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HIGHLIGHTS

e A double-blade structured tribo-
electric—electromagnetic hybrid gener-
ator is proposed.

e The double-blade structure can improve
aerodynamic performance and can be
used as a TENG unit.

e The DB-TEHG converts wind energy into
electricity output with an efficiency of
20.88%.
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ABSTRACT

Wind energy is a form of renewable energy with excellent development prospects. However, low-speed wind
energy has not been effectively explored and utilized. To this end, a double-blade structured tribo-
electric-electromagnetic hybrid generator (DB-TEHG) is designed in this paper, which can efficiently harvest
breeze energy by using double-blade structured design to improve the aerodynamic performance of the device.
The improved blade structures directly drive the triboelectric nanogenerator (TENG) and electromagnetic
generator (EMG) without requiring additional transmission systems. The blade parameters are simulated and
optimized using computational fluid dynamics to enhance the wind energy harvesting capability of the device.
The minimum starting wind speed of DB-TEHG is found to be 2 m/s. The output performance of a single TENG
unit is 910 V, 45 pA, 280 nC, and the peak power is 4 mW, and that of the EMG is 236 V, 24.2 mA, and a peak
power of 0.5 W, when the wind speed is 5 m/s. It is also found that at this wind speed the DB-TEHG can convert
wind energy into electricity output with an efficiency of 20.88%. The demonstration results prove that the
proposed DB-TEHG can power a wireless thermometer by harvesting outdoor natural wind energy. This paper
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presents the application potential of DB-TEHG in the Internet of Things and also provides a novel solution to
harvest breeze energy by combining TENGs and EMG.

1. Introduction

Developing renewable energy is effective for addressing the problem
of energy shortage and for achieving carbon neutrality [1,2]. It is well-
known that natural wind energy is a kind of sustainable energy with
commercial development potential [3]. Existing applications of wind
energy primarily involve the use of large vertical-axis wind turbines
(VAWTSs) [4]. Although such turbines exhibit high power generation
capacities, they also have high wind speed requirements [5], which limit
the harvesting of wind energy in areas with low-speed winds. Therefore,
new technologies need to be developed to harvest and utilize low-
frequency wind energy efficiently.

Wang’s research group first proposed the triboelectric nanogenerator
(TENG) in 2012 [6-10]. The TENG is based on the coupling effect of
contact electrification and electrostatic induction [11-13], and it dem-
onstrates advantages of a simple structure [14], low cost [15], high ef-
ficiency [16], wide selection of materials [17], and wide application
scenarios [18]. Therefore, TENGs are widely used to harvest various
forms of energy, including wave energy [19,20], wind energy [21-24],
mechanical energy [25], and biomechanical energy [26] in the envi-
ronment. Such applications of TENGs have demonstrated significant
achievements and proven a few unique advantages in low-frequency
energy harvesting [27].

According to existing research focused on TENGs, the devices
employed to harvest wind energy primarily include the windmill type
[28-29], flag-type [30], film flutter type [31], wind-induced swing type
[32], as well as the most widely used wind cup type devices [33,34]. Due
to the broadband characteristic of wind energy, the combination of
TENG and electromagnetic generator (EMG) [35] is able to harvest wind
energy effectively, and several studies have demonstrated the advan-
tages of this hybrid mode [36,37]. However, to improve the perfor-
mance of the generator, it is necessary to optimize the design of the
energy harvesting device.

To efficiently harvest breeze energy, this paper proposes a novel
double-blade structured triboelectric-electromagnetic hybrid generator
(DB-TEHG), which is composed of three independent TENGs and an
EMG. Based on the traditional VAWT, in the proposed DB-TEHG, a
double-blade structured wind energy capture device is installed, which
is optimized via computational fluid dynamics (CFD) simulations to
obtain an appropriate combination of parameters. The novel double-
blade design is capable of reducing wind drag during the upwind
phase of the device operation, thereby the aerodynamic performance of
the device is improved by increasing the drag difference between the
downwind area and the upwind area, which enables the DB-TEHG to
operate at a low wind speed of 2 m/s. Additionally, the double-blade
structure can be employed as a TENG unit directly, and the DB-TEHG
does not have any transmission system; thus, no extra energy is
consumed. Further, in low-speed wind conditions, the TENG and the
EMG operate together to improve the harvesting of breeze energy. Due
to the double-blade structure, DB-TEHG can adapt to different wind
speeds. The experimental results prove that the DB-TEHG can power a
wireless thermometer after a period of operation when driven by out-
door natural wind. Thus, the results verify that the DB-TEHG can
effectively harvest breeze energy and demonstrates good potential for
engineering applications; hence, this creative design provides a new
solution for harvesting and utilizing breeze energy.

2. Results and discussion
2.1. Structural design and operation principle

Because TENGs are able to transform breeze energy into electrical
output, they can be used to supply power for various small sensors
outdoors. As depicted in Fig. 1a, a DB-TEHG based on TENG and VAWT
is used to power sensors to realize remote monitoring of farmland
temperature and humidity, which envisages the application potential of
the DB-TEHG to the Internet of Things (IoT). The DB-TEHG is made up of
arotor and a stator (Fig. 1b), and a prototype is presented in Fig. 1c. The
rotor is composed of three pairs of blades, each of which includes an
arched fixed blade and a semicircular active blade, as presented in
Fig. 1d(i). Polytetrafluoroethylene (PTFE) is chosen as triboelectric
material and copper as electrode material, because they have proved to
be suitable materials for TENG [3]. A copper foil and a PTFE film are
pasted on the fixed blade, and another copper foil is pasted on the active
blade. In addition, the active blade can rotate about the edge of the fixed
blade, which forms the contact-separation mode of the TENG. Three
pairs of blades are evenly arranged in the middle of two acrylic plates
with a diameter of 200 mm and rotate together around the central
spindle. The back of the lower acrylic plate is fitted with 14 circular
magnets with a diameter of 30 mm [Fig. 1d(ii)], and 14 copper coils of
the same size are mounted onto the stator base [Fig. 1d(iii)], which
forms the EMG.

As is the case with traditional drag-driven VAWT, when wind blows
from any direction towards the DB-TEHG, the drag of the blade in the
downwind area is greater than that in the upwind area (Fig. S1); this
rotates the device. Further, the advantage of the double-blade structure
is that the drag in the upwind area can be reduced while the drag in the
downwind area can be maintained, which increases the drag difference
across the device and improves the wind energy harvesting efficiency.
Fig. 2a illustrates the working principle of the proposed DB-TEHG. The
three pairs of blades are referred to as blade-1, blade-2, and blade-3,
respectively. At the initial position [Fig. 2a(i)], under the action of
wind, the active blade of blade-1 separates from the fixed blade; on the
contrary, the active blade of blade-2 establishes contact with the fixed
blade. As the device continues to turn, when the active blade of blade-1
crosses the upwind area [Fig. 2a(ii)], wind causes it to establish contact
with the fixed blade of blade-1; simultaneously, the active blade of
blade-3 begins to separate from the fixed blade under the force of wind.
It is evident that each pair of blades completes a sequential trans-
formation of the contact-separation state during this process, and this
behavior is then repeated. A demonstration of the blade movement of
the DB-TEHG can be found in Movie S1. In addition, the curved blade
allows the TENG to possess a larger contact area compared with that of a
flat structure.

With respect to the TENG, electricity generation is on the basis of the
coupling effect of triboelectrification and electrostatic induction, and its
principle in a complete cycle can be illustrated in three consecutive steps
(Fig. 2b). Because the PTFE film is more electronegative than copper,
when the blades are in contact [Fig. 2b(i)], electrons transfer from the
copper-1 foil to the PTFE film; hence, positive charges accumulate on the
surface of the former, and the latter possesses an equal number of
negative charges. As the blades transition from a stage of contact to a
stage of separation [Fig. 2b(ii)], a potential difference exists between
them, which causes positive charges to transfer from copper-1 to copper-
2 through the outside electric circuit, therefore generating a pulse cur-
rent. Until the maximum distance between the electrodes is achieved,
electrons accumulate on copper-2 [Fig. 2b(iii)]. Subsequently, as the
device continues to rotate, the blades again come into contact, and the
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induced electrons flow back owing to the absence of a potential differ-
ence, thereby generating a reverse current. Thus, with the continuous
rotation of blades, the TENG can continuously generate periodic alter-
nating current. The open-circuit voltage of a TENG (VEE©) is described
by the following equation:

Q (do + x(2)) +0x—(t)

VTENG _ _
oc
Seo £

@

where Q denotes the transferred charges, S denotes the size of the con-
tact area, ¢y denotes the dielectric constant of vacuum, dy denotes the
effective dielectric thickness, x(f) denotes the real-time con-
tact-separation distance, and ¢ denotes the triboelectric surface charge

density. Furthermore, the short-circuit current of a TENG (I1e"°) can be
expressed as.
IsT(]:ENG _ 2Sodoxmuf @

(do +x(1))

where xmax denotes the maximum contact-separation distance, and f
denotes the operating frequency of the TENG.

With respect to the EMG, electricity generation is according to Far-
aday’s law of electromagnetic induction. As illustrated in Fig. 2¢, when
the rotor drives the magnet over the copper coil on the stator, contin-
uous alternating current is generated due to the periodic change of
magnetic flux through the coil. The open-circuit voltage and short-
circuit current of the EMG (VE¥C and IEMC) can be expressed as.

do
VEMG = — N~ 3)
VEMG
I;Z(IZVIG _ _~0c (4)
Rcoil

where n denotes the number of coils, N denotes the number of turns of
the copper wire in a coil, ® denotes the magnetic flux, and R..j denotes
the internal resistance of the copper coil.
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2.2. CFD simulation and blade optimization

Based on Egs. (1) and (2), it can be inferred that the size of the
contact area (S) demonstrates a key impact upon TENG’s output per-
formance. Simultaneously, the blade size exerts an important influence
on the wind-induced rotation of the device. Therefore, the blade size is a
key research parameter. With the aim of improving the wind energy
harvesting capacity of the DB-TEHG, the aerodynamic performance of
the blades in an air flow field is analyzed via CFD simulations. More
solution details about the numerical method are shown in Table S1.

First, a blade structure is designed, as illustrated in Fig. 3a(i), which
involves cutting a rectangular hole on the surface of the blade of a
traditional VAWT so that wind can pass through the hole and act on the
active blade. The arc angle of the inner blade is «, and the arc angle of
the hole is $. In addition, another design is presented in Fig. 3a(ii), which
involves eliminating part of the blade of a traditional VAWT, and the arc
angle of the retained part is 6. The parameters are illustrated in Fig. S2.
For a preliminary comparison, set a, , and 6 to 80°. The active blade
adopts a semicircular structure because the inside and outside of this
shape are known to exhibit the highest drag difference, which aids in
harvesting energy during the downwind phase and reducing drag during
the upwind phase. Following this, the CFD method is used to simulate
the performance of each model when the inlet velocity is 2 m/s. The
direction of wind flow is from left to right, and the initial position is
considered as the position at which the arched surface of blade-1 is
facing the flow. The performance of the device is analyzed when it is
rotated by 30°, 60°, and 90° from its initial position, and cloud images of
the sectional pressure distribution at different angles of the model are
captured, as illustrated in Fig. 3b(i) and Fig. 3b(ii). By comparing these
two figures, it can be concluded that in the upwind phase, the end part of
the fixed blade, illustrated in Fig. 3b(i), is evidently under pressure,
which subjects blade rotation to a drag force. In the downwind phase,
the shape of the fixed blade demonstrates no effect because the active
blade bears all the pressure. Therefore, the model illustrated in Fig. 3a
(ii) is expected to demonstrate better performance.

Second, the model illustrated in Fig. 3a(ii) is further simulated and
optimized, and three contrast groups are set for 6. For groups A, B, and C,
the corresponding values of § are 80°, 90°, and 100°, respectively. The
sectional pressure distribution cloud diagrams of each group are
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recorded [Fig. 3b (ii-iv)], and from these distributions, it can be
observed that the pressure is primarily distributed in the upwind area. A
sectional velocity streamline diagram is presented in Fig. S3.

Furthermore, the torques of blade-1 and blade-2 and the overall
torque of the device at each position are recorded (Fig. 3c). According to
Fig. 3b and Fig. 3c, it can be concluded that blade-1 is subjected to a
negative torque (T7), i.e., the counterclockwise direction, which triggers
its separation from the fixed blade. The torque of blade-2 (T») and that of
the device (T) are positive, which trigger a smooth rotation of the device.
For group A, T, and T performed best at 0° to 30°; however, the per-
formance degraded at 60° and 90° as the rotation position changed.
Notably, the performance of group C is exactly opposite to that of group
A. However, group B demonstrated the most balanced performance,
with ideal performance over a rotational period. In contrast, although
the torque of group B is smaller than that of group A at 0° and 30°, the
size of the former is larger than that of the latter; hence, a larger sized
electrode can be installed, which proves advantageous for the TENG. In
addition, the aerodynamic differences between the improved and the
traditional blades are analyzed via simulations, and the effects of
different blade numbers on the improved device performance are
compared, and the results are presented in Fig. S4 and Fig. S5. Therefore,
after comprehensive analysis, group B is deemed to be the most appro-
priate, that is, when the arc angle (0) of the fixed blade is 90°, the device
exhibited the best aerodynamic performance.

2.3. Performance

To verify the above simulation results, an experimental test is con-

<«———Blade-1 Separating
Blade-2 Contacting
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ducted on the DB-TEHG. Only one unit of the TENG is analyzed, as the
three pairs of blades are installed in a rotationally symmetrical manner,
and each unit is operated once during a rotational cycle. The output
performances of groups A, B, and C when driven by different wind
speeds are tested, and the outputVIENG ITENG and Qg of a single TENG
unit are obtained (Fig. 4).

The experimental results prove that the minimum starting wind
speed of the DB-TEHG is 2 m/s, and the signal frequency of each group
increases with the increase of wind speed, which implies that the rota-
tional speed of the device gradually increased. However, when the wind
speed is 5 m/s, the amplitude of the output signal of group C becomes
zero. It is also discovered through the experiment that when the wind
speed exceeds 5 m/s, the outputs of group A and group B also become
zero. In other words, the TENG shuts down under this condition. This
phenomenon can be attributed to the fact that as the rotational speed of
the device increases, the rotational inertia of the active blade also in-
creases; when the rotational inertia is greater than or equal to the torque
generated by wind, the active blade is unable to separate from the fixed
blade. From another perspective, when the rotational speed of the de-
vice increases, owing to the blockage effect [38], a lot of air flows
around the device, and the wind pressure acting on the outer surface of
the active blade is reduced, resulting in difficult separation of the active
blade. As can be observed from Fig. S3, the wind speed around the de-
vice is higher, and this phenomenon appears more pronounced for group
C, which results in a premature shutting down of the TENG in group C.
Furthermore, the difference between the double-blade structure and the
blade of a traditional drag-driven VAWT at high wind speed is compared
via simulations (Fig. S7). Consequently, it is proved that the double-
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Fig. 2. Working principle of the DB-TEHG. (a) Working state of the blades at different stages. (b-c) Principle and charge transfer of the TENG and EMG.
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Fig. 3. Simulation and optimization of blades. (a) Structural design of the blade. (b) Sectional pressure distribution cloud diagrams for each group: (i) group of blades
with a rectangular hole and (ii-iv) group A, group B, and group C. (c) Torque of each group.

blade structure can still increase the drag difference while maintaining
contact.

Evidently, group B demonstrated the best output performance. On
one hand, although the output signal of group A presented the same
growth trend as that of group B, itsVIENG,ITENG, and Q¢ values are all
smaller than those of group B. However, on the other hand, notwith-
standing the fact that the output of group C is approximately 3% higher
than that of group B when the wind speed is 2 m/s to 4 m/s, group C
presented no output at the wind speed of 5 m/s. As for group B, when the
wind speed increases from 2 to 5 m/s, VZENC increases from 650 to 910
V, I3ENG increases from 31 to 45 pA, and Qs increases from 0.19 to 0.28
pC.

According to Eq. (1) and Eq. (2), the larger the contact area, the
larger the corresponding VEEV¢ andIZENC. The blades of group C have the
largest contact area, and have the largest voltage and current when the
wind speed is less than 5 m/s, while the blades of group A are the
opposite. Thus, it can be seen that the experimental measurement results
of the influence of contact area change on the output performance of
TENG are consistent with the theoretical equation.

Because the operation of an EMG is only related to the rotor speed, it
will continue running at high rotational speeds. In order to study the
influence of the number of magnets and copper coils upon the output
characteristics of an EMG, the output voltage and current at different
numbers are tested and compared (Fig. 5a). It can be observed that as the
number of magnets and coils increases, the VEMS and IEMC gradually
increase; hence, it can be concluded that a combination of 14 magnets
and 14 coils appears to be the most appropriate. The output character-
istics of the EMG in group B is tested at different wind speeds, and the
results are displayed in Fig. 5b and Fig. 5c. As the wind speed increases
from 2 to 5 m/s, VoS increases from 80 to 236 V, IEx© improves from 10

to 24.2 mA, and the maximum values of VE¥S and IE¥C are 360 V and 37
mA, respectively, at a wind speed of 6 m/s. Meanwhile, Fig. 5d depicts
the load voltage and current of the EMG under different load resistances.
The load power of a TENG and an EMG are obtained by the following
equation:P = I’R. The result proves that the peak power of the EMG is
0.5 W at a 5 kQ load resistance. In addition, to verify the advantages of
the improved blades, the load power of a traditional VAWT of the same
size is tested in the experiment (Fig. S8). Notably, the peak power of the
EMG is 0.4 W. Therefore, the improved device can not only harvest more
energy from the TENG but also improve the output power of the EMG by
approximately 25%.

Fig. 5e illustrates the signal frequency of the TENG and EMG when
the DB-TEHG is driven at different wind speeds. It proves that the TENG
and the EMG operate together at a low wind speed of 2 to 5 m/s, and the
operation of the DB-TEHG automatically switches to EMG-only opera-
tion when the wind speed exceeds 5 m/s. This avoids vibration caused
by high-frequency contact and separation of the active blade. Thus, it
can be concluded that the DB-TEHG can automatically adapt to different
wind speed conditions. This not only improves the working range and
energy capture efficiency of the device but also reduces the risk of
damage caused to the device at high rotational speeds.

Furthermore, according to the frequency of signals, the rotational
speeds of each group driven by different wind speeds can be obtained
(Table S2), and the comparison and summary of the output perfor-
mances of certain triboelectric—electromagnetic hybrid wind energy
generators are shown in Table S3. The torques of the rotating shaft in
each group at different wind speeds are measured by torque sensors
(Fig. S9), the result proves that group B had the best performance, which
is consistent with the simulation result.

According to the experimental data, when the wind speed is 5 m/s,
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Fig. 4. Performance of the TENG unit of each group driven by different wind speeds. (a) Group A. (b) Group B. (c¢) Group C.

the efficiency of the DB-TEHG converting wind energy into mechanical
energy is 23.36%, and the efficiency of the hybrid generator converting
wind energy into electric energy output is 20.88%. Detailed derivation
and calculation process are shown in Note S1.

2.4. Demonstration

A series of experiments are conducted by using a power management
circuit (Fig. 6a) to demonstrate the actual output performance of the
proposed DB-TEHG driven at 5 m/s wind speed. The load voltage and
current of a TENG unit are measured under load resistances ranging
from 0.2 MQ to 3 GQ [Fig. 6b(i)]. As the resistance increases, the voltage
increases while the current decreases, and the peak power of the TENG
unit is 4 mW when the load resistance is 10 MQ. It can be obtained that
the power density of the TENG is 0.38 W/m?. Fig. 6b(ii) depicts the
output power of the DB-TEHG at different wind speeds with a load
resistance of 5 kQ; as can be observed, the peak power is 0.505 W at a
wind speed of 5 m/s. Based on this, it can be concluded that the output
performance of the DB-TEHG improves gradually as the wind speed
increases. Moreover, Fig. S10 illustrates the time required to charge
different commercial capacitors up to 5 V by employing three TENG
units in parallel. As mentioned previously, the hybrid generator is
formed by connecting a TENG and EMG in parallel, and Fig. 6¢ illus-
trates the time required to charge an 11 mF capacitor up to 15 V via the
DB-TEHG at different wind speeds.

In addition, it is successfully demonstrated that each TENG unit is
capable of supplying power to 120 blue light-emitting diodes (LEDs),
and the EMG is capable of supplying power to 60 red LEDs (Fig. 6d and

Movie S2). Further, the results reveal that the three TENG units operate
in rotation while the EMG functions steadily. In addition, when the wind
speed exceeds 5 m/s, the EMG functions alone and can supply power to
120 red LEDs (Fig. S11).

Fig. 6e(i) demonstrates the test system utilized for the DB-TEHG. The
DB-TEHG is driven by a fan. Charged by three TENG units in parallel for
approximately 4 min, a 220 pF capacitor reaches a voltage of 4.5 V. The
capacitor is then used to power a commercial calculator successfully,
and the normal operation of the calculator is demonstrated in Movie S3.
As illustrated in Fig. 6e(ii), a wireless thermometer is powered by the
DB-TEHG outdoors. Driven by the natural wind flowing in the field, the
DB-TEHG can operate normally and charge the capacitor (TENG and
EMG work in parallel). After the capacitor is charged for a certain period
of time, the wireless thermometer can operate successfully using the
capacitor power supply, and the receiver can collect temperature and
humidity data from the wireless sensor (Movie S4). Thus, this applica-
tion test demonstrates the superior application potential of the DB-TEHG
for outdoor environmental monitoring and IoT applications.

3. Conclusions

In summary, this work proposed a novel DB-TEHG that can effi-
ciently harvest breeze energy by using double-blade structured design.
The CFD method is used to simulate and analyze the influence of
different parameters of the double-blade structure. The result shows that
compared with the traditional VAWT, the DB-TEHG with double-blade
structure can improve the aerodynamic performance by reducing drag
during the upwind phase, and it is most suitable when the fixed blade
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Fig. 5. Performance of an EMG unit. (a) Performance of the EMG with different magnet numbers driven at a wind speed of 2 m/s. (b-c) Performance of the EMG with
14 magnets driven at different wind speeds. (d) Effect of the load resistance on the output performance of the EMG. (e) Signal frequency of the TENG and the EMG

when the DB-TEHG is driven at different wind speeds.

angle is 90°. Moreover, the accuracy of the simulation results is verified
via experimental tests. The experimental results prove that the starting
wind speed of the DB-TEHG is 2 m/s. At wind speed of 5 m/s, the
maximum output open-circuit voltage and short-circuit current of a
single TENG unit are 910 V and 45 pA, and that of an EMG are 236 V and
24.2 mA. The efficiency of the DB-TEHG converting wind energy into
electric energy output is 20.88%. Further, experiments prove that the
DB-TEHG can power a wireless thermometer by harvesting outdoor
natural wind energy. We believe that such a design provides a new so-
lution for wind energy harvesting and utilization in windy environments
and is expected to be used in IoT technologies and to power small sen-
sors outdoors.

4. Experimental section
4.1. Fabrication of the DB-TEHG

The overall shape of the DB-TEHG is cylindrical, with a diameter of
200 mm and a height of 170 mm. The TENG consists of two 2 mm thick
discs of acrylic material and three pairs of blades. The thickness of the
blade is 1.5 mm, which is a three-dimensional structure printed using
polylactic acid (PLA) material. The arc angle of the fixed blade is 90°,
and the diameter is 110 mm, whereas the arc angle of the active blade is
180°, and the diameter is 100 mm. The dimensions of the copper elec-
trode and PTFE film in the TENG unit are the following: length: 140 mm,

width: 75 mm, and thickness: 0.1 mm; the electrode and film have the
same area of 105 cm?. For the EMG, the 14 magnets and 14 copper coils
(diameter of the wire is 0.1 mm) used are of the same size, with a
diameter of 30 mm and a thickness of 5 mm; they are placed with a
spacing of 2 mm between them. In addition, adjacent magnets are placed
with their N and S poles alternately facing upwards, and the coils are
connected in series; they are evenly arranged on the back of the acrylic
disk and the PLA base.

4.2. Electrical measurement

A fan is used as the wind source (FW-75A, AUX, China), and the wind
speed is measured using a digital thermometer (AC826, SMART, China).
The short-circuit current and transferred charge of the DB-TEHG are
measured using a programmable electrometer (6514, Keithley, USA),
and the data are recorded using a data acquisition system (USB-6211,
National Instruments, USA). LabVIEW is used to process and display the
data. The open-circuit voltage of the DB-TEHG is measured using an
electron oscillograph (DS2202A, RIGOL, China).
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