM). As shown in Fig. 4(i), when TENG, EMG, and SMS-
TEHG are used to charge the capacitor of 10 pF, the voltage rise
curve of TENG imparts good linearity. The upper voltage limit of
TENG is higher than that of EMG, but the charging speed is
slower than EMG, which is attributed to the different peak
voltages of TENG and EMG at the same rotational speed. The
voltage profile of SMS-TEHG is similar to that of EMG before the
capacitor voltage rises to 5.6 V, and EMG is the main contributor
at this stage. After the capacitor voltage exceeds 5.6 V, TENG is
the main contributor. In short, when the wind speed is low,
TENG can ensure that the capacitor can reach the voltage
required by the appliance, and the contribution of EMG is less.
When the wind speed increases in the environment, the EMG can
make the capacitor reach the predetermined voltage faster.

24 Application in intelligent greenhouse

Sensors and control systems are essential for real-time monitoring
of crop production, and the distributed power supply of sensors is
a challenge. Figure 5(a) shows the applications of SMS-TEHG in
intelligent greenhouse. A wind-driven SMS-TEHG is installed
around the greenhouse to collect wind energy and convert it into
electric power. The first application is to use SMS-TEHG to light
640 light-emitting diodes (LEDs) for nighttime light
supplementation of crops in greenhouse (Fig.5(b) and video
ESM1). Figure S7 in the ESM illustrates the SMS-TEHG night
light circuit diagram. EMG connects 320 LEDs in parallel, while
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TENG connects the remaining 320 LEDs in series. Figure 5(c)
illustrates the rain sensing circuit. The electric signal of SMS-
TEHG is converted from AC to direct current (DC) through the
rectifier bridge, and charged to a 5 F supercapacitor. When the
switch is closed, the capacitor supplies power to the
microcontroller unit (MCU, Arduino), and the MCU begins to
work. When the rain sensor is induced by rain, Arduino receives a
signal to the motor to control the motor to drive the window
closed. After the rain stops, MCU controls the motor to open the
window. Then, a self-powered rain monitoring system is
developed (Fig. 5(d) and video ESM2).

As shown in Fig. 6(a), a wireless temperature and humidity
sensing system based on the SMS-TEHG power supply is

SMS-TEHG

A

\/AA »

Light supplementation

SMS-TEHG

el l, c

Greenhouse | - ,
Figure5 Applications of the SMS-TEHG in intelligent greenhouse. (a) The concept of SMS-TEHG in the greenhouse. (b) Light supplementation demonstration. (c)
Circuit of a self-powered rain monitoring system. (d) Rain monitoring and control system.

constructed by combining a temperature and humidity sensor, a
central node, a cellular network, and mobile phone applications.
The wireless temperature and humidity sensing system can be
installed near the smart greenhouse to realize temperature and
humidity monitoring (Fig. 6(b)). SMS-TEHG continuously
collects wind energy and stores electric energy in a 0.1 F capacitor
used as a temporary energy storage unit (Fig. 6(c)). SMS-TEHG
supplies power to the commercial temperature and humidity
sensor node with the ZigBee transmission function, which is set to
send data to the central node once at an interval of 5 s. The central
node sends the temperature and humidity information to the
mobile phone through the cellular network. The temperature and
humidity information is recorded and saved on the mobile phone.
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Figure 6 Demonstration of wireless temperature and humidity sensing powered by wind-driven SMS-TEHG. (a) Workflow diagram of self-powered wireless sensing.
(b) Wireless temperature and humidity sensing powered by SMS-TEHG in the intelligent greenhouse. (c) Circuit diagram of wireless temperature and humidity
sensing. (d) The capacitor voltage curve of the wireless temperature and humidity sensing system in operation. (e¢) Demonstration of wireless temperature and

humidity sensing.

Figure 6(d) shows the capacitance voltage curve of the sensor node
when it works. The demonstration system is shown in Fig. 6(e)
and video ESM3. Unattended wireless monitoring is realized and
the power supply difficulty is reduced.

3 Conclusions

In  summary, a single-material-substrated triboelectric-
electromagnetic hybrid generator (SMS-TEHG) based on flexible
magnets is proposed for harvesting wind energy in smart
agriculture. Flexible magnets serve as the electropositive
triboelectric material for the TENG part and the magnetic material
for the EMG part in SMS-TEHG, which combine the two parts
and then simplify the structure of TEHG without affecting the
output performance. The V¢ of TENG and EMG are 187.2 and
9.0 V at 300 rpm, respectively. SMS-TEHG has a peak power of
6.1 mW at 200 rpm. After 30,000 cycles of stability testing, the V¢
values of TENG and EMG retain about 95.6% and 99.3%,
respectively. Moreover, self-powered applications powered by
SMS-TEHG for intelligent greenhouses are successfully
demonstrated, such as lighting 640 LEDs for crop light
supplementation, rain monitoring and wireless temperature and
humidity sensing. This paper provides a promising strategy for
simplifying TEHG structure and developing a self-powered
multifunctional intelligent greenhouse.

4 Experimental section

4.1 Fabrication of the SMS-TEHG

SMS-TEHG is made up of two components: EMG and TENG. 3D
printing was used to construct the shafts, rotors, and stators of the
EMG and TENG. The electrode was 0.08 mm thick. Double-sided

tape secured the magnets and coils to the rotor and stator. The flex
magnet was 2 mm thick, and the coil had 2,200 turns. Figure S8 in
the ESM illustrates the manufacturing process of coil. The PTFE
film on several of the stator electrodes of TENG was 0.13 mm
thick, and the flexible magnet was 36 mm x 80 mm. The surface
topography of the flexible magnets was photographed by a light
microscope (Leica DMI 3000B, Wetzlar, Germany).

4.2 FElectrical measurement

The SMS-TEHG was driven by a servomotor (BSM0010000000A,
Mitsubishi, Korea) to measure various rotational speeds. A
programmed electrometer evaluated the output performance of
SMS-TEHG, including Vi and Iy (6514, Keithley, USA). The
performance of SMS-TEHG at various relative humidity levels was
assessed in a temperature and humidity-controlled test chamber
(Y-HF-960L, Yuhang Zhida, China). The Arduino received the
rain sensor signal and controlled the motor. The photographs of
the components are shown in Fig. S9 in the ESM.
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