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HIGHLIGHTS

• A novel windmill-like hybrid nanogenerator with contact-separation structure was proposed for harvesting breeze energy at low wind 
speed.

• A spring steel sheet was creatively used both as an electrode of triboelectric nanogenerator and a booster for contact-separation activity.

• A magnetic acting as a bifunctional element supplies magnetic flux variation in electromagnetic generator and overcomes electrostatic 
adsorption between tribolayers simultaneously.

ABSTRACT Wind energy is one of the most promising and renewable 
energy sources; however, owing to the limitations of device structures, col-
lecting low-speed wind energy by triboelectric nanogenerators (TENGs) is 
still a huge challenge. To solve this problem, an ultra-durable and highly 
efficient windmill-like hybrid nanogenerator (W-HNG) is developed. 
Herein, the W-HNG composes coupled TENG and electromagnetic gen-
erator (EMG) and adopts a rotational contact-separation mode. This unique 
design efficiently avoids the wear of friction materials and ensures a pro-
longed service life. Moreover, the generator group is separated from the 
wind-driven part, which successfully prevents rotation resistance induced 
by the friction between rotor and stator in the conventional structures, and 
realizes low-speed wind energy harvesting. Additionally, the output char-
acteristics of TENG can be complementary to the different performance 
advantages of EMG to achieve a satisfactory power production. The device is successfully driven when the wind speed is 1.8 m s−1, and 
the output power of TENG and EMG can achieve 0.95 and 3.7 mW, respectively. After power management, the W-HNG has been success-
fully applied as a power source for electronic devices. This work provides a simple, reliable, and durable device for improved performance 
toward large-scale low-speed breeze energy harvesting.

KEYWORDS Triboelectric nanogenerator; Windmill-like structure; Rotational contact-separation mode; Low-speed wind energy 
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1 Introduction

With the rapid development of the Internet of things, power-
ing the ubiquitous and distributed sensors has become a key 
challenge [1–4], and converting ambient energy into available 
electricity is an attractive approach to solve this problem [5–8]. 
Among various types of energy resources in nature, such as 
solar, mechanical, tidal energies, and so on, wind energy is 
one of the most attractive candidates because it is a sustain-
able clean energy with the advantages of wide distribution 
and enormous reserves [9–12]. Therefore, extensive research 
has been carried out to develop efficient wind energy harvest-
ing technologies. During the last decades, conventional wind 
turbine generators have been extensively used for converting 
wind energy into electricity based on the mechanism of elec-
tromagnetic induction [13, 14]. Nevertheless, the disadvan-
tages of cumbersome structure, high manufacturing cost, and 
installation height of more than 40 meters [15, 16] severely 
restrict the widespread application of traditional wind turbine 
generators [17, 18]. Therefore, it is more and more urgent to 
develop alternative approaches for wind energy harvesting 
with a lower cost, easier maintaining, and higher efficiency in 
ordinary environments.

In recent years, the emerging triboelectric nanogenerator 
(TENG) based on coupling triboelectric effect and electrostatic 
induction [19–22] is considered as a promising mechanical 
energy scavenging and conversion technology. Benefiting from 
advantages of lightweight, materials variety, easy fabrication, 
and cost-effectiveness, TENG has been proven to be one of 
the most efficient ways for harvesting low-frequency mechani-
cal energies such as human movements, wind energy, wave 
energy, and so on [23–26]. TENG will undoubtedly provide 
a new power supply manner for intelligent, wearable, and 
implantable electronic products. To date, some wind energy 
harvesting TENGs with rotational structures [27–30] and flut-
ter-driven structures were developed [31–36], and quite high 
outputs could be achieved under relatively high wind speeds 
which were usually higher than 5 m s−1. However, the global 
average wind speed near the surface (the observation altitude 
is 10 meters) is reported to be 3.28 m s−1 [6, 37]. Therefore, 
this factor severely limits the widespread applications of the 
previously reported TENG-based wind energy harvesters in 
practice. Moreover, friction layers of these conventional wind 
energy acquisition devices usually suffered destructive friction 
wear caused by the rotation-sliding working mode or direct 

contact with wind, which led to a reduction in device service 
life. So, it is of great significance to design a new invention to 
solve the above problems.

In this work, we present a novel windmill-like triboelec-
tric–electromagnetic hybrid nanogenerator (W-HNG) to har-
vest low-speed wind energy. The nanogenerators are mounted 
on a cross-shaped frame and connected with a small fan. When 
the wind blows, the fan will take the generator group to dem-
onstrate a rotational movement, and benefiting from the unique 
design, the rotational motion will be transformed into a con-
tact-separation activity and the generators will start to work. 
This creative design can effectively harvest wind energy and 
avoids huge rotation resistance and friction wear extensively 
existed in the conventional TENGs with rotary configurations. 
What’s more, a spring steel plate is creatively utilized in this 
W-HNG which plays a dual role: One is playing as an elec-
trode of TENG, which simplifies device fabrication process. 
The other is acting like an accelerator, because it can store elas-
tic potential energy and converts it into kinetic energy, which 
can boost the contact-separation velocity and improve contact 
strength between the two friction materials. Additionally, the 
magnet in this W-HNG is also a bifunctional element. One is 
to supply magnetic flux variation in EMG to generate electric-
ity, and the other is acting as an additional weight to overcome 
the electrostatic adsorption between tribolayers and facilitates 
the contact-separation activities. After systematical structure 
design and optimization, this W-HNG can effectively collect 
airflow energy in light breeze ranging from 1.8 to 4.8 m s−1, and 
the practical applications as a sustainable power supply are also 
demonstrated. This work may give new insights to solve the 
recent problems of TENG-based wind energy harvesters and 
provides a novel idea for breeze energy harvesting.

2  Experimental Section

2.1  Fabrication of TENG

First, two acrylic boards with a thickness of 4 mm and width 
of 2.5 cm were fabricated by laser cutting technique and 
selected as the substrate material, and the length was altered 
(16, 20, 24, 28, and 32 cm) to match the varied electrode 
sizes. In each acrylic board, a groove (12.5 × 4 mm2) was 
created in the middle, so that two acrylic plates could be 
bonded together to form a cross-framework. Then, four 
pieces of Al foils (15 μm in thickness) were selected as one 
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electrode for TENG component and attached onto the four 
arms of the acrylic framework in a clockwise order. After 
that, a spring steel sheet with a width of 2.5 cm was chosen 
as the other electrode material as well as a substrate for FEP 
film (with glue on the backside and 30 μm in thickness), and 
the lengths of spring steel sheet and FEP film were adjusted 
(6, 8, 10, 12, and 14 cm) to realize the device structural 
optimization. After assembling, the FEP/spring steel sheet 
was mounted face to face with the Al electrode when keep-
ing the FEP layer in the inner side. After that, a fan (8 cm in 
diameter) was utilized for wind energy acquisition and con-
nected with the hybrid nanogenerator by a straight acrylic 
rod (8 mm in diameter and 10 cm in length). For compari-
son, a disk-type TENG (10 cm in diameter) adopting rota-
tional sliding mode was fabricated, which employed Al foil 
as the electrode material and FEP film as the dielectric layer.

2.2  Fabrication of EMG

Each EMG unit consists of two parts: a custom-made copper 
coil (0.015 mm in wire diameter, 2500 in turns) and a group 
of cylindrical magnets. First, the magnets were fixed pre-
cisely on the free tip of spring steel sheet (each magnet was 
2 mm in thickness, 12 mm in diameter, and 1 g in weight), 
and the number of magnets could be readily adjusted for 
realizing an optimal contact-separation movement and 
ideal output. Then, the copper coil was adhered on the tip 
of acrylic arms and located at the backside of Al electrode. 
After that, a small fan was connected to the middle of the 
acrylic framework acting as the wind scavenging equipment.

2.3  Electrical Measurement

The output signals of TENG and EMG were acquired 
via a programmable electrometer (Keithley 6514 System 
Electrometer). The software platform was built based on 
LabVIEW, which was capable of realizing real-time data 
acquisition and analysis. Comsol Multiphysics software 
based on finite element simulation was used to calculate 
the potential distribution of TENG unit under open-circuit 
condition. For simulation, the relative dielectric constants 
of steel sheet and Al were set as infinity, while that of FEP 
was set as 1. Additionally, the lengths of the three materi-
als are assumed as 200 mm and the heights are 0.5 mm. A 
stepper motor was applied to provide a periodic rotation 

and precisely adjusted the frequencies in the experiments. 
The output performances of the W-HNG associated with 
real wind were measured under simulated air flow pro-
duced by an electrical fan, and a commercial anemom-
eter (UNI-T UT363BT) was applied to measure the wind 
speeds.

3  Results and Discussion

3.1  Structural Design and Working Mechanism

As shown in Fig. 1, a typical W-HNG is assembled by four 
individual hybrid nanogenerators, and every single unit 
consists of two parts: a TENG and an EMG. The structural 
design of a single hybrid nanogenerator is schematically 
outlined in Fig. 1a. As can be seen, a contact-separation 
mode TENG cell is attached on the bottom side of an 
acrylic substrate. Due to the specific elasticity and conduc-
tivity, a spring steel sheet is creatively used here both as an 
electrode of TENG and as a support to allow the tribolayer 
(a fluorinated ethylene propylene (FEP) film) sticking on 
its top surface. Besides, there is an Al foil adhered to the 
acrylic plate serves as the other electrode and friction 
layer. As we know, after several contacts, great electro-
static attraction force will generate between Al and FEP 
film, and the two electrodes will stick together tightly and 
contact-separation motion will suspend. To avoid that, a 
magnet is introduced to adhere on the free tip of spring 
steel sheet, which plays a dual role: One is an additional 
weight to facilitate the contact-separation activity between 
Al and FEP, while the other is the magnetic source of 
EMG, and the rest part of EMG is a copper coil fixed on 
the top tip of the acrylic plate. After assembling, four inde-
pendent hybrid nanogenerators with the same structure 
are arranged along with a clockwise order and mounted 
on the frame with a fan, and the schematic diagram and 
digital picture of a holistic W-HNG device are, respec-
tively, depicted in Fig. 1b, c. Relying on the advantages of 
easy fabrication, low cost, lightweight, and high efficiency, 
this W-HNG can be integrated into networks and widely 
installed in the open space for large-scale wind energy 
harvesting, as illustrated in Fig. 1d.

When the small fan is subject to wind, it will take the 
nanogenerator group connected behind rotating together, 
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and the nanogenerators will take turns to demonstrate peri-
odical contact-separation motion. The electric generation 
mechanism of the W-HNG can be divided into two parts: 
TENG and EMG. For the TENG components, based on the 
coupling effect of triboelectrification and electrostatic induc-
tion [38, 39], the working mechanism can be illustrated in 
four consecutive steps in a full cycle as shown in Fig. 2a. 
Initially, after the first contact (state i), electrons will transfer 
from the Al foil to the FEP film since the latter is much more 
electronegative than the former [40, 41]. Then, the generator 
is triggered by wind to rotate forward and two tribolayers 
will separate from each other (state ii). Because of the elec-
trostatic induction, positive charges will transfer from the Al 
electrode to the spring steel plate through the external circuit 
to balance the electric field, thus generating a pulse current. 
When the FEP film is separated from the Al electrode to the 
maximum displacement (state iii), the positive charges on 
Al electrode will be completely neutralized by induced elec-
trons from steel sheet. After that, as the device continues to 
rotate, the steel sheet will gradually move back to the Al foil 
until they are fully overlapped again (state iv), and a current 
in the opposite direction will be produced. Consequently, 
alternating current (AC) output would be achieved with the 
device rotation. To demonstrate the working mechanism 
more clearly, the corresponding electric potential distribu-
tion in vacuum under an open-circuit condition was simu-
lated via the finite element method using COMSOL mul-
tiphysics software, and the results are illustrated in Fig. 2b. 

Meantime, based on the electromagnetic induction [42, 43], 
the EMG part can produce an alternating current due to the 
periodic change of magnetic flux caused by cyclical dis-
placement variation between magnet and copper coil.

3.2  Structural Optimization

To quantitatively evaluate the output performance of 
W-HNG, the device was mounted on a stepper motor which 
could generate controllable rotation with a tunable speed. 
First, in order to get optimal output performance of the 
TENG part, the influence of different structure parameters 
was experimentally tested under a constant rotation velocity 
of 15 rpm while the width of steel sheet was fixed at 25 mm. 
We initially fabricated a device without magnet fixed on 
the steel sheet tip, and the electrical output performance is 
illustrated in Fig. S1. Obviously, with this design, output 
signals of the transfer charge quantity (Qsc), short-circuit 
current (Isc), and open-circuit voltage (Voc) are too weak to 
provide available electricity. The key reason causing this 
phenomenon was that the strong electrostatic attraction 
between Al electrode and PTFE film hampered effective 
contact-separation activity. To solve this problem, a magnet 
was introduced to be fixed at the steel plate tip, which not 
only served as an external load to promote the contact-sepa-
ration motion between two friction materials, but also played 
as the magnetic source of EMG. By testing, it was observed 

Acrylic

Cu coils

Al 

FEP

Spring steel sheet  
Magnets

(a)

(b) (c) (d)

Fig. 1  Schematic illustration of the windmill-like hybrid nanogenerator (W-HNG). a Structural scheme of an individual unit of the W-HNG. b 
Schematic illustration of the whole W-HNG. c Photograph of the as-fabricated W-HNG. d Proposed network composed of numbers of W-GNGs 
for harvesting large-scale low-speed wind energy
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that the spring steel sheet and Al foil could be well separated 
when the additional magnet mass reached 6 g. However, the 
output performance of TENG decreased gradually with the 
increase in magnet weight, especially the current, as shown 
in Figs. 2c and S2, which could be ascribed to the fact that a 
heavier magnet promoted separation but prevented contact 
of the two electrodes. Therefore, magnets of 6 g were chosen 
for the next tests.

It is obvious that steel band stiffness shows a significant 
impact on the contact/separation status of two electrodes, 
which is closely related to the output performance of TENG 
[44–46]. Therefore, steel plate with different thicknesses and 
lengths was studied for the optimum structural design. As 
shown in Fig. 2d (the specific annotation of each parameter 
is shown in Fig. S3), at a stationary state, a larger maxi-
mum displacement (x) between Al foil and FEP film can be 
achieved at a longer and thinner steel plate. In other words, 
steel plate with smaller stiffness is beneficial to the separa-
tion of two electrodes, which may be favorable for a high 
output voltage according to the formula as bellows [47]:

where Q defines the amount of transferred charges between 
the two electrodes, S is the effective contact area between 
the tribolayers, d0 is the dielectric thickness, ε0 denotes the 
vacuum dielectric constant, x(t) is the separation distance 
between two friction materials, and б is the triboelectric 
charge density. However, at a rotational status, the steel sheet 
stiffness is not the smaller the better, because it will directly 
affect the contact strength, effective friction area, and con-
tact/separation velocity of two electrodes, thus influencing 
the electrical production of TENG [48–50]. Therefore, it 
is of great significance to figure out the optimal steel plate 
parameter. Electric output performance of TENG under vari-
ous steel belt lengths and thicknesses has been measured at a 
rotation speed of 100 rpm, as illustrated in Fig. 3, where all 
3D graphs (Fig. 3a–c) are smoothed by bilinear interpolation 
algorithm to be easily understood, and their corresponding 
2D graphs are exhibited in Fig. 3d–f. As depicted in Fig. 3a, 
d, according to the Qsc signals of steel sheets with 0.05, 
0.10, and 0.15 mm thickness, it can be concluded that the 
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transferred charge quantity is proportional to the effective 
contact area between two friction materials, which is cor-
responding to the literatures [51, 52]. However, there is an 
abnormal point of 0.05 mm steel belt at a length of 14 cm. 
The reason causing this phenomenon is that the stiffness 
coefficient of the steel sheet is too small to restore its origi-
nal state during rotating, thus resulting in a reduced contact 
area between friction materials. Moreover, an optimal Qsc 
was achieved at 0.10 mm thickness, revealing that the steel 
belt should be neither too flexible nor too stiff, as too much 
flexibility will reduce the force that it exerts on the Al elec-
trode according to Hooke’s law F = KX (where K denotes the 
spring stiffness coefficient and X is the degree of deforma-
tion), and too much stiffness results in an inadequate contact 
between the tribolayers. The results of output voltage (meas-
ured by a voltage division method, as illustrated in Fig. 3b, 
e and short-circuit current (Fig. 3c, f) reveals that optimal 
performance can be realized at steel plate with 0.10 mm 
thickness, which is consistent with the results of Qsc. It is 
worth noting that both of Voc and Isc were increased with the 
growth of effective working area, but a slower pace appeared 
when the length exceeded 10 cm. Therefore, a steel sheet 
with 0.10 mm in thickness, 10 cm in length, and 25 mm in 
width was defined as the optimal structure parameter for the 
following measurements and demonstrations.

3.3  Performance for Wind Energy Harvesting

To further study the output of W-HNG, electrical perfor-
mances of individual TENG and EMG were characterized 
under different wind speeds ranging from 1.8 to 4.8 m s−1, 
and results are depicted in Fig. 4. As shown in Fig. 4a, b, 
the peak value of the voltage for TENG is inversely propor-
tional to wind speed, varying linearly from 1150 to 860 V, 
while the Isc of TENG demonstrates a parabolic trend with a 
maximum value of 8.5 μA when the wind speed is 3.2 m s−1. 
According to the previous study [19], peak value of the out-
put voltage is independent of the operation frequency, but 
it dependents on the displacement between two friction 
materials as expressed in Eq. 1. Because of this, a linear 
decay of the voltage signal is observed, and the reason is the 
relative displacement (x) between two friction layers gradu-
ally decreases with the raise wind speed. However, the Isc is 
closely related to operation frequency which is proportional 
to the wind speed. Therefore, the measured Voc and Isc of 
TENG are consistent with the theoretical results. Moreover, 
in a TENG system, the device durability is extremely impor-
tant for its practical application and indeed dependent on the 
working mode. To demonstrate the superiority of this novel 
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configuration, the output signal of Qsc was examined under 
wind speed of 1.8 m s−1 for a long-term monitoring. The 
results manifest that the output performance of the TENG 
does not decay significantly (decreases by ~ 2%) after 5 days 
of operation as outlined in Fig. S4, implying that it is an 
efficient way that transforming rotary movement into a con-
tact-separation behavior to ensure a prolonged device ser-
vice life as well as stable electrical output performance. To 
further display the advantages of the W-HNG, we designed 
a comparative experiment to compare the electrical output 
performance. As shown in Fig. S5, the transferred charge 
quantity of a disk-type TENG based on rotational sliding 
mode is decreased by 50% from 90 to 45 nC after 40 min 
of continuous operation. Moreover, since the tribolayer sur-
face plays an important role in the triboelectric performance, 
microstructures of FEP film before and after durability test 
were characterized by SEM and results are shown in Fig. 
S6. Obviously, the friction wear of W-HNG is much smaller 
than the disk-type TENG, which further implies the designed 
superiority of W-HNG.

For EMG, both the Voc and Isc are proportional to the 
wind speed and increase from ~ 0.5 to ~ 0.7 V and from ~ 3.7 
to ~ 6.7 mA, respectively, as shown in Fig. 4d, e. According 

to Faraday’s law, the open-circuit voltage and the short-cir-
cuit current of EMGs can be expressed as [53]:

where ∅ is the magnetic flux and N is the number of turns 
in the copper coils. R is the internal resistance of the coil. 
Based on Eq. 2, the output voltage of EMG is strongly 
related to the variation rate of the magnetic flux. Therefore, 
the Voc and Isc of EMG should be proportional to the opera-
tion wind speed, consistent with the experimental results.

Further, to evaluate the energy output capability of 
W-HNG at a low wind speed, the output power of TENG 
and EMG when connected to different external load resist-
ances was measured at a wind velocity of 1.8 m/s, as shown 
in Fig. 4c, f. It is found that whether for TENG or EMG, 
the output voltage increases as the resistance grows, and 
due to ohm loss, the short-circuit current follows a reverse 
trend. The maximum output power can be calculated as 0.95 
mW for TENG and 3.7 mW for EMG at the corresponding 
matched load. Since the energy generation characteristic of 
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TENG is totally distinct from EMG, the TENG can play as 
a voltage source while EMG can act like a current source.

3.4  Practical Applications

For the purpose of practical applications, the capability of 
this novel W-HNG for harvesting wind energy and power-
ing electric devices are demonstrated in Fig. 5. First, as 
shown in Fig. 5a, the charging capability of an individual 
TENG was investigated at a wind speed of 4.8 m s−1, and 
a rectification circuit was used to convert AC signals into 
DC outputs as illustrated in the inset. As can be seen, the 
TENG took different amounts of time to charge capacitors 
varying from 10 to 100 μF to 2 V, where a 10 μF capacitor 
could be charged to 2 V after 7.5 s while a 100 μF capaci-
tor needed 52 s. After that, the charging capability of the 

W-HNG was explored and compared with that of an indi-
vidual TENG and EMGs (four in series), as illustrated in 
Fig. 5b, where a capacitor of 10 μF was used for meas-
urement. Apparently, the charging rate of EMGs is faster 
than that of TENG at the beginning due to the high output 
current characteristic, but the voltage quickly gets saturated 
(only reaches 1.25 V). In contrast, the W-HNG provides 
not only high charging voltage but also fast charging speed 
that the capacitor can be charged to 2 V only in 3.5 s. Then, 
a digital watch driven by W-HNG was demonstrated by 
utilizing a 100 µF commercial capacitor to store the elec-
tric energy at a wind speed of 1.8 m s−1. As illustrated in 
Fig. 5c and Video S1, while the wind blows the W-HNG, 
the capacitor can be charged and the digital watch gets to 
work when the voltage rises to 1.9 V, and the device can 
be continuously powered as long as the W-HNG works. 
Moreover, when the wind speed is 1.8 m s−1, 70 LEDs can 
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Fig. 5  Applications of the W-HNG. a Voltage curves of several commercial capacitors charged by the TENG harvester at a wind speed of 
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be continuously lighted up by W-HNG, as shown in Fig. 5d 
and Video S2. These results imply that the W-HNG can be 
used not only to harvest wind energy, but also to realize a 
self-powered system.

4  Conclusion

In summary, we have developed a novel hybrid nanogenera-
tor based on a windmill-like structure. Benefiting from the 
rotational contact-separation working mode, the W-HNG 
demonstrates a superior robustness and can be used to har-
vest low-speed wind energy with an excellent output per-
formance. Relationship between the electrical properties 
of W-HNG and various structural parameters is systemati-
cally studied under different wind speeds. By optimizing 
the device structure, the maximum output voltage of the 
designed TENG unit can reach 1150 V, and the maximum 
current of the EMG unit can reach 6.7 mA. The capability of 
this device for practical applications such as driving LEDs, 
powering commercial capacitors, and driving electronic 
watch by harvesting wind energy was also demonstrated. 
Because of the lightweight, easy fabrication and portable 
merits, the W-HNG provides an effective way to capture 
breeze energy for driving low-power portable electronic 
devices.

Acknowledgements The authors gratefully acknowledge the 
financial support from the Natural Science Foundation of Chong-
qing (Grant No. cstc2017jcyjAX0307), the Fundamental Research 
Funds for the Central Universities (Grant Nos. CYFH201821, 
2020CDCGJ005, 2018CDQYWL0046, 2019CDXZWL001), and 
the National Natural Science Foundation of China (Grant No. 
51402112). Thanks to the Analytical and Testing Center of Chong-
qing University for the SEM measurement.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4082 0-020-00513 -2) contains 
supplementary material, which is available to authorized users.

References

 1. L. Atzori, A. Iera, G. Morabito, The internet of things: a sur-
vey. Comput. Netw. 54(15), 2787–2805 (2010). https ://doi.
org/10.1016/j.comne t.2010.05.010

 2. J.H. Nord, A. Koohang, J. Paliszkiewicz, The internet of 
things: review and theoretical framework. Expert Syst. 
Appl. 133, 97–108 (2019). https ://doi.org/10.1016/j.
eswa.2019.05.014

 3. L. Xie, X. Chen, Z. Wen, Y. Yang, J. Shi et al., Spiral steel 
wire based fiber-shaped stretchable and tailorable triboe-
lectric nanogenerator for wearable power source and active 
gesture sensor. Nano-Micro Lett. 11, 39 (2019). https ://doi.
org/10.1007/s4082 0-019-0271-3

 4. T.C. Li, H.Q. Fan, J. García, J.M. Corchado, Second-order 
statistics analysis and comparison between arithmet track-
ing IC and geometric average fusion: application to multi-
sensor target. Inform. Fusion. 51, 233–243 (2019). https ://
doi.org/10.1016/j.inffu s.2019.02.009

 5. H. Shao, P. Cheng, R. Chen, R.N. Sun, Q. Shen et al., Tri-
boelectric–electromagnetic hybrid generator for harvesting 
blue energy. Nano-Micro Lett. 10, 54 (2018). https ://doi.
org/10.1007/s4082 0-018-0207-3

 6. Q.X. Zeng, Y. Wu, Q. Tang, W.L. Liu, J. Wu et al., A high-
efficient breeze energy harvester utilizing a full-packaged 
triboelectric nanogenerator based on flow-induced vibration. 
Nano Energy 70, 104524 (2020). https ://doi.org/10.1016/j.
nanoe n.2020.10452 4

 7. Y. Wu, Q.X. Zeng, Q. Tang, W.L. Liu, G.L. Liu et al., A 
teeterboard-like hybrid nanogenerator for efficient harvest-
ing of low-frequency ocean wave energy. Nano Energy 67, 
104205 (2020). https ://doi.org/10.1016/j.nanoe n.2019.10420 
5

 8. G.L. Liu, J. Chen, Q. Tang, L. Feng, H.K. Yang et al., Wire-
less electric energy transmission through various isolated 
solid media based on triboelectric nanogenerator. Adv. 
Energy Mater. 8(14), 1703086 (2018). https ://doi.org/10.1002/
aenm.20170 3086

 9. O. Artal, O. Pizarro, H.H. Sepúlveda, The impact of spring-
neap tidal-stream cycles in tidal energy assessments in the 
chilean inland sea. Renew. Energy 139, 496–506 (2019). https 
://doi.org/10.1016/j.renen e.2019.02.092

 10. H.J. Seok, A. Ali, J.H. Seo, H.H. Lee, N.E. Jung, Y. Yi, 
H.K. Kim, Zno:Ga-graded ITO electrodes to control inter-
face between PCBM and ITO in planar perovskite solar cells. 
Sci. Technol. Adv. Mater. 20(1), 389–400 (2019). https ://doi.
org/10.1080/14686 996.2019.15996 95

 11. Z. Wen, H. Guo, Y. Zi, M.H. Yeh, X. Wang et  al., 
Harvesting broad frequency band blue energy by a 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-020-00513-2
https://doi.org/10.1016/j.comnet.2010.05.010
https://doi.org/10.1016/j.comnet.2010.05.010
https://doi.org/10.1016/j.eswa.2019.05.014
https://doi.org/10.1016/j.eswa.2019.05.014
https://doi.org/10.1007/s40820-019-0271-3
https://doi.org/10.1007/s40820-019-0271-3
https://doi.org/10.1016/j.inffus.2019.02.009
https://doi.org/10.1016/j.inffus.2019.02.009
https://doi.org/10.1007/s40820-018-0207-3
https://doi.org/10.1007/s40820-018-0207-3
https://doi.org/10.1016/j.nanoen.2020.104524
https://doi.org/10.1016/j.nanoen.2020.104524
https://doi.org/10.1016/j.nanoen.2019.104205
https://doi.org/10.1016/j.nanoen.2019.104205
https://doi.org/10.1002/aenm.201703086
https://doi.org/10.1002/aenm.201703086
https://doi.org/10.1016/j.renene.2019.02.092
https://doi.org/10.1016/j.renene.2019.02.092
https://doi.org/10.1080/14686996.2019.1599695
https://doi.org/10.1080/14686996.2019.1599695


 Nano-Micro Lett.          (2020) 12:175   175  Page 10 of 11

https://doi.org/10.1007/s40820-020-00513-2© The authors

triboelectric-electromagnetic hybrid nanogenerator. ACS 
Nano 10(7), 6526–6534 (2016). https ://doi.org/10.1021/acsna 
no.6b032 93

 12. H.Y. Shao, Z. Wen, P. Cheng, N. Sun, Q.Q. Shen et al., Multi-
functional power unit by hybridizing contact-separate triboe-
lectric nanogenerator, electromagnetic generator and solar cell 
for harvesting blue energy. Nano Energy 39, 608–615 (2017). 
https ://doi.org/10.1016/j.nanoe n.2017.07.045

 13. J.M. Carrasco, L.G. Franquelo, J.T. Bialasiewicz, E. Galvan, 
R.C. PortilloGuisado et al., Power-electronic systems for the 
grid integration of renewable energy sources: a survey. IEEE 
Trans. Ind. Electron. 53(4), 1002–1016 (2006). https ://doi.
org/10.1109/TIE.2006.87835 6

 14. Z. Chen, J.M. Guerrero, F. Blaabjerg, A review of the state 
of the art of power electronics for wind turbines. IEEE 
Trans. Power Electron. 24(8), 1859–1875 (2009). https ://
doi.org/10.1109/TPEL.2009.20170 82

 15. Y.C. Xue, N.L. Tai, Review of contribution to frequency 
control through variable speed wind turbine. Renew. Energy 
36(6), 1671–1677 (2011). https ://doi.org/10.1016/j.renen 
e.2010.11.009

 16. R.H. Qu, Y.Z. Liu, W. Jin, Review of superconducting 
generator topologies for direct-drive wind turbines. IEEE 
Trans. Appl. Supercond. 23(3), 5201108 (2013). https ://doi.
org/10.1109/TASC.2013.22413 87

 17. D.W. Xiang, L. Ran, P.J. Tavner, S. Yang, Control of a dou-
bly fed induction generator in a wind turbine during grid 
fault ride-through. IEEE Trans. Energy Convers. 21(3), 
652–662 (2006). https ://doi.org/10.1109/TEC.2006.87578 3

 18. Y. Lei, A. Mullane, G. Lightbody, R. Yacamini, Modeling of 
the wind turbine with a doubly fed induction generator for 
grid integration studies. IEEE Trans. Energy Convers. 21(1), 
257–264 (2006). https ://doi.org/10.1109/TEC.2005.84795 8

 19. F.-R. Fan, Z.-Q. Tian, Z.L. Wang, Flexible triboelectric 
generator. Nano Energy 1(2), 328–334 (2012). https ://doi.
org/10.1016/j.nanoe n.2012.01.004

 20. W.C. Wang, J.C. Xu, H.W. Zheng, F.Q. Chen, K. Jenkins 
et al., A spring-assisted hybrid triboelectric-electromagnetic 
nanogenerator for harvesting low-frequency vibration energy 
and creating a self-powered security system. Nanoscale 
10(30), 14747–14754 (2018). https ://doi.org/10.1039/
C8NR0 4276D 

 21. C.R.S. Rodrigues, C.A.S. Alves, J. Puga, A.M. Pereira, J.O. 
Ventura, Triboelectric driven turbine to generate electricity 
from the motion of water. Nano Energy 30, 379–386 (2016). 
https ://doi.org/10.1016/j.nanoe n.2016.09.038

 22. Y.L. Zi, H.Y. Guo, Z. Wen, M.H. Yeh, C.G. Hu, Z.L. Wang, 
Harvesting low-frequency (< 5  Hz) irregular mechanical 
energy: a possible killer application of triboelectric nano-
generator. ACS Nano 10(4), 4797–4805 (2016). https ://doi.
org/10.1021/acsna no.6b015 69

 23. H. Shao, P. Cheng, R. Chen, L. Xie, N. Sun et al., Tribo-
electric-electromagnetic hybrid generator for harvesting 
blue energy. Nano-Micro Lett. 10(3), 54 (2018). https ://doi.
org/10.1007/s4082 0-018-0207-3

 24. H. Guo, Z. Wen, Y. Zi, M.-H. Yeh, J. Wang et al., A water-
proof triboelectric-electromagnetic hybrid generator for 
energy harvesting in harsh environments. Adv. Energy Mater. 
6(6), 1501593 (2016). https ://doi.org/10.1002/aenm.20150 
1593

 25. Y. Wu, S. Kuang, H. Li, H. Wang, R. Yang et al., Triboelec-
tric-thermoelectric hybrid nanogenerator for harvesting energy 
from ambient environments. Adv. Mater. Technol. 3(11), 
1800166 (2018). https ://doi.org/10.1002/admt.20180 0166

 26. L.-B. Huang, W. Xu, G. Bai, M.-C. Wong, Z. Yang, J. Hao, 
Wind energy and blue energy harvesting based on mag-
netic-assisted noncontact triboelectric nanogenerator. Nano 
Energy 30, 36–42 (2016). https ://doi.org/10.1016/j.nanoe 
n.2016.09.032

 27. S. Chen, C. Gao, W. Tang, H. Zhu, Y. Han et al., Self-pow-
ered cleaning of air pollution by wind driven triboelectric 
nanogenerator. Nano Energy 14, 217–225 (2015). https ://doi.
org/10.1016/j.nanoe n.2014.12.013

 28. Y.N. Xie, S.H. Wang, L. Lin, Q.S. Jing, Z.H. Lin et al., Rotary 
triboelectric nanogenerator based on a hybridized mechanism 
for harvesting wind energy. ACS Nano 7(8), 7 (2013). https ://
doi.org/10.1021/nn402 477h

 29. M. Perez, S. Boisseau, M. Geisler, G. Despesse, J.L. Reboud, 
A triboelectric wind turbine for small-scale energy harvest-
ing. J. Phys: Conf. Ser. 773, 012118 (2016). https ://doi.
org/10.1088/1742-6596/773/1/01211 8

 30. H. Yong, J. Chung, D. Choi, D. Jung, M. Cho, S. Lee, Highly 
reliable wind-rolling triboelectric nanogenerator operating in 
a wide wind speed range. Sci. Rep. 6, 33977 (2016). https ://
doi.org/10.1038/srep3 3977

 31. Y. Yang, G. Zhu, H. Zhang, J. Chen, X. Zhong et al., Tri-
boelectric nanogenerator for harvesting wind energy and as 
self-powered wind vector sensor system. ACS Nano 7(10), 
9461–9468 (2013). https ://doi.org/10.1021/nn404 3157

 32. J. Bae, J. Lee, S. Kim, J. Ha, B.S. Lee et al., Flutter-driven 
triboelectrification for harvesting wind energy. Nat. Commun. 
5, 4929 (2014). https ://doi.org/10.1038/ncomm s5929 

 33. T. Chen, Y. Xia, W. Liu, H. Liu, L. Sun, C. Lee, A hybrid 
flapping-blade wind energy harvester based on vortex shed-
ding effect. J. Microelectromech. Syst. 25(5), 845–847 (2016). 
https ://doi.org/10.1109/JMEMS .2016.25885 29

 34. A.N. Ravichandran, C. Calmes, J.R. Serres, M. Ramuz, S. 
Blayac, Compact and high performance wind actuated ven-
turi triboelectric energy harvester. Nano Energy 62, 449–457 
(2019). https ://doi.org/10.1016/j.nanoe n.2019.05.053

 35. Z. Quan, C.B. Han, T. Jiang, Z.L. Wang, Robust thin films-
based triboelectric nanogenerator arrays for harvesting bidi-
rectional wind energy. Adv. Energy Mater. 6(5), 1501799 
(2016). https ://doi.org/10.1002/aenm.20150 1799

 36. H. Lin, M. He, Q. Jing, W. Yang, S. Wang et al., Angle-shaped 
triboelectric nanogenerator for harvesting environmental 
wind energy. Nano Energy 56, 269–276 (2019). https ://doi.
org/10.1016/j.nanoe n.2018.11.037

 37. C.L. Archer, Evaluation of global wind power. J. Geophys. 
Res. 110(D12), D12110 (2005). https ://doi.org/10.1029/2004J 
D0054 62

https://doi.org/10.1021/acsnano.6b03293
https://doi.org/10.1021/acsnano.6b03293
https://doi.org/10.1016/j.nanoen.2017.07.045
https://doi.org/10.1109/TIE.2006.878356
https://doi.org/10.1109/TIE.2006.878356
https://doi.org/10.1109/TPEL.2009.2017082
https://doi.org/10.1109/TPEL.2009.2017082
https://doi.org/10.1016/j.renene.2010.11.009
https://doi.org/10.1016/j.renene.2010.11.009
https://doi.org/10.1109/TASC.2013.2241387
https://doi.org/10.1109/TASC.2013.2241387
https://doi.org/10.1109/TEC.2006.875783
https://doi.org/10.1109/TEC.2005.847958
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1039/C8NR04276D
https://doi.org/10.1039/C8NR04276D
https://doi.org/10.1016/j.nanoen.2016.09.038
https://doi.org/10.1021/acsnano.6b01569
https://doi.org/10.1021/acsnano.6b01569
https://doi.org/10.1007/s40820-018-0207-3
https://doi.org/10.1007/s40820-018-0207-3
https://doi.org/10.1002/aenm.201501593
https://doi.org/10.1002/aenm.201501593
https://doi.org/10.1002/admt.201800166
https://doi.org/10.1016/j.nanoen.2016.09.032
https://doi.org/10.1016/j.nanoen.2016.09.032
https://doi.org/10.1016/j.nanoen.2014.12.013
https://doi.org/10.1016/j.nanoen.2014.12.013
https://doi.org/10.1021/nn402477h
https://doi.org/10.1021/nn402477h
https://doi.org/10.1088/1742-6596/773/1/012118
https://doi.org/10.1088/1742-6596/773/1/012118
https://doi.org/10.1038/srep33977
https://doi.org/10.1038/srep33977
https://doi.org/10.1021/nn4043157
https://doi.org/10.1038/ncomms5929
https://doi.org/10.1109/JMEMS.2016.2588529
https://doi.org/10.1016/j.nanoen.2019.05.053
https://doi.org/10.1002/aenm.201501799
https://doi.org/10.1016/j.nanoen.2018.11.037
https://doi.org/10.1016/j.nanoen.2018.11.037
https://doi.org/10.1029/2004JD005462
https://doi.org/10.1029/2004JD005462


Nano-Micro Lett.          (2020) 12:175  Page 11 of 11   175 

1 3

 38. Z. Zhao, X. Pu, C. Du, L. Li, C. Jiang, W. Hu, Z.L. Wang, 
Freestanding flag-type triboelectric nanogenerator for harvest-
ing high-altitude wind energy from arbitrary directions. ACS 
Nano 10(2), 1780–1787 (2016). https ://doi.org/10.1021/acsna 
no.5b071 57

 39. T. Chen, M. Zhao, Q. Shi, Z. Yang, H. Liu et al., Novel aug-
mented reality interface using a self-powered triboelectric 
based virtual reality 3d-control sensor. Nano Energy 51, 162–
172 (2018). https ://doi.org/10.1016/j.nanoe n.2018.06.022

 40. A. Chandrasekhar, V. Vivekananthan, G. Khandelwal, S.-J. 
Kim, Sustainable human-machine interactive triboelectric 
nanogenerator toward a smart computer mouse. ACS Sustain. 
Chem. Eng. 7(7), 7177–7182 (2019). https ://doi.org/10.1021/
acssu schem eng.9b001 75

 41. M. Xu, Y.-C. Wang, S.L. Zhang, W. Ding, J. Cheng et al., 
An aeroelastic flutter based triboelectric nanogenerator as 
a self-powered active wind speed sensor in harsh environ-
ment. Extreme Mech. Lett. 15, 122–129 (2017). https ://doi.
org/10.1016/j.eml.2017.07.005

 42. C. Zhang, W. Tang, C. Han, F. Fan, Z.L. Wang, Theoreti-
cal comparison, equivalent transformation, and conjunction 
operations of electromagnetic induction generator and tribo-
electric nanogenerator for harvesting mechanical energy. Adv. 
Mater. 26(22), 3580–3591 (2014). https ://doi.org/10.1002/
adma.20140 0207

 43. X. Wang, Z. Wen, H. Guo, C. Wu, X. He et al., Fully packaged 
blue energy harvester by hybridizing a rolling triboelectric 
nanogenerator and an electromagnetic generator. ACS Nano 
10(12), 11369–11376 (2016). https ://doi.org/10.1021/acsna 
no.6b066 22

 44. P. Bai, G. Zhu, Y.S. Zhou, S. Wang, J. Ma, G. Zhang, Z.L. 
Wang, Dipole-moment-induced effect on contact electrifica-
tion for triboelectric nanogenerators. Nano Res. 7(7), 990–997 
(2014). https ://doi.org/10.1007/s1227 4-014-0461-8

 45. T. Zhou, L. Zhang, F. Xue, W. Tang, C. Zhang, Z.L. Wang, 
Multilayered electret films based triboelectric nanogenerator. 

Nano Res. 9(5), 1442–1451 (2016). https ://doi.org/10.1007/
s1227 4-016-1040-y

 46. G. Zhu, J. Chen, T. Zhang, Q. Jing, Z.L. Wang, Radial-arrayed 
rotary electrification for high performance triboelectric gen-
erator. Nat. Commun. 5, 3426 (2014). https ://doi.org/10.1038/
ncomm s4426 

 47. Z.L. Wang, J. Chen, L. Lin, Progress in triboelectric nano-
generators as a new energy technology and self-powered sen-
sors. Energy Environ. Sci. 8(8), 2250–2282 (2015). https ://doi.
org/10.1039/C5EE0 1532D 

 48. H. Chu, H. Jang, Y. Lee, Y. Chae, J.-H. Ahn, Conformal, 
graphene-based triboelectric nanogenerator for self-powered 
wearable electronics. Nano Energy 27, 298–305 (2016). https 
://doi.org/10.1016/j.nanoe n.2016.07.009

 49. B. Yang, W. Zeng, Z.-H. Peng, S.-R. Liu, K. Chen, X.-M. 
Tao, A fully verified theoretical analysis of contact-mode tri-
boelectric nanogenerators as a wearable power source. Adv. 
Energy Mater. 6(16), 1600505 (2016). https ://doi.org/10.1002/
aenm.20160 0505

 50. Z. Wang, W. Liu, J. Hu, W. He, H. Yang et al., Two voltages 
in contact-separation triboelectric nanogenerator: from asym-
metry to symmetry for maximum output. Nano Energy 69, 
104452 (2020). https ://doi.org/10.1016/j.nanoe n.2020.10445 2

 51. K.Y. Lee, J. Chun, J.H. Lee, K.N. Kim, N.R. Kang et al., 
Hydrophobic sponge structure-based triboelectric nanogen-
erator. Adv. Mater. 26(29), 5037–5042 (2014). https ://doi.
org/10.1002/adma.20140 1184

 52. L. Zhang, L. Jin, B. Zhang, W. Deng, H. Pan et al., Multi-
functional triboelectric nanogenerator based on porous micro-
nickel foam to harvest mechanical energy. Nano Energy 16, 
516–523 (2015). https ://doi.org/10.1016/j.nanoe n.2015.06.012

 53. W. Shockley, Currents to conductors induced by a moving 
point charge. J. Appl. Phys. 9(10), 635–636 (1938). https ://
doi.org/10.1063/1.17103 67

https://doi.org/10.1021/acsnano.5b07157
https://doi.org/10.1021/acsnano.5b07157
https://doi.org/10.1016/j.nanoen.2018.06.022
https://doi.org/10.1021/acssuschemeng.9b00175
https://doi.org/10.1021/acssuschemeng.9b00175
https://doi.org/10.1016/j.eml.2017.07.005
https://doi.org/10.1016/j.eml.2017.07.005
https://doi.org/10.1002/adma.201400207
https://doi.org/10.1002/adma.201400207
https://doi.org/10.1021/acsnano.6b06622
https://doi.org/10.1021/acsnano.6b06622
https://doi.org/10.1007/s12274-014-0461-8
https://doi.org/10.1007/s12274-016-1040-y
https://doi.org/10.1007/s12274-016-1040-y
https://doi.org/10.1038/ncomms4426
https://doi.org/10.1038/ncomms4426
https://doi.org/10.1039/C5EE01532D
https://doi.org/10.1039/C5EE01532D
https://doi.org/10.1016/j.nanoen.2016.07.009
https://doi.org/10.1016/j.nanoen.2016.07.009
https://doi.org/10.1002/aenm.201600505
https://doi.org/10.1002/aenm.201600505
https://doi.org/10.1016/j.nanoen.2020.104452
https://doi.org/10.1002/adma.201401184
https://doi.org/10.1002/adma.201401184
https://doi.org/10.1016/j.nanoen.2015.06.012
https://doi.org/10.1063/1.1710367
https://doi.org/10.1063/1.1710367

	An Ultra-Durable Windmill-Like Hybrid Nanogenerator for Steady and Efficient Harvesting of Low-Speed Wind Energy
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Fabrication of TENG
	2.2 Fabrication of EMG
	2.3 Electrical Measurement

	3 Results and Discussion
	3.1 Structural Design and Working Mechanism
	3.2 Structural Optimization
	3.3 Performance for Wind Energy Harvesting
	3.4 Practical Applications

	4 Conclusion
	Acknowledgements 
	References




