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ABSTRACT: Wind energy plays an increasingly important role in
alleviating the shortage of fossil fuel energy because of the emerging
promising technologies such as electromagnetic generators (EMGs),
triboelectric nanogenerators (TENGs), and their hybrid nanogenerators,
but only part of wind energy can be eﬀectively converted into electricity.
Here, a triboelectric−electromagnetic hybrid nanogenerator (FTEHG) is
reported with wide working range of wind speed for eﬀectively harvesting
various levels of wind energy, such as breezes and moderate and strong
wind. It is veriﬁed that the FTEHG can eﬀectively integrate the
superiority of EMG at high frequency and TENG at low frequency,
enhancing the entire energy output performance and broadening the
working range of wind speed from 1.55 to 15 m s−1. The FTEHG has
been demonstrated to successfully and continuously power a digital
thermometer and was used as a self-powered wind speed sensor, which
has application prospect in comprehensive weather monitoring with a self-powered and real-time manner.

W

the coupling eﬀect of triboelectriﬁcation and electrostatic
induction.3,4 With the merits of low cost and weight and high
conversion eﬃciency, especially at low frequency, the TENG
has been demonstrated as a sustainable energy-harvesting
technology for capturing the surrounding mechanical energy,
such as human motion,5−7 mechanical vibration,8 ocean
waves,9 and light breezes.10,11
In this context, many structures have been exploited to
eﬀectively harvest wind energy based on TENGs.12,13 Yang et
al. designed a TENG with a structure of ﬂuorinated ethylene
propylene ﬁlm between two aluminum foils, which can
eﬀectively improve the ﬁlm vibration frequency.14 Wang et
al. provided a rotary structure TENG, which can harvest any
orientation wind energy, where a soft friction mode instead of
traditional rigid friction mode was used to decrease the friction

ith the rapid development of modern society, the
world is gradually entering the era of big data,
internet of things, and artiﬁcial intelligence, in
which the demand for energy that is clean, renewable,
continuous, and distributed takes on greater signiﬁcance and
urgency for powering distributed sensor networks. The
conventional method for powering hundreds of millions of
sensors is applying batteries, which have limited lifetime and
need constant monitoring and replacement, resulting in a
tremendous maintenance cost and possibly causing environmental pollution. This is not the most ideal solution to solve
the energy supply issues for distributed sensors. Harvesting
energy from ambient environment of the electric devices, such
as wind, solar, mechanical vibration, water ﬂow energy, and so
on, is an alternative strategy.1 As one of the clean, renewable,
and widespread natural resources in environment, wind energy
shows great potential to solve these problems.2 In particular,
for the hundreds of millions of sensors, the energy requirement
of each individual unit is low, making it possible to supply the
required energy by harvesting the wind energy around these
sensors. In 2012, triboelectric nanogenerators (TENGs, also
called Wang generators) have been invented for eﬀectively
converting ambient mechanical energy into electricity based on
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Figure 1. Architectural characteristics of the FTEHG for broadband wind energy harvesting. (a) Application scenario of the FTEHG on a
ship and in a port. (b) Detailed structural information on the three parts: FT-TENG, FB-EMG, and FS-TENG. (c) Photograph of the
FTEHG (scale bar, 5 cm). (d) Wind tunnel for measuring the electrical output performance of FTEHG. (e) Comparison of the working wind
speed ranges between the representative works and our work to verify the characteristics of the broadband working range.

resistance.15 Sun et al. provided a fully ﬂexible ﬂutteringdouble-ﬂag type TENG based on contact−separation mode for
low wind speed energy harvesting.16 Although intensive eﬀorts
have been devoted to improving the performance of TENG for
wind energy harvesting, it still has limited output performance
so that it cannot be utilized to sustainably power those
electronics with large energy demand in a reliable and selfpowered manner.
Hybridizing a TENG with other energy-harvesting technologies, such as piezoelectric nanogenerators (PENGs),17−24
solar cells,25 and electromagnetic generators (EMGs),26−28 is a
better strategy to alleviate this troublesome issue in the short
term. Among them, the combination of EMGs and TENGs can
provide preferable energy conversion eﬃciency and complement their respective advantages.29−31 A theoretical comparison between TENGs and EMGs was reported by Zhang et al.,
which indicated a comparative and symmetric relationship
between EMG and TENG.32 Zi et al. systematically compared
the performance of EMGs and TENGs under low-frequency
motion (<5 Hz) by theoretical model and experiments,
demonstrating the superior characteristics of TENGs in low
frequency and EMGs in high frequency.33 Some progress has
been achieved also based on the hybridization of TENGs and
EMGs for wind energy harvesting. Wang et al. reported an
ultralow-friction hybrid nanogenerator by introducing the soft
and elastic contact between two friction materials to improve
its output performance.34 Zhang et al. provided a windmill-like
hybrid nanogenerator to successfully prevent rotation resist-

ance induced by the friction between rotor and stator in the
conventional structures.35 Fan et al. has constructed a
packaged hybrid nanogenerator consisting of two TENGs
and two EMGs for better output performance and isolation
from the harsh environment.36 Although a high output
performance can be obtained in a relative narrow wind speed
range, a part of wind energy cannot be harvested. In addition,
the multistage hybrid nanogenerators, which can not only
improve the whole energy conversion eﬃciency but also
broaden the device working frequency range, have rarely been
reported, especially for gentle wind less than 3 m s−1, which is
approximately the annual mean surface wind speed in most
regions on the earth.37 More importantly, hybridized energyharvesting technologies can improve the reliability of dealing
with unstable energy inputs, realizing a sustainable, reliable,
and self-powered energy supply, which is very signiﬁcant for
sensor networks.
Here, a triboelectric−electromagnetic hybrid nanogenerator
(FTEHG) is designed for broadband wind energy harvesting
and self-powered wind speed sensing. Owing to the characteristics of high eﬃciency of TENG at low frequency and the high
performance of EMG at high frequency, the FTEHG can not
only eﬃciently harvest high wind speed energy (usually more
than 5 m s−1) but also scavenge low wind speed energy, which
is approximately the annual mean wind speed in most regions.
In particular, the wind speed response range is extended to a
wider range from 1.55 m s−1 to 15 m s−1, allowing breezes and
moderate and strong wind to be eﬃciently harvested. The
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Figure 2. Working mechanism and electrical output performance of the FT-TENG. (a) Working mechanism of the FT-TENG under rotation
condition. (b) Short-circuit current of the FT-TENG at various wind speeds. (c) Real corresponding frequency of FT-TENG at various wind
speeds. (d) Output current and (e) output power of FT-TENG with diﬀerent distances between the rotator and stator at various load
resistances. (f) Open-circuit voltage of the FT-TENG with various distances between the rotator and stator at the minimum response of
wind speed.

FTEHG is composed of three parts, i.e., ﬂag top triboelectric
nanogenerator (FT-TENG), ﬂag body electromagnetic generators (FB-EMG), and ﬂag surface triboelectric nanogenerator
(FS-TENG). The all-in-one power source can generate an
average output power of 0.23, 0.52, and 0.07 mW at the wind
speed of 6.96 m s−1, respectively, which can be used in a single
manner or hybridized with power management to continuously
power a thermometer. In addition, because of the linear
relationship between the movement frequency and wind speed,
the FTENG has been demonstrated as a successful real-time
wind speed sensor. This work provides an eﬀective way for
wide working scope wind energy harvesting, which has
application potential in fully automated and comprehensive
weather monitoring in the future.
Structural Diagram of the FTEHG. Combining the
advantages of TENGs at low frequency and EMGs at high
frequency, the FTEHG has been demonstrated as a power
source to drive electronic devices, especially in remote areas.
To achieve the high eﬃciency, sustainability, and broadband of
the power source, a hybridized nanogenerator is elaborately
designed. A schematic illustration and typical application
scenarios are shown in Figure 1a. The all-in-one structure can
be located in ports upon easy integration with a light pole and
also installed on ships for oﬀshore wind energy harvesting.

As depicted in Figure 1b, the hybrid nanogenerator is mainly
composed of three parts: FT-TENG, FB-EMG, and FS-TENG.
The rotary mode has been widely used for wind energy
harvesting, such as the electromagnetic wind turbine.
Considering the structural stability, high frequency, and high
eﬃciency of the rotary mode, the rotary mode TENG and
EMG are ﬁrst introduced as the main structure. Given the
eﬀect of frictional resistance on starting wind speed of energy
harvester, in contrast to the conventional disk−disk rotary
mode TENG, a rotary mode TENG with suspended polymer
ﬁlm as the triboelectric layer was chosen to reduce the
operating frictional resistance, decrease the starting wind speed
to enhance the energy output, and increase service life. As
shown in Figures 1b and S1a, the FT-TENG is constituted by a
rotator and a stator. The stator is fabricated by a
commercialized printed circuit board (PCB) with 10 radially
arrayed copper sectors as the contact electrode. Five pieces of
FEP thin ﬁlms as the contact dielectric layer are ﬁxed on the
rotator. In addition, a rotary EMG as the complementary
energy harvester of TENG is suitable for eﬀective harvesting of
wind energy, especially in the strong wind environment. The
introduction of EMG enables the system to power electronics
with a greater power demand. Similarly, the FB-EMG part also
consists of a rotator and a stator (Figures 1b and S1b). The
rotator is composed of a shaft and a cross-shaped structure
1445
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When the FEP ﬁlm is completely overlapping with the right
electrode, all of the positive charges in the left electrode will be
driven to the right electrode, which is regarded as the half cycle
of electricity generation. Then, as the rotator continues to
rotate, the FEP ﬁlm will cross the right electrode to the next
left electrode, generating a reverse output current in the
external circuit. This is the whole working process for
electricity generation. Figure S2 presents the ﬁnite element
analysis method by COMSOL software to simulate the
potential distributions between the FEP ﬁlm and Cu electrodes
during the rotation process to verify the working mechanism of
the FT-TENG.
The output performance of the FT-TENG was measured in
a wind tunnel. To avoid the FEP ﬁlm from being ﬂoated
without contacting with the electrode at wind directly, the FTTENG was further wrapped by an acrylic hood, as shown in
Figure S7. The wind speed and the vertical distance between
the rotator and stator of FT-TENG are optimized to improve
the output performance of FT-TENG. Figure 2b shows the
short-circuit current (Isc) of the FT-TENG at various wind
speeds, from 0.9 μA at 2.58 m s−1 to 7.2 μA at 10.78 m s−1.
The corresponding open-circuit voltage (Voc) and short-circuit
transferred charges (Qsc) remain nearly constant at diﬀerent
wind speeds because they are determined by the surface charge
density . In contrast, the Isc is not only dependent on the
charge density but also related to the charge-transfer rate. The
matched resistance and corresponding peak output power are
100 MΩ and 0.88 mW at the wind speed of 6.96 m s−1,
respectively (Figure S4). In addition, we observed that the
revolving frequency of the FT-TENG increases linearly with
the wind speed (Figure 2c), which indicates that it can be used
as a wind speed sensor unit. Furthermore, the vertical distance
between the rotator and stator has an obvious eﬀect on the real
contact area, which is an extremely important parameter to
optimize the output performance of the FT-TENG. The
output performance of FT-TENG at various distances between
the rotator and stator (3, 6, 9, and 12 mm) are measured at the
same conditions (Figure S3), which shows that the Voc, Isc, and
Qsc decrease from 124 V, 5 μA, and 45 nC at 3 mm to 34 V, 2
μA, and 14 nC at 12 mm under a constant wind speed of 6.96
m s−1, and the output power (Figure 2d,e) also decreases with
the increasing of the distance. In this work, we choose 3 mm as
the appropriate parameter for obtaining a high electric output.
In addition, we ﬁnd that the minimum responsive wind speed
of FT-TENG also decreases with the increase of the distance
between rotator and stator (Figures 2f and S5), which means
that we can adjust the distance to decrease the minimum
responsive wind speed, by which the FT-TENG can harvest
lower wind speed energy. In addition, the durability of the FTTENG is tested at 6.96 m s−1 for 60 min (about 140 000
cycles), and the output performance of the FT-TENG remains
stable (Figure S6), showing great potential for practical
application.
Working Mechanism and Electrical Output Performance of the FB-EMG. EMG has high energy conversion
eﬃciency at high wind speed. Its Voc and Isc of each coil are
deﬁned as

with four symmetrical distributed homemade coils, which are
connected in series to increase the FB-EMG’s ﬁnal output
voltage. Four pieces of arc-shaped magnets are attached on the
inner wall of the stator, which is made by 3D printing with a
polylactic acid (PLA) material. Particularly, the poles of two
adjacent magnets are opposite. The rotators of the FB-EMG
and FT-TENG have the same shaft, as shown in Figure 1a.
Once the wind cup is driven by the wind, the rotators of the
FT-TENG and FB-EMG will follow the wind cup to revolve.
Because the rotary mode TENG has a starting wind speed,
and it may be further enhanced because of the introduction of
EMG, the system might not operate at low wind speed,
especially for breeze wind energy harvesting. Usually, thin
polymer ﬁlm has light and soft feature which can easily ﬂutter
in air ﬂow. With the merits of low starting wind speed and high
eﬃciency at low frequency, introducing a swing mode TENG
can help address the problem of energy slump and improve the
reliability of the whole system, realizing fully self-powered
systems. The fabricated double-ﬂag type TENG is constituted
of two FEP ﬁlms with Cu as the back electrode to harvest
breeze energy (Figures 1b and S1c). The surface topography of
the FEP ﬁlm is characterized and shown in Figure S1c,
indicating that microstructure existed on its surface, which
contributes to the superior electric output performance of the
two TENGs.
Figure 1c shows a photograph of the real device, and a wind
tunnel is used for testing the electrical output performance
(Figure 1d). To verify the characteristics of the FTEHG with
broadband response to wind speed to harvest high- and lowfrequency wind energy, the working scope of the device was
compared with previous representative works, indicating that
our FTEHG has superior performance for wide speed range
wind energy harvesting. The detailed description is illustrated
in Figure 1e and Table S1. In addition, the comparison of the
output performance and the advantages and disadvantages
between the FTEHG with previous representative hybrid
generators is provided in Table S2. Similar to solar cells used
to harvest diﬀerent wavelengths of sunlight to enhance the
energy conversion eﬃciency as much as possible, the
broadband working scope of FTEHG from 1.55 to 15 m s−1
can eﬀectively harvest wind energy and increase the ﬁnal
energy output, showing great potential in collecting various
levels of wind energy for practical applications.
Working Mechanism and Electrical Output Performance of the FT-TENG. To maximize the energy capture
eﬃciency, two TENGs with diﬀerent modes and one EMG are
integrated into this hybrid nanogenerator. In comparison with
the contact-separation mode TENG, the rotary mode TENG
has higher electrical output, which is very convenient for
environmental energy harvesting, such as wind and water ﬂow.
Here, a FT-TENG with low friction resistance is placed on the
top of our hybrid nanogenerator for harvesting energy and
remote sensing. As shown in Figure 2a, the electricity
generation process is illustrated under the relative rotary
motion between the FEP ﬁlms and Cu electrodes. At the initial
state, the FEP ﬁlm is fully overlapped with the left electrode,
where negative triboelectric charges are generated on the
surface of the FEP ﬁlm and an equal number of positive
charges are produced in the left electrode because of the
triboelectriﬁcation eﬀect. As the FEP ﬁlm slides toward the
right electrode, the generated positive charges on the left
electrode will ﬂow to the right electrode in an external circuit
to balance the electric potential between the two electrodes.

EMG
Voc
= −N

IscEMG =
1446

dΦB
dt

EMG
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Figure 3. Working mechanism and electrical output performance of the FB-EMG. (a) Schematic diagram of simulated magnetic ﬂux
distribution and working principle of the FB-EMG. (b) Open-circuit voltage and (c) short-circuit current of the FB-EMG at various wind
speeds. (d) Output current and power of the FB-EMG with various load resistances. (e) Open-circuit voltage of one and two FB-EMGs at
various wind speeds. (f) Output current and (g) power of one and two FB-EMGs with diﬀerent load resistances.

where ΦB is the total magnetic ﬂux in each coil, N the number
of each coil, and R the internal resistance of coils. The working
mechanism of FB-EMG is illustrated in Figure 3a. In the initial
state, the coil is in the middle of the adjacent magnets as
shown in Figure 3a(i). When the coil starts to rotate, the coil
generates induced current because of the change of the
magnetic ﬂux passing through the coil. As indicated in Figure
3a(ii), the direction of the induced current in the adjacent coil

is opposite because the adjacent magnets have opposite
magnetic polarity. Subsequently, the magnetic ﬂux passing
through the coil continues to increase until the coil locates in
the middle of one magnet which is the threshold between
magnetic ﬂux increase and decrease, and the induced current
reaches zero (Figure 3a(iii)). As the coil spins toward the next
magnet, the magnetic ﬂux passing through the coil continues to
decrease, and an opposite current is generated (Figure 3a(iv))
1447
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Figure 4. Output characteristics of the FS-TENG. (a) Wind classiﬁcation and corresponding wind speed range. The luminous yellow area is
the average wind speed on earth in which wind energy can be eﬀectively harvested by TENG, and the part of the energy over the wind speed
can be eﬀectively scavenged by EMG. (b) Working range of wind speed of the three generators, which indicates that the FS-TENG has the
minimum response wind speed. (c) Working mechanism of the FS-TENG. (d) Open-circuit voltage, short-circuit current, and short-circuit
transferred charges of the FS-TENG at various wind speeds. (e) Output current and power of the FS-TENG with diﬀerent load resistances.
(f) Optimization of the output performance of FS-TENG by the length−width ratio.

FS-TENG (Figure 4b), the FS-TENG has the minimum lowest
response wind speed of 1.55 m s−1, which is lower than that of
most previous works.
Figure 4c describes the working mechanism of the FSTENG, which includes four working states in one period.
When the FEP ﬁlm contacts with the Cu electrode, the same
amount of negative and positive charges is generated on the
surface of the dielectric layer and Cu electrode because of the
triboelectriﬁcation eﬀect, as shown in Figure 4ci. Once the
input wind energy drives the FEP ﬁlms to vibrate and then
separate from each other, the electrons on the upper electrode
will ﬂow to the lower electrode via the external load, generating
forward current, as shown in Figure 4c(ii). When two FEP
ﬁlms are completely separate, electrostatic balance will be
achieved, and there will be no current in the external circuit, as
shown in Figure 4c(iii). Finally, when the two FEP ﬁlms
gradually come close to each other again, the potential
diﬀerence between the two electrodes will build, resulting in a
reversed current ﬂow in the external circuit (Figure 4c(iv)).
As displayed in Figures 4d and S10, all of the peak outputs
(Voc, Isc, and Qsc) increase with the wind speed from 107 V, 2
μA, and 20 nC at 1.55 m s−1 to 331 V, 18 μA, and 214 nC at
10.78 m s−1 because of the increasing of contact area between
the triboelectric layers. The peak output power of 2.7 mW is
obtained under a resistance of 100 MΩ at 6.96 m s−1 (Figure
4e). To further optimize its output performance, the length−
width ratio of the FS-TENG is evaluated while the total surface
area of the FEP ﬁlm remains constant. According to the
measured results shown in Figure 4f, we found that the Voc, Isc,
and Qsc all increase at ﬁrst with the length−width ratio increase
and then decrease. The maximum output performance can be
obtained at the length−width ratio of 4:1. The possible
explanation is as follows: when the surface area of the FEP ﬁlm

until the coil arrives in the next middle of adjacent magnets.
This is the whole working mechanism of the FB-EMG. From
Figure 3b,c, we noticed that the Voc and Isc increase with wind
speed from 0.74 V and 3.54 mA at 3.66 m s−1 to 4.3 V and 19.5
mA at 15 m s−1. The peak current and power of the FB-EMG
is 4.85 mA and 4.23 mW with the external load resistance of
100 Ω under the wind speed of 6.96 m s−1.
In addition, two FB-EMGs were integrated into one ﬂagpole
to increase the total output performance of the FB-EMG. It
can be found that the Isc and power density of the FB-EMGs
with two integrated units are greater than those of the EMG
with one unit (Figures 3e−g, S8, and S9), which indicates that
the output performance of the FB-EMG can be rapidly
enhanced in parallel and the lowest working frequency is rarely
changed. Because the frequency of the FB-EMG also keeps a
linear relationship with the wind speed, the FB-EMG also can
be used as a wind speed sensor.
Working Mechanism and Electrical Output Performance of the FS-TENG. Generally, the wind speed for
operation of an EMG should be greater than 3.5−4.0 m s−1,
which is greater than the normal wind speed in most regions.37
For example, the annual average wind speed of Beijing is about
2.0 m s−1 and decreases at a rate of 0.1 m s−1 every ten years.38
Therefore, it is diﬃcult for EMGs to eﬀectively harvest this
kind of wind energy. Figure 4a and Table S3 present a
summary of the classiﬁcation of wind and corresponding ﬂow
speed as well as visible natural phenomenon on the earth.
Obviously, the normal wind on land and ocean surface is a
breeze (about 5 m s−1), which is also less than the optimal
working wind speed range of EMG, while TENG can
eﬀectively operate in this wind range. To harvest breeze
energy for practical applications, the FS-TENG is designed.
From the wind speed response of FT-TENG, FB-EMG, and
1448
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Figure 5. Demonstration of FTEHG for broadband wind energy harvesting and self-powered wind speed sensor. (a) Average output current
and (b) power of the FT-TENG, FB-EMG, and FS-TENG at various wind speeds. (c) Photograph of FTEHG for powering LEDs individually
and simultaneously. (d) Comparation of FTEHG for charging the capacitor simultaneously and individually. (e) Electric circuit of the
FTEHG for building the self-powered systems. (f) Demonstration of FTEHG for powering electronic devices. (g) Photograph of FTEHG for
real-time wind speed sensing. (h) Output voltage signal and corresponding frequency.

remains constant, the eﬀective contact area ﬁrst increases with
the ﬁlm length; once the length reaches a certain value, the
FEP ﬁlm will bend because of the soft characteristics of the
ultrathin ﬁlm, which is harmful for the charge transfer in the
contact−separation process of the two ﬁlms, ultimately
resulting in the output performance decreasing with further
length increase. Consequently, we choose the 4:1 as the
optimal length−width ratio value for practical application, and
its detailed output performance and photographs are shown in
Figure S11.
Performance Analysis and Application of the FTEHG.
As illustrated in Figure S11, an energy ﬂow diagram for
scavenging wind energy is achieved by integration of the
TENG and EMG. The average output current and output
power of the three parts are measured separately (Figures 5a,b
and S12), which indicates that the FB-EMG has the higher
average output current and power, but two TENGs have a
lower response wind speed, which is consistent with the results
mentioned above. Therefore, the hybridization of EMG and
TENG is a sensible choice to eﬀectively scavenge mechanical
energy in the environment (Note S1). To demonstrate the

capability of the FTEHG as a practical power source, it was
directly connected with commercial LEDs without any rectiﬁer
or energy storage unit. The photographs of lit LEDs are shown
in Figure 5c and Movie S1. As the wind speed increases, the
LEDs are gradually lighted sequentially by the FS-TENG, FTTENG, and FB-EMG, which results from the diﬀerent
response wind speed of the three parts, providing solid
evidence of the wide working frequency of the FTEHG. Figure
5d presents the voltage curve of a capacitor with a capacitance
of 47 μF charged by the FT-TENG, FB-EMG, FS-TENG, and
FTEHG at the wind speed of 6.96 m s−1. The charging rate of
FTEHG is greater than that of FT-TENG and FS-TENG, and
the charging voltage of the FTEHG is much higher than the
output voltage of the FB-EMG because of the high output
voltage characteristics of the TENG. As displayed in the circuit
diagram of the self-powered system, the hybrid nanogenerator
and the capacitor are connected by a full-wave rectiﬁer to drive
a thermometer (Figure 5e). The thermometer was powered
and continuously worked without extra power supply, as
shown in Figure 5f and Movie S2.
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and magnetron sputtering technology was used to deposit Cu
as electrode on the back of the two ﬁlms. The gap distance
between two FEP ﬁlms is 10 mm. The total weight of the FSTENG is 3.2 g, and the area of the FEP ﬁlm is 55 cm2.
Assembling the FTEHG. The FT-TENG was placed on
the top of the FB-EMG, and the FB-EMG and wind cup has
the same rotatation axis, which means that the rotator of the
FT-TENG and FB-EMG revolve synchronously. In addition,
the FS-TENG was ﬁxed on the outer wall of the FB-EMG. The
total weight of the FTEHG is 318 g.
Characterization and Measurement. The electric outputs of the hybrid nanogenerator were tested by a programmable electrometer (Keithley Instruments model 6514). The
surface morphology was characterized by a ﬁeld emission
scanning electron microscope (Hitachi SU8020).

In addition, the FTEHG can be used to construct a selfpowered sensor system. Because the rotation frequency of FTTENG is proportional to the wind speed, we use the FTEHG
as wind speed sensor to realize real-time wind speed
monitoring, as shown in Figure 5g and Movie S3. When the
rotator of the FT-TENG begins revolving, the movement
frequency of the rotator is obtained by analyzing the peak
numbers of the output voltage signal in a computer program
(Figure 5h). The program edited in the computer will
automatically calculate the corresponding wind speed according to the entered linear relationship between the frequency
and wind speed, which shows great application prospects in
real-time and self-powered wind speed monitoring.
In summary, we have demonstrated a multifunctional
FTEHG with broadband working range for eﬀective wind
energy harvesting and self-powered wind speed sensing. The
FTEHG combined the high conversion eﬃciency of a TENG
at low wind speed and high output performance of an EMG at
high wind speed. Because a light and soft FEP ﬁlm is
introduced into this structure, the FS-TENG can even work in
a light breeze. Therefore, our device not only has high electric
output performance but also possesses the feature of wide
frequency response, which contribute to its ability to harvest
various levels of wind energy to maximize the utilization of
renewable wind energy in the environment. The wind speed
response range of the FTEHG is from 1.55 to 15 m s−1. The
FTEHG successfully charged a 47 μF capacitor to 1.5 V within
4 s under 6.96 m s−1 and continuously powered a
thermometer. In addition, according to the linear relationship
between the frequency of the FT-TENG and wind speed, FTTENG has been demonstrated to be a wind speed sensor. This
work paves the way for harvesting wider range of wind speed
energy by triboelectric−electromagnetic hybrid nanogenerators, which has great potential for wind energy harvesting and
sensing in remote areas.
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EXPERIMENTAL SECTION
Fabrication of FT-TENG. The FT-TENG was composed
of two parts: a stator and a rotator. The stator was made up of
a commercial printed circuit board (PCB) with 10 sectors
shaped as triboelectric electrodes, whose diameter is 100 mm;
the angle of each sector is 35°. The angle between adjacent
sectors is 1°. The rotator was fabricated by an acrylic disk, and
the FEP ﬁlm has a thickness of 50 μm. The acrylic disk was cut
by a laser cutter and divided into ﬁve sectors with the diameter
of 100 mm, which has the same sector shape structure as the
rotator, and ﬁve pieces of FEP ﬁlm were ﬁxed on it as the
triboelectric dielectric layer. A ceramic bearing was installed in
the center hole of the acrylic disk. One 5 mm and one 13 mm
diameter cylinder were used to connect the rotator and stator.
The vertical distance between the stator and rotator is 3 mm.
The total weight of the FT-TENG is 36 g.
Fabrication of FB-EMG. The FB-EMG also consisted of
two parts: a stator and a rotator. The stator was a cylinder
(diameter, 50 mm; height, 5 cm), which was made by 3D
printing with PLA material, and four magnets are adhered to
the inner wall of the cylinder. The rotator contains four
homemade coils, and each coil contains 200 turns. The four
coils were connected in series, which was ﬁxed on a crossshaped acrylic sheet. The total weight of FB-EMG is 175 g, and
the total weight of four coils is 24.38 g.
Fabrication of FS-TENG. The contact−separation mode
TENG was constructed by two FEP ﬁlms (thickness: 100 μm),

■

Optical images of the FT-TENG, FB-EMG, and FSTENG; potential simulation of FT-TENG; output
performance of the FT-TENG with various distances
between the rotator and stator; output peak current and
power of the FT-TENG; minimum responsive wind
speed and corresponding output performance of the FTTENG at diﬀerent distances between the rotator and
stator; photographs of the FT-TENG; photographs of
the FB-EMG; output performance of two FB-EMGs at
various wind speeds; photographs of FEP ﬁlms with
diﬀerent length−width ratios and their corresponding
output performance of the FS-TENG; output performance of the FS-TENG at various wind speeds; output
current of three nanogenerators at various wind speeds;
Tables S1−S3; Note 1 (PDF)
Video S1: Lighting LED process of the FTEHG from
low wind speed to high wind speed to verify the
broadband characteristics of FTEHG (MP4)
Video S2: FTEHG used to continually power a
thermometer (MP4)
Video S3: FTEHG used as wind sensor (MP4)
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