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A high-performance triboelectric-electromagnetic
hybrid wind energy harvester based on rotational
tapered rollers aiming at outdoor loT applications

Yan Fang,’-¢ Tianyi Tang,'¢ Yunfei Li,>¢ Cheng Hou,' Feng Wen,>*> Zhan Yang,"* Tao Chen,' Lining Sun,’

Huicong Liu,"”* and Chengkuo Lee3*4>*

SUMMARY

This article proposed a high-performance triboelectric-electromagnetic hybrid
wind energy harvester (WEH). By adopting the revolution and rotation move-
ments of tapered rollers, which serve as both the rotor of the electromagnetic
generator (EMG) part and freestanding layers of the triboelectric nanogenerator
(TENG) part, the WEH can work as a sustainable power source and a self-powered
wind speed sensor. When the wind speed is 12 m/s, super-high open-circuit
voltage peaks of 47.4 and 683 V can be achieved by the EMG and TENG, respec-
tively, corresponding to the high-power outputs of 62 and 1.8 mW. It was demon-
strated that the WEH can easily light up over 600 red light-emitting diodes and
even a 5-W globe light. A self-powered wireless temperature and humidity
sensing network was also systematically demonstrated. In summary, the pro-
posed WEH exhibits bright future toward loT applications, such as in border
detection, smart buildings, and so on.

INTRODUCTION

With the wide spread of Internet of Things (loTs) and further development of embedded technology, the
application of wireless sensor networks is becoming more and more popular in recent years (Li et al., 2016;
Chenetal.,, 2018, 2019; Ryu et al., 2019). Numerous sensor nodes are conventionally powered by batteries,
which intrinsically suffer from the problem of limited lifetime (Chen et al., 2015b). Considering the chal-
lenges of worldwide energy crisis and related environmental issue (Chu and Majumdar, 2012; Armstrong
et al., 2016), power supply turns to be a bottleneck problem for the long-term application of loTs. To crack
this hard nut, remarkable efforts have been made over the last decades. Harvesting renewable energy,
including but not limited to solar (Oh et al., 2012), wind (El-Askary et al., 2015; Wen et al., 2016; Kosunalp,
2017; Orrego et al., 2017), rain drop (Zheng et al., 2014), and blue energy (Li et al., 2019; Chen et al., 2020)
from the ambient environment, and then converting it into electricity to provide power supply to loT ap-
plications, is of utmost significance to the sustainable development of modern society. Wind energy is
widely known as a kind of renewable energy, which is ubiquitous in the wildness (Cheng and Zhu, 2014;
Wang et al., 2016; Lai et al., 2019), and wind energy harvester (WEH) is considered as an ideal solution
to sustainable power supply to smart sensors in loT applications (Bethi et al., 2019; Wang et al., 2020).
Generally speaking, the existing WEHs can be divided into two types: vibrational and rotational. The vibra-
tional WEHSs convert wind energy into the vibration energy of an elastic structure by utilizing the effects of
fluttering (Li and Lipson, 2009; Zhao et al., 2016; Liu et al., 2018; Lin et al., 2019), galloping (Fei et al., 2012;
Zhou et al., 2018), vortex shedding (Weinstein et al., 2012; Chen et al., 2016), and resonance (Wang et al.,
2014; Zhang et al., 2015). The rotational WEHs convert wind energy into the rotation energy of rotators
based on the piezoelectric (Fu and Yeatman, 2015a, 2015b; Zhang et al., 2017), triboelectric (Chen et al.,
2015¢; Wen et al.,, 2015; Ahmed et al., 2017; Kim et al., 2018), and electromagnetic (Weimer et al., 2006;
Liu et al.,, 2019) effects, independently or in combination (Zhong et al., 2015; Chen et al., 2015a; Guo
et al., 2016; Cao et al,, 2017; Yang et al., 2018, 2019; Hao et al., 2019). Compared with the vibrational
WEH:s, the rotational WEHSs are inherent with the characters of higher power output, longer working life,
and more stable performance. From the aspect of energy conversion effects, triboelectric nanogenerators
(TENGs) (Wang et al., 2012; Lin et al., 2013, 2014; Li et al., 2015) show great advantages of high voltage,
small size, light weight, and easy fabrication (Wang, 2013; Wang et al., 2015; Liu et al., 2017; Cheng
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Halim et al., 2018) hold superior in high currents, low cost, compact structure, and excellent stability (Zhao
et al., 2019b; Hou et al., 2019). Hence, it is rational to combine TENG with EMG to draw on each other’s
strengths.

Numerous researches show the hybridization road of energy harvesting from single effect to multi-effects.
After a wind cup-driven rotational TENG was proposed by Xie et al. (2013), Zhao et al. proposed a tribo-
electric-electromagnetic hybrid nanogenerator (Zhao et al., 2019a). Based on the hybridization of tribo-
electric and electromagnetic effects, a well-packaged WEH was proposed by Fan et al. (2020) to power
a commercial hygrothermograph or a wireless environmental monitoring system even in harsh environ-
ment. Zhang et al. demonstrated a rotating-disk-based hybridized nanogenerator to effectively harvest en-
ergy from wind generated by a moving vehicle through the tunnel (Zhang et al., 2016), which can be utilized
as a self-powered wireless sensor for traffic volume monitoring in the remote mountain area. Cao et al. re-
ported a rotating-sleeve triboelectric-electromagnetic hybrid nanogenerator (Cao et al., 2017), which was
capable of lighting dozens of light-emitting diodes (LEDs) as well as powering an electronic watch under
blowing wind. He et al. introduced a rotary cylinder-based nanogenerator, by hybridizing a TENG and an
EMG (He et al., 2019), which can operate as a self-powered counter and timer for potential speed detect-
ing. Guo et al. designed a pinwheel-like nanogenerator by coupling triboelectric and electromagnetic ef-
fects (Guo et al., 2019), which not only can charge capacitors but also can power many portable electronic
devices even in a rather low wind speed. As energy harvesting technology is booming for decades,
although some WEHs have the potential ability to convert the wind energy into electricity for powering
the self-powered wireless sensor nodes in the wild, there is still a long way to go to enhance the output
performance. Still on this purpose, a high-performance triboelectric-electromagnetic hybrid WEH for
wind energy harvesting is proposed, which can be used as not only a high-output power source but also
a self-powered anemometer. The hybrid WEH consists of an EMG part and a TENG part. Driven by the
rotating wind cup, the nylon tapered rollers together with magnets begin to rotate, which not only induces
an electric current in the surrounding coils but also enables the bottom fluorinated ethylene propylene
(FEP) layer to generate electricity between electrodes.

RESULTS AND DISCUSSION
Device structure

The device structure of the proposed WEH is schematically illustrated in Figure 1A, which consists of a hor-
izontal conical TENG part and a vertical cylindrical EMG part. Both the TENG and EMG are composed of
stators and rotators. For the stator of the TENG, a copper foil was first cut into interdigital electrode pattern
and then adhered to the conical surface of the acrylic (PMMA) substrate. A layer of FEP film was finally lami-
nated on the electrodes to work as one triboelectric material. Four hollow tapered nylon rollers as the other
triboelectric material were used as the rotator of the TENG. For the EMG, four penny-shaped polarized
magnets were fixed inside the bottom hole of the hollow tapered rollers serving as the rotator. Aligned
with the magnets, eight synclastic twined copper coils were uniformly embedded on the octagonal side
wall of PMMA frame serving as the stator of the EMG. A wind cup was connected with a PMMA top cover
through a shaft to convert wind flow into the revolution and rotation movement of the four tapered rollers.
In order to enhance the movement of tapered rollers, a ball bearing was fixed at the end of the shaft. Once
the relative movement between the rotators and stators occurs, both charge transfer of the TENG and flux
change of the EMG will produce electrical output periodically. Figure 1B shows the photographs of (1) the
stator part, (2) the rotator part, and (3) the assembled WEH.

In order to further illustrate the advantages of tapered roller structure, the comparisons of potential distri-
bution and equivalent stress between tapered, cylindrical, and spherical rollers are shown in Figures S1 and
S2, respectively. When the external conditions are consistent, the tapered roller shows better potential dis-
tribution and mechanical properties than the other two. In addition, the diameter of the inner and outer
rings of the tapered roller can be adjusted to ensure only pure rolling of the roller with the base, as shown
in Figure S3. However, the contact between the cylindrical roller and the base is similar to that of the spher-
ical roller, which could induce sliding friction with the base and affect the rotation of the device. Therefore,
the tapered roller structure enables the device to work more efficiently.

Working principle and simulation

As shown in Figure 2A, the working mechanism of the EMG is based on the fundamental principle of Far-
aday’s law of electromagnetic induction (Zhang et al., 2014). Briefly speaking, as long as the magnetic flux
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Figure 1. Device structure of the WEH
(A) Structural schematic of the WEH.
(B) Photographs of the (i) rotator part, (i) the stator part, and (i) the assembled WEH.

passing through the closed coil changes, the induced current will be generated and the corresponding
open-circuit voltage and short-circuit current can be represented as:

EevG = dd—‘f= N% Equation (1)
leme = EEIg’G Equation (2)

where Nis the number of the coil turns, @ is the magnetic flux, tis the time, Bis the magnetic flux density, S
is the area of the coil, and R is the resistance of the coil.

To gain a more quantitative understanding of the proposed working principle of the EMG, finite element
analysis was employed to calculate the magnetic flux density contour of the whole volume and the mag-
netic induction line distribution of the midsection via JMAG, as displayed in Figures 2B and 2C, respec-
tively. There are two critical positions between the rotational magnets and fixed coils. One is the original
position where each magnet is well-aligned with a coil as shown in Figures 2B(i) and 2C(i), and the other is
the intermediate position where each magnet is just located in the middle of two adjacent coils as shown in
Figures 2B(ii) and 2C(ii). Figure 2D shows the magnetic flux density with respect to the rotation angle of
magnets, and Figure 2E displays the induced circuit voltage against EMG part. In the original position,
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Figure 2. Working mechanisms of the EMG and TENG
(A) Basic model of the EMG.

(B) Magnetic flux density contour of the whole volume: (i) original position; (i) intermediate position.

(C) Magnetic induction line distribution of the midsection: (i) original position; (ii) intermediate position.

(D) The magnetic flux density with respect to the rotation angle of magnets simulated by JMAG software.

(E) Induced circuit voltage against EMG simulated via JMAG software.

(F) The numerical calculation results about induced voltage of the EMG with different arrangements of coils and magnet
number.

(G) Basic model of the TENG part and corresponding schematic illustrations of the charge distribution: (i) initial state; (i)
intermediate state; (iii) the third state.

(H) Potential distribution between the paired electrodes simulated via COMSOL: (i) initial state; (i) intermediate state; (iii)
the third state.
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the magnetic flux through the coil is maximum and there is no current in the coil. As the magnets rotate anti-
clockwise with taper rollers, the magnetic flux in the coils declines first, which will lead to an induced pos-
itive current consequently. Until the magnets rotate to the intermediate position, the magnetic flux reaches
aminimum. As the magnets continue rotating and recover to the original position eventually, the magnetic
flux in the coil then increases gradually, which will lead to negative current subsequently.

A more in-depth simulation analysis was also carried out to optimize parameters of the EMG part under the
same rotation speed of 240 r/min. In this section, the arrangement of coil and the magnet number were
supposed to play a considerable role in the output performance of the EMG, because the electromagnetic
induction process relies on the number of the coil turns and the rate of the change in magnetic flux. For this
purpose, the side wall of PMMA frame was evenly distributed with 4, 6, 8, 10, and 12 coils in different outer
diameters of 60, 53, 46, 39, and 32 mm correspondingly, with a constant magnet number of 4. The magnetic
flux density contour of the whole volume, the magnetic induction line distribution of the midsection, and
the detailed induced voltage of the EMG are shown in Figure S4. Figure 2F(i) depicts the series-induced
voltages of all these five arrangements of coils. It is also found that the induced voltage decreases as
the coil number increases from 4, 8 to 12, which are the integral multiples of the magnet number 4, since
the turns of coil are actually decreased from 2,220 to 980. When the coil number is 8, the induced voltage is
lower than the case when the coil number is 4; however, the average output power is much higher than that
case. Figure Sé is the output work curve of the EMG within 1's, and its slope represents the average power
of the EMG. So considering the power output, the arrangement of 8 coils is a favorable choice. It is worth
mentioning that the induced voltage tends to be at a remarkable low level when the coil numberis 6 and 10,
which is because the direction of the induced current in different coils is inconsistent in these two arrange-
ments. In other words, there is an integer proportional correspondence between the coil number and the
magnet number. For the purpose of avoiding that inconsistency, the magnet number can only be a divisor
of 8, which is 8, 4, 2, and 1. The numerical calculation results about induced voltage of the EMG with
different magnet numbers are presented in Figure 2F(ii). Figure S5 shows the corresponding magnetic
flux density contour of the whole volume, the magnetic induction line distribution of the midsection,
and the detailed induced voltage of the EMG. It can be observed that the induced voltage increases as
the coil number increases from 1 to 8. However, in subsequent experiments, when the magnet number
is 8, the magnetic force is so strong that the bottoms of the tapered rollers are attracted together, making
the rollers unable to rotate. Therefore the magnet number was optimized as 4 in the device.

Figure 2G shows the basic model of the TENG part, and the working mechanism is based on the coupling
effect of triboelectrification and electrostatic induction. Figures 2G(i)-2G(iii) illustrates the following three
consecutive states of a tapered roller between a pair of interdigital electrodes. When the tapered nylon
roller and the FEP film are brought into contact, surface charge transfer takes place due to the triboelec-
trification effect and electrons are injected from the nylon roller into the FEP film because of the higher
electron affinity of FEP than nylon. According to the charge conservation law, an equal amount of negative
and positive charges would be generated on the FEP film and nylon roller, respectively. At this moment, the
tapered nylon roller can be regarded as a uniform positive electric roller. Once the roller was approaching
to and/or departing from the two interdigital electrodes, it would create an asymmetric charge distribution
via induction in the media causing the electrons to flow between the two electrodes to balance the local
potential distribution. The oscillation of the electrons between the paired electrodes in response to the
motion of tapered rollers produces an AC output, which forms the fundamental processes of converting
mechanical energy into electricity. According to the capacitor model (Zhang et al., 2014), the open-circuit
voltage and the short-circuit current of the TENG can be represented as

Ereng :% Equation (3)
dQ .
lemg = o Equation (4)

where Q is the triboelectric charge capacity and C is the capacitance between electrodes.

The variations of electric potential distribution between the paired electrodes for three critical positions
are also simulated via COMSOL as displayed in Figure 2H. At the initial state in Figure 2H(i), the nylon roller
is on the left electrode spaced by the FEP film, where corresponds to a maximum electrical potential on the
left electrode and a minimum potential on the right electrode. Thus a maximized electrical potential defer-
ence between the two electrodes is generated, resulting in a maximum open-circuit voltage. Then the
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Figure 3. Optimization of the output performance of the TENG
(A) Output performance of the TENG with Cu electrode of different materials of dielectric film (FEP, PTFE, PVDF) at the wind speed of 12 m/s: (i) open-circuit
voltage; (i) short-circuit current; (iii) transferred charge.
(B) Output performance of the TENG with Cu electrode of different segment numbers (4, 8. and 12) at the wind speed of 12 m/s: (i) open-circuit voltage; (ii)
short-circuit current; (iii) transferred charge.
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Figure 3. Continued

(C) Output performance of the TENG with the FEP film of different thickness (30, 50, and 80 pum) at the wind speed of 12 m/s: (i) open-circuit voltage; (ii) short-
circuit current; (iii) transferred charge.

(D) Output performance of the TENG with Cu electrode of different thickness (30, 50, and 80 pum) at the wind speed of 12 m/s: (i) open-circuit voltage; (ii)
short-circuit current; (iii) transferred charge.

nylon roller starts to rotate clockwise, the open-circuit voltage starts to diminish till the intermediate state
between the two electrodes in Figure 2H(ii), where it turns to zero. Further rotation beyond this position will
result in a reversely established open-circuit voltage and is maximized at the third state in Figure 2H(iii).

Output characterization of the hybrid WEH

To begin with, a series of experiments were carried out to optimize the output performance of the TENG
part under the wind speed of 12 m/s, including the material of dielectric film, the segment number of each
electrode, and the thickness of the dielectric film and the electrodes. First, the output performance of
dielectric films made of different materials (PTFE, PVDF, FEP) was investigated systematically. Figures
3A(i)-3A(iii) depict the open-circuit voltage, short-circuit current, and transferred charge of three different
dielectric films. It can be noted from Figure 3A that the dielectric film made of FEP film has the highest
output, which is probably because that FEP has a lower dielectric constant than PTFE and PVDF, resulting
in a lower capacitance between electrodes and eventually leading to a higher voltage output according to
Equation 3. Second, three types of TENGs with different segment numbers (4, 8, and 12) of electrodes were
taken into consideration. According to the decreasing trend of the potential distribution as the roller size
decreases in Figure S7, the size of the roller was retained when increasing the number of electrode seg-
ments. Figures 3B(i)-3B(iii) demonstrate the open-circuit voltage, short-circuit current, and transferred
charge of the TENG with those different types. It can be found that the frequency of the output signals in-
creases exponentially with the doubled or tripled segmentation. It can also be noted that the transferred
charge of the TENG decreases obviously as the segment number increases from 4, 8 to 12, which may result
from the lower magnitude of polarization due to more sharp edges for finer segments. As the open-circuit
voltage of the TENG is directly related to the transferred charges between the electrode pairs according to
Equation 3, the open-circuit voltage of the TENG exhibits an obvious declining trend with the increase of
segment number. On the contrary, the short-circuit current shows a slightly ascending trend as the segment
number increases, mainly owing to the obvious increase of the charge transferring rate between the elec-
trodes from fully contact to fully separation according to Equation 4. Third, the effect of the thickness of FEP
film (30, 50, and 80 um) on the output performance of the TENG was studied subsequently. Figures 3C(i)-
3C(iii) illustrate the open-circuit voltage, short-circuit current, and transferred charge of the TENG with
different thicknesses of FEP films, indicating that there is only a minor decrease in those three output sig-
nals of the TENG when the FEP film gets thicker, probably on account of the vertical gap between the tribo-
electric surface and the electrode plane. It is worth mentioning that when the thickness of FEP is 30 pm, the
electric output of the film was significantly reduced due to the severe wear. Hence, the thickness of the FEP
is determined as 50 um after a trade-off between output performance and service lifetime. Last, we re-
searched the output performance of the TENG with different thickness of the Cu electrodes (30, 50, and
80 um). As displayed in Figures 3D(i)-3D(iii), the open-circuit voltage, short-circuit current, and transferred
charge of the TENG are relatively larger when the thickness of Cu electrode is 50 pm.

The influence of the wind speed on the output performance of the EMG and TENG is then investigated
systemically. As the wind speed increases from 3.5 to 15 m/s, the open-circuit voltage of the EMG increases
gradually from 3.14 to 47.4 Vin Figure 4A, which is due to the acceleration of change in magnetic flux as the
increase of rotation speed. Figure 4B shows the open-circuit voltage of the TENG increases gradually from
71 to 683 V with the wind speed increasing from 3.5 to 12 m/s and then remains saturated at 12 m/s. When
the wind speed is high enough, the triboelectric friction will no longer be enhanced, and that is why contact
surface area and triboelectric charge density will hardly increase and the open-circuit voltage approaches a
constant. Figures 4C and 4D depicted the output voltages and power against different external load resis-
tances at the wind speed of 12 m/s. The output voltages of both EMG and TENG grow gradually with the
increase of load resistance. The corresponding output power of both reach maximum values and then turn
to decrease until the optimal matched load resistances. The output power of EMG reaches the climax of 62
mW at the external load of 660 Q, which corresponds to a volume output power density of 72.1 W/m?,
whereas the maximum output power of TENG is achieved as 1.8 mW at the external load of 60 MQ, which
corresponds to an output power density of 2.7 W/cm?. From the aforementioned data, it can be concluded
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Figure 4. Output characterization of the WEH
(A) Open-circuit voltage of the TENG under different wind speeds.

(B) Open-circuit voltage of the EMG under different wind speeds.

(C) Output voltage and power of the TENG with different external load resistances at the wind speed of 12 m/s.

(D) Output voltage and power of the EMG with different external load resistances at the wind speed of 12 m/s.

(E) Measured voltages of different supercapacitors in F-level charged by EMG at the wind speed of 12 m/s.

(F) Measured voltages of the TENG run for ~35,000 cycles at the wind speed of 12 m/s.

that the output characteristics of TENG generates higher voltage but with larger matched load resistance,
whereas the EMG generates lower voltage but with relatively higher power output. For a more intuitive
comparison of high performance of our device, relevant information is listed as Table 1.

The charging capability of the EMG is investigated by connecting a full-wave rectifying bridge to charge
different supercapacitors of 0.1, 0.47, 1, and 1.5 F, respectively. As the charging curves of the EMG shown
in Figure 4E, a supercapacitor of 1.5 F can be charged to 3 V within 10 min, which implies its excellent
charging capacity. For testing the stability of TENG, the device with an optimized structure has been
continuously run for ~35,000 cycles, and the result indicates that the generated open-circuit voltage of
~640 V did not have an obvious decay after those many cycles, as shown in Figure 4F.

Application demonstration of the hybrid WEH

To demonstrate the potential application toward a practical power source, the WEH was first operated to
power up lighting electronic, such as an array of LEDs and even a 5-W globe light. It can be seen from Fig-
ure 5B(i) (Video S1) that the individual EMG can easily light up (ii) 360 red LEDs connected in parallel,
whereas the individual TENG can visibly light up (iii) 240 red LEDs connected in series. As demonstrated
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Table 1. Comparison and summary of the reported wind energy harvesters with various output performances.

Power density

Reference Harvester Output power Rotation speed (W/m?>-rpm)
(Xie et al., 2013) TENG 12 mW 180 rpm? 0.21°

(Zhao et al., 2019a, 2019b) EMG and TENG 10.8 mW 100 rpm 0.24°

(Fan et al., 2020) EMG and TENG 18.96 mW 420 rpm*® 0.05°

(Zhang et al., 2016) EMG and TENG 17.5 mW 1,000 rpm 0.06°

(Cao et al., 2017) EMG and TENG 12.7 mW 250 rpm 0.05°

(He et al., 2019) EMG and TENG 1.8 mwW 150 rpm 0.08"

(Guo et al., 2019) EMG and TENG 3.61TmW 300 rpm*® 0.04°

This work EMG and TENG 62 mW 267 rpm 0.27

*The rotation speed is estimated according to the frequency of AC voltage given in the article.
The volume is estimated according to the dimensional parameters given in the article.

in Figure 5C, a 5-W globe light was lit up instantly and capable of providing sufficient illumination in com-
plete darkness. Together with solar power generation, the WEH shows potential talent to be used as a sup-
plementary power source for wind-solar complementary generation mode in outdoor lighting as illustrated
in Figure 5A.

Owing to the development of fifth-generation (5G) and big data, smart buildings have become the ideal
living and office spaces pursued by government agencies, companies, enterprises, and residential building.
Each smart building has a number of sensing nodes that form a network in the city and feedback real-time
sensing information including temperature, wind speed, and humidity. The hybrid WEH can not only convert
wind energy into electrical energy as power supply to sensors, microprocessors, and wireless transmission
modules but also as a self-powered anemometer due to the linear relationship between frequency of AC
voltage of TENG and wind speed. As schematically illustrated in Figure 6A, the WEH is applicable for smart
building and other loT applications. On the one hand, the device can be used to activate a temperature and
humidity (T&H) sensing node and a hygrothermograph simultaneously in Figure 6B(i), which can transmit sig-
nals to a computer interface via Bluetooth with the aid of a 6,800-uF capacitor. Figure 6B(iii) shows the
charging-discharging curve of the capacitor of 6,800 pF. The experimental setup of the WEH powering wire-
less T&H sensor node is shown in Figure 6B(ii), and the corresponding experimental circuit is shown in Fig-
ure S8A. It is worth mentioning that the capacitor that is charged for only 10 s can work as long as 555, and a
demonstration video is shown in Video S2. On the other hand, a self-powered anemograph is exploited as
an loT sensing node for outdoor appliance in smart buildings. As illustrated in Figure 6C(i), the output of
EMG is rectified to charge a supercapacitor of 1.5 F to be used as a power source, and the output of
TENG provides AC sensing signals to indicate the wind speed according to the rotating speed of the
WEH. The corresponding experimental circuit is shown in Figure S8B. When the rotators turn a full circle,
the TENG can generate four complete cycles of AC voltage waveform. That is to say, the frequency of
the TENG output waveform can be an available access to obtain the rotation speed of the WEH. Relevant
data were measured by an oscilloscope, and the result was depicted in Figure 6C(iii). The frequency of the
TENG increases from 2.2 to 29.8 Hz as the wind speed increases from 3.5 to 15 m/s. A systematic test to
inspect the accuracy and effectiveness of our anemometer is demonstrated in Video S3, and the experi-
mental setup is shown in Figure 6C(ii). The wind speed is classified into five levels: Calm (<3.5 m/s); Light
breeze (3.5-6 m/s); Gentle breeze (6-9 m/s); Fresh breeze (9-12 m/s), and Gale (>12 m/s) according to
the meteorological information. During the experiment, the relative position between the WEH and blower
remained unchanged and the wind speed was adjusted by a programmable power supply. When the
voltage at both ends of the capacitor reached 5V after charging 20 min by the rectified EMG output, the
switch is turned on and the TENG anemograph is charged. Corresponding voltage signal of TENG output
was analyzed and processed by Arduino, and eventually the wind speed level was displayed on the com-
puter interface. Considering the capability of powering loT sensing nodes, the WEH exerts great potential
in the application of smart buildings, to provide with temperature, humidity, and wind speed information.

Conclusion

In this article, a novel triboelectric-electromagnetic hybrid WEH based on the revolution and rotation
movement of tapered rollers was proposed. Fundamentally, both theoretical model and simulation
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Figure 5. Performance demonstration of the WEH aimed to field lighting application

(A) Schematic illustration of the WEH used as a supplementary power source for wind-solar complementary circuit in field
lightening.

(B) Pictures of (i) experimental setup of LED demonstration experiment, (i) 360 LEDs powered by the EMG, and (iii) 240
LEDs powered by the TENG.

(C) A 5-W globe light supplied by the WEH for reading texts in the darkness.

analysis were carried out, followed by a series of simulated analysis and contrast experiments to optimize
the output performance of the EMG and TENG. At the wind speed of 12 m/s, the EMG and TENG of the
optimized hybrid WEH can generate the maximum open-circuit voltages of 47.4 and 683 V, respectively.
Under the same wind speed, the output power of the EMG reaches the climax of 62 mW at the external
load of 660 Q, which corresponds to a volume output power density of 72.1 W/m?, whereas the maximum
output power of the TENG about 1.8 mW is achieved at the external load of 60 MQ, which corresponds to a
volume output power density of 0.27 W/m?. A supercapacitor of 1.5 F can be charged to 3V in 10 min by the
EMG, and the TENG can run for ~35,000 cycles continuously without obvious decay. The WEH is demon-
strated to power up arrays of LEDs and even a 5-W globe light, which indicates potential talent to be used
as a supplementary power source for field lightening. The TENG can also be used as a wind speed sensor
by analyzing the output frequency characteristics. Last but not least, combined with corresponding power
management circuit, wireless sensor node, and terminal monitoring interface, the device can easily power a
wireless environmental monitoring system, such as a wireless temperature and humidity sensing node and
a self-powered anemograph, which shows bright application prospects in smart buildings, intelligent agri-
culture, border detection, and so on.

Methods
Fabrication of the WEH

The WEH, including a rotor, a stator, a driver, and a frame, was mainly fabricated through machining. The
device possesses a cylindrical structure with a total dimension of ®148 mm diameter and 50 mm height.
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Figure 6. Performance demonstration of the WEH aimed to smart building application

(A) Schematic illustration of the WEHs used as the power supplies for IoT nodes in smart buildings.

(B) (i) Working process of the T&H sensing node powered by the WEH,; (ii) experimental setup of the WEH powering wireless T&H sensor node; (iii) charging-
discharging curve of the 6,800-pF capacitor when powering the hygrothermograph and the T&H sensor node simultaneously.

(C) (i) Working process of the self-powered anemograph; (i) experimental setup of the self-powered anemograph; (iii) the relationship curve between output
frequency of AC voltage of TENG and wind speed.

The rotor is mainly composed of four tapered nylon rollers, four magnets made of NdFeB, and an aluminum
mounting ring with four threaded mounting holes. The stator consists of a pair of copper electrodes, a layer
of FEP film, and an array of eight copper coils. An Al wind cup acts as the driving part, which connects with a
PMMA end cover through an Al shaft anchored in the frame with a ball bearing. The frame is made of
PMMA, which has alarge tapered plane with high precision to ensure the smoothness of the rotation move-
ment of rotors. The electrodes on the bottom of the stator were prepared by cutting plotter.

Measurement system

The output electric signals (open-circuit voltage, short-circuit current, and transfer charge) of the hybridized WEH
were measured by a digital oscilloscope (Keysight DSO3032T), a low-noise current preamplifier (Stanford
Research SR570), and a programmable electrometer (Keithley 6514), respectively. The wind was generated by
ablower (HK130FLJ5), and an anemometer (Omega HHF11A) was utilized to measure the wind speed. The blower
was controlled by a programmable power supply (Gwinstek APS-1102A) to provide different wind speeds.

The electrical potential distribution of the TENG was simulated by the COMSOL Multiphysics software, and
the distribution of magnetic flux density of the EMG was simulated by the JMAG software.

METHODS

All methods can be found in the accompanying transparent methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.1016/j.isci.2021.102300.
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Figure S1. The potential distribution between the electrodes of TENG with different

roller shapes, Related to Figure 1.
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Figure S2. The distribution of equivalent stress of different roller shapes, Related to

Figure 1.
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Figure S3. The design parameters of the tapered roller, Related to Figure 1.
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Figure S4. Numerical calculation results of the EMG with different numbers of coils,

Related to Figure 2.
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Figure S5. Numerical calculation results of the EMG with different numbers

magnets, Related to Figure 2.
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Figure S6. The numerical calculation results of average output power

numbers of coils and different numbers of magnets, Related to Figure 2.
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Figure S7. The potential distribution of the TENG with different size of tapered rollers

and different segments of electrodes, Related to Figure 3.
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Figure S8. The power management circuit diagram, Related to Figure 6.
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