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A B S T R A C T   

From the extensive research on wind energy harvesting, the triboelectric nanogenerator (TENG) has proven to be 
effective in converting mechanical energy into electric energy. To supply continuous and regular electric energy 
above the critical speed, we developed a magnetic switch structured triboelectric nanogenerator (MS-TENG) 
consisting of transmission gears, energy modulation modules, and a generation unit. When wind falls inter
mittently on the wind scoop, the energy stored and released by the energy modulation modules at any time does 
not depend on wind speed but on the magnetic force of the magnets, enabling the wind energy to be converted 
into continuous and regular electric energy. The experimental results demonstrate that the MS-TENG can operate 
as a power supply, producing output characteristics of 410 V, 18 μA, 155 nC, and a peak power of 4.82 mW, 
sufficient to power 500 LEDs in series or a thermometer. Its prospects in the field of wind energy harvesting 
appear excellent.   

1. Introduction 

The rapid development of the world economy has resulted in an 
excessive dependence on and consumption of energy derived from fossil 
fuels, that has led to a crisis in energy demands and environmental 
pollution [1–4]. Being a clean and renewable energy resource, wind 
energy is considered as an alternative to fossil fuels because of its un
limited supply, world-wide generation, and non-polluting aspect [5–9]. 
Therefore, there is a need to design wind power generators that provide 
constant and reliable supply but that are inexpensive and compact. 

Triboelectric nanogenerator (TENG, also called as Wang generator 
[10]) was first invented by Wang’s group in 2012 [11]. It produces 
displacement current as the driving force to convert mechanical energy 
into electric power/signal [12] by the coupling effect of contact elec
trification and electrostatic induction [13,14]. Its unique merits are low 
cost, easy fabrication, diverse choice of materials, and wide range of 
applications [15–17]. TENGs have been designed to harvest various 
natural energies such as wind energy [18–22], blue energy [23–26], 

vibrational energy [27,28], acoustic wave energy [29], energy from 
rainfall [30], and biomechanical energy [31–34]. To improve the har
vesting of mechanical energy from the natural environment, many me
chanical modes of TENGs have been designed that include features such 
as machinery frequency enhancement [23,35,36], intermittent energy 
harvesting [31,37], and mechanical regulation [27,38]. In particular, 
TENGs with a mechanical regulation mode can convert random me
chanical energy into a controllable source of electrical energy. However, 
the outputs of these TENGs are intermittent, making them incapable 
powering electrical devices continuously. Therefore, to harvest me
chanical energy from a random resource, TENG with a continuous and 
regular output performance needs to be designed. 

For this purpose, a magnetic switch structured triboelectric nano
generator (MS-TENG) was proposed for harvesting of wind energy. The 
kinetic energy of wind captured by the wind scoop is converted into 
magnetic potential energy via transmission gears and energy modula
tion modules, which drives the generation unit to operate. The critical 
speed of the MS-TENG was studied systematically. When the input speed 
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exceeds the critical speed, the MS-TENG outputs a continuous and reg
ular supply of electric energy. Experimental results show that the MS- 
TENG has output characteristics of 410 V, 18 μA, 155 nC and a peak 
power of 4.82 mW, sufficient to power 500 LEDs in series or a ther
mometer, all indications suggest its prospects in wind energy harvesting 
excellent. 

2. Results and discussion 

2.1. Structural design and operation principle 

The overall structure of the magnetic switch structured triboelectric 
nanogenerator (MS-TENG) is shown in Fig. 1a, which includes the wind 
scoop, transmission gears, energy modulation modules, and generation 
unit. Wind energy is captured with the assistance of the wind scoop. The 
energy modulation modules and generation unit operate together to 
convert wind energy into electric energy. The energy modulation 
module includes a switch gear, a switch pendulum, a supporting frame, a 
one-way clutch, two pairs of switch magnets, and a pair of energy 
storage magnets (Fig. 1b). The photo of the MS-TENG is shown in Fig. 1c. 
Fig. 1d shows the switch gear and switch pendulum. The generation unit 
includes a rotor and a stator, as depicted in Fig. 1e. 

Fig. 2a shows the operating principle of the MS-TENG. The kinetic 
energy of the wind is converted into mechanical energy of rotation by 
the wind scoop, which rotates the switch gears via transmission gears. In 
sequence, beginning with Fig. 2a(i), the left energy modulation module 
is in the energy storage state. The attraction from the switch magnets 
forces magnet-1 to swing closer to magnet-2, thereby increasing the 
repulsion between these two energy storage magnets. The right energy 
modulation module is also in the energy storage state. In Fig. 2a(ii), the 

left energy modulation module is in the triggering state, its two energy 
storage magnets being in mutual contact. The right energy modulation 
module remains in the energy storage state. In Fig. 2a(iii), the right 
energy modulation module is still in the energy storage state. The left 
supporting frame forces the switch magnets to separate. The switch 
pendulum bounces and rotates because of the repulsion between the 
energy storage magnets, forcing the rotor of the generation unit to 
rotate. The films of fluorinated ethylene propylene (FEP) and the copper 
electrodes slide relatively to produce electric energy. As shown in Fig. 2a 
(iv), the right energy modulation module is in the triggering state and 
the left energy modulation module is in the energy storage state. In 
Fig. 2a(v), the right energy modulation module drives the rotor to rotate 
and the electric energy is obtained, while the left energy modulation 
module is still in the energy storage state. 

The power generation principle of the generation unit is shown in 
Fig. 2b. In Fig. 2b(i), the FEP film is in full contact with copper-1. Based 
on triboelectrification, electrons in copper-1 are injected into the FEP 
film. Therefore, equal amounts of positive and negative charges accu
mulate on the surfaces of copper-1 and the FEP film, respectively. Next 
the FEP film slides from copper-1 to copper-2 and is in concurrent 
contact with both coppers [Fig. 2b(ii)]. Electrons in copper-2 flow into 
copper-1 through an external circuit. The FEP film then comes in full 
contact with copper-2 [Fig. 2b (iii)]. Once more, equal amounts of 
positive and negative charges accumulate on the surfaces of copper-2 
and the FEP film. Finally, the FEP film slides from copper-2 to copper- 
1, again in concurrent contact with both coppers [Fig. 2b(iv)]. Elec
trons from copper-1 flow into copper-2 through an external circuit, and 
completing a single cycle of electron transfers. 

Fig. 1. The magnetic switch structured triboelectric nanogenerator (MS-TENG): (a) schematic diagram of the overall structure, (b) the left energy modulation 
module; (c-e) photographs of the MS-TENG, the switch gear and switch pendulum, and the generation unit. 
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2.2. Performance 

Using a stepper motor as excitation source, we investigated the basic 
performance of the MS-TENG. The configuration of the FEP film and 
rotor (Fig. S2, Supporting Information) indicates that a deformation of 
the FEP film occurs through pressure from the copper electrode. To 
study the dependence of output performance on the diameter of the 
switch magnets and rotor mass, five rotor masses and three diameters of 
the switch magnets were selected for the experiments, as shown in 
Fig. 3. A pair of switch magnets was mounted in the left energy modu
lation module; no switch magnets were installed in the right energy 
modulation module. 
Nomenclature 
Fb repulsion generated by the energy storage magnets. 
θ switch angle of the MS-TENG. 
T initial torque of the MS-TENG. 
N number of generations for one rotation of the switch gear. 

With increasing rotor mass, the open-circuit voltage [Fig. 3a(i), b(i) 
and c(i)] and the transferred charge [Fig. S3a(i), b(i) and c(i), Sup
porting Information] remain constant, whereas the short-circuit current 
[Fig. 3a(ii), b(ii) and c(ii)] and the load current through the external 
resistance of 50 MΩ resistance decrease [Fig. S3a(ii), b(ii), and c(ii), 
Supporting Information]. From calculations, with increasing rotor mass, 
the rotation period of the rotor increases, and the power and energy at 
the output decrease during one generation cycle (Fig. 3d, e, and f). From 
a calculation, the rotation period, output power, and output energy for 
switch magnets of diameter 15 mm and 20 mm are approximately equal, 
but larger than for the 10-mm-diameter switch magnets. When any of 
the switch magnets are separated, the repulsion Fb generated by the 
energy storage magnets is 5.31 N, 11.95 N and 12.29 N, in order of 
increasing diameter (Table S2, Supporting Information), which leads to 

their output performance. In addition, from calculations, the initial 
torque T of the 15-mm switch magnets is 0.48 N⋅m, which is smaller 
than the 0.85 N⋅m torque for the 20-mm switch magnets. Therefore, 
with the 15-mm switch magnets, the MS-TENG is easier to operate at low 
wind speeds than one with 20-mm magnetic switches (see Supporting 
Information for details). The better output performance is seen in the 
MS-TENG, with15-mm switch magnets and a rotor mass of 85 g. 

In addition to varying the diameter of the switch magnets and the 
mass of the rotor, the distribution of the switch magnets in the energy 
modulation modules also affects the output performance of the MS- 
TENG. Further experiments were performed with different distribu
tions of the switch magnets as well as input speeds. The distributions are 
classified Li Rj, where i and j are the number of switch magnets in the left 
and right energy modulation modules, respectively. Typical distribu
tions are L1R0, L1R1, L2R0 and L2R2, [Fig. 4a(i), b(i), c(i) and d(i)]. The 
switch angle θ and the number of generations N for one rotation of the 
switch gear are determined by the different distributions of switch 
magnets (see listing in Table 1). 

With increasing input speed, the open-circuit voltage [Fig. 4a(ii), b 
(ii), c(ii) and d(ii)] and transferred charge (Fig. S4a, b, c and d, Sup
porting Information) remain unchanged, whereas the short-circuit cur
rent [Fig. 4a(iii), b(iii), c(iii) and d(iii)] increases. After the switch 
magnets separate, the switch magnet in the switch gear moves away 
faster from the magnet in the switch pendulum with higher input speeds. 
The attraction of the switch magnets decreases rapidly, which results in 
the switch pendulum bouncing and rotating faster. Hence, a higher 
short-circuit current is obtained. 

Moreover, with increasing input speed, the output performance of 
the MS-TENG changes from intermittent stage to continuous stage. 
When the switch magnets remain the same, the same repulsion gener
ated by the energy storage magnets forces the switch pendulum to 

Fig. 2. Schematics of the operating principle of the MS-TENG: (a) sequence of different working states, (b) schematic illustrating the principle of power generation.  
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bounce, initiating the rotor to rotate at a specific initial speed, thereby 
producing a regular output performance. An increase in input speed, 
reduces the interval time between two power generations. When the 
input speed reaches the critical speed, the interval time disappears and 
the rotor rotates continuously. In the sequence given in Fig. 4, the 
critical speed for each distribution of magnet is 560 r/min, 340 r/min, 
340 r/min and 230 r/min. The distribution L2R2 has the lowest critical 
speed, and hence the MS-TENG attains more easily a continuous and 
regular electric output at low wind speeds. 

To study the steadiness of the output performance of the MS-TENG 
under different working conditions further, comparative experiments 
were performed under different input patterns, as shown in Fig. 5. No 
matter how each pattern changes, the open-circuit voltage, short-circuit 
current and transferred charge are regular, although micro-vibrations 
may cause slight fluctuations in output performance during opera
tions. Indeed, when the input speed does not reach the critical speed, the 
output performance of the MS-TENG is intermittent but regular. Once 
the critical speed is reached, the output performance becomes contin
uous and regular. 

2.3. Demonstration 

The charging performance of five commercial capacitors of 4.7 μF, 

10 μF, 22 μF, 47 μF and 100 μF was obtained (Fig. 6a). The load voltage 
and load current were measured under different load resistances, as 
shown in Fig. 6b. With increasing load resistance, load voltage increases 
and load current decreases. From calculations, the peak power of the 
MS-TENG was 4.82 mW with a 50 MΩ load resistance. Furthermore, 
experiments mimicking wind energy harvesting were conducted to 
testify the output performance. With the assistance of a bridge rectifier, 
the MS-TENG was able to harvest wind energy to supply power to 500 
LEDs in series simultaneously (Movie S1, Supporting Information). We 
also developed a test system in which the wind-energy-harvesting MS- 
TENG ran a thermometer (Fig. 6d). After charging the capacitor for a 
period of time, the MS-TENG was able to power the thermometer nor
mally (Movie S2, Supporting Information). Prospects for applications of 
the MS-TENG in the field of wind energy harvesting appear good. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.105851. 

3. Conclusions 

In summary, we described a magnetic switch structured triboelectric 
nanogenerator (MS-TENG) producing continuous and regular output 
while harvesting wind energy. The test experiments conducted prove 
that with input speeds above a critical speed, the electric output is 

Fig. 3. Rotor mass dependence of the output performance of the MS-TENG with different diameter of switch magnets: (a) 10 mm diameter, (b) 15 mm diameter, (c) 
20 mm diameter; comparisons of (d) rotation period, (e) output power, and (f) output energy against rotor mass for the different diameters of switch magnets. 
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continuous and regular. Working under variable and irregular condi
tions, the MS-TENG produced an output performance with an open- 
circuit voltage of 410 V, a short-circuit current of 18 μA, a transferred 
charge of 155 nC and a peak power of 4.82 mW. The MS-TENG powered 
500 LEDs in series and a thermometer, demonstrating that the prospects 
applications of the MS-TENG in wind energy harvesting are good. The 
benefits in its design in converting wind energy into a reliable electric 
output may provide helpful guidance in wind harvesting for the future. 

4. Experimental section 

4.1. Fabrication of the MS-TENG 

The magnetic switch structured triboelectric nanogenerator (MS- 
TENG) has dimensions of 200 mm (length) × 125 mm (width) ×
150 mm (height). The shell is made from an acrylic material and 
fabricated by laser cutting. The transmission gear, switch gear, switch 
pendulum, supporting frame and generation unit were all 3D printed, 
the print material being polylactic acid (PLA). The switch and energy 

storage magnet are made of neodymium. Made of stainless steel, the 
shaft was machine lathed. The flexible films (thickness 100 µm and 
width 40 mm) are made of fluorinated ethylene propylene (FEP). The 
sixteen copper electrodes (thickness 65 µm, width 18 mm and length 
40 mm) were uniformly distributed on the inner wall of the stator. 
Additional information is available in Supporting Information. 

4.2. Electrical measurement 

Rotating mechanical energy output by a two-phase hybrid stepping 
motor (57BYGH56D8EIS-P, HOHI, China) is used to power MS-TENG. 
The output signal of the generator is harvested by an electrometer 
(6514, Keithley, USA) and converted by a data acquisition system (USB- 
6218, National Instruments, USA). The display and storage of data is 
performed by installing the software LabVIEW with the computer. 

CRediT authorship contribution statement 

Shiming Liu: Conceptualization, Investigation, Writing - original 
draft. Xiang Li: Investigation, Writing - original draft, Validation. Yuqi 
Wang: Investigation, Validation. Yanfei Yang: Investigation. Lixia 
Meng: Conceptualization, Resources, Writing - review & editing, Su
pervision. Tinghai Cheng: Conceptualization, Resources, Writing - re
view & editing, Supervision. Zhong Lin Wang: Conceptualization, 
Resources, Writing - review & editing, Supervision. 

Fig. 4. Dependence of output performance on input speeds for the MS-TENG with different distributions of switch magnets: (a) L1R0, (b) L1R1, (c) L2R0, and 
(d) L2R2. 

Table 1 
Switch angle and number of generations for one rotation of the switch gear.   

L1R0 L1R1 L2R0 L2R2 

θ (◦)  360  180  180  90 
N  1  2  2  4  
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Fig. 5. Output performance of the MS-TENG from different excitation inputs: (a) constant input, (b) stepwise incremental input, (c) random step input.  

Fig. 6. Demonstrating the performance of the MS-TENG: (a) charging different commercial capacitors, (b) load voltage, load current and peak power of the MS- 
TENG, (c) the MS-TENG running 500 LEDs in series, (d) experimental setup used in the MS-TENG powering a thermometer. 
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