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Intelligent Sensing System Based on Hybrid
Nanogenerator by Harvesting Multiple Clean Energy
Yuhang Xie, Hulin Zhang,* Guang Yao, Saeed Ahmed Khan, Min Gao, Yuanjie Su,
Weiqing Yang, and Yuan Lin*
The inexhaustible mechanical kinetic energy can be extracted from wind and
flowing water. Besides, flowing water also possesses electrostatic energy owing to
the triboelectric charges caused by contacting with surrounding media, such as air.
Here, a rotating hybridized triboelectric nanogenerator (TENG) has
been established, by comprising of a water-TENG (W-TENG), a disk-TENG
(D-TENG), and an electromagnetic generator (EMG), which has been explored for
simultaneously harvesting energies from flowing water and wind. The W-TENG is
fabricated by wheel blades, polyvinylidene fluoride (PVDF), superhydrophobic
polytetrafluoroethylene (PTFE), and aluminum to harvest the electrostatic energy.
Moreover, the flowing water and wind impact on the wheel blades also causes the
rotation motion of D-TENG and EMG, resulting in being converted into electricity.
At the rotation speed of 200 rpm, the short circuit current of D-TENG and EMG
can reach 0.4μA and 7mA, respectively. The open circuit voltage of W-TENG can
be up to 10V at a flowing water rate of 60ml s�1. Besides, the hybridized NG is
demonstrated to harvest water and wind energy and to act as a power source to
charge a lithium battery or capacitor, which can drive LEDs, PH monitoring system,
and wireless temperature and humidity sensing system. All these results show the
potentials of the hybridized NG for harvesting multiple types of energies from the
environment and constructing different self-powered systems.
Because of the rapid energy consumption and shortage in fossil
fuel, energy crisis is becoming more and more serious than
ever before. For the sustainable development of modern
society, harvesting different kinds of energies from ambient
environment has attracted increasing attention.[1–8] Recently, the
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hybridizedTENGhasbeenexploredasanew
technology to harvest various energies, such
as vibration,[9,10] air flow,[11,12] water
waves,[13,14] androtation,[15,16]whichismainly
based on contact electrification effect and
electrostatic induction.[17–19]

Previously, most people used two solid
materials contactingperiodically togenerate
triboelectric charges on their interface.[20–25]

Recently, triboelectric charges that are
created between the interfaces of water
and air are used to develop TENG
widely.[26,27] The TENGs have been demon-
stratedapromisingapproachforscavenging
energy from surrounding flowingmedium.
On the other hand, theflowingwater and air
has not only mechanical energy, but also
electrostatic energy, which comes from the
triboelectric charges in water generated
during the process of contacting with pipe
or air.[28] Inprevious reports, the researchers
usuallyusea singleenergyharvestingdevice
to grab a certain energy from flowing water
and air.[29,30] However, in our demonstra-
tions, to harvest multiple energies simulta-
neously, we have integrated D-TENG, W-TENG, and EMG into a
hybrid energyharvester. In theW-TENG,weusedPVDFandPTFE
with nanostructures to enhance the forward output, which is
better than by just using PTFE.[31] When the flowing water
impactedon thewheel blades, theW-TENGbegins toworkand the
mechanical energy fromthewater causes therotationmotionofD-
TENGand EMG. The open circuit voltages of D-TENG,W-TENG,
and EMG can get 500, 11, and 0.4V, respectively. It is also
demonstrated that, when the hybrid NG harvest energy from
external environment, it can be used to construct different self-
powered systems such as: display system, PHmonitoring system,
and wireless temperature and humidity sensing system.
Comparing with traditional detecting systems powered by
batteries, our self-powered sensor systems are independent of
using batteries, which can save energy and improve the
sustainability of sensing systems.
1. Experimental Section

1.1. Assembling of the D-TENG and W-TENG

In this work, the D-TENG has two parts: a stator and a rotator.
For the rotator and the stator, acrylic sheet with thickness of
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4mm was shaped by a laser cutter to form disk substrate with
diameter of 150mm. Four fan-shaped Al electrodes with central
angle of 30� were attached on the stator, which was fixed on the
iron rod axis, and four copper conductors were drawn from the
Al electrodes. For the rotator, four fan-shaped PTFE films with
thickness of 50 μm and central angle of 30� were attached on the
rotator, as is illustrated in Figure 1a. For theW-TENG, four wheel
blades with 50mm in length, 20mm in width, and 4mm in
thickness were made by laser cutter. Every W-TENG is composed
of Al electrode, polarized PVDF film, and PTFE film, which can
harvest the electrostatic energy from flowing water. These three
films with 50 μm in thickness were coated on the blades in
sequence.
1.2. The Fabrication of the EMG

The EMG is also composed of two parts: a stator and a rotator.
The stator with diameter of 150mm and thickness of 4mm was
made by laser cutter. Four grooves with 2mm in depth and
30mm in diameter were cut on one side of the stator and four
copper coils were embedded in the four grooves. Then, the stator
was fixed on the iron rod axis and four copper coils were
connected the together by copper conductors. For the rotator of
the EMG, four grooves with 2mm in depth and 30mm in
diameter were made by the same method on one side and four
magnets with 30mm in diameter were embedded in them.
2. Results and discussion

The structure of the hybridized NG is schematically illustrated in
Figure 1a, which mainly consists of three parts: the D-TENG, the
W-TENG, and the EMG. The real photograph of D-TENG is
Figure 1. The structure diagram of the hybridized TENG. a) A 3D schematic il
the SEM image of Al electrode (scale bar, 500 nm). b) The real photograph
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illustrated in Figure 1b consist of two parts: one is left disk with
PTFE and the other is right disk with Al electrode. A smooth iron
rod has been introduced which serves as the rotation axis of
hybridized NG. The axis penetrates through the D-TENG. The
right disk is fixed on the axis and keeps motionless. The left disk
is connected with the axis by a bearing, which can reduce friction
between the axis and the left disk. When the water or wind
impacts on the wheel blades, the left disk can rotate freely. The
W-TENG is composed of 4 wheel blades. Every blade is a single-
electrode-based TENG to harvest the electrostatic energy from
flowing water, in which the electrical channel is formed between
the Al electrode on the blades and the ground. The real
photograph of EMG is shown in Figure 1c, which consists of two
components: one is coil-disk that contains 4 coils and the other is
magnet-disk, that is, composed of 4 magnets. The coil-disk is
fixed on the axis just like the right disk of D-TENG. The magnet-
disk is similar to the left disk of D-TENG, which is also
connected with the axis using a bearing.

For fabricating the water blades of W-TENG, a thin Al film
with surface grown AAO nanopores was attached on a quadrate
PETsheet to serve as the electrode. Then, a PVDF thin film that is
covered by a PTFE layer with nanostructure was adhered on the
Al film to operate as triboelectric material. The SEM image of Al
film with nanostructure can be seen in the inset of Figure 1a. To
transfer charges from W-TENG to peripheral equipment, the Al
electrode was connected with the iron rod by copper wires. To
fabricate the left disk of the D-TENG, a PTFE film was attached
on an acrylic substrate and the right disk was made by Al film
with nanostructure covering an acrylic substrate with four
segments. The PTFE layer of the left disk and the Al layer of the
right disk were brought to a face-to-face intimate contact to form
a TENG operating in rotation mode.

The working mechanism of the D-TENG is based on the
combination of triboelectric electrification and electrostatic
lustrations of the functional components of hybridized NG and the inset is
of D-TENG. c) The real photograph of EMG.
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induction, which can be explained in four consecutive steps in a
full rotation cycle, as illustrated in Figure 2. The corresponding
numerical calculations of the potential distribution cross the
D-TENG are also shown accordingly. In the first step, as
illustrated in Figure 2a, before the left-disk acting as rotator starts
to spin, no triboelectric charges were generated owing to lack of
indispensable contact between PTFE and Al. In the second step,
when the rotator starts to rotate, the PTFE thin film begins to
contact with Al electrode and an equal amount of negative and
positive charges will be generated on the PTFE layer and the
Al foil, respectively, due to the difference in electron affinity
between them, resulting in electrons on the Al foil being driven
to the ground, as displayed in Figure 2b. In the third step, the
PTFE film and the Al electrode are fully overlapped to establish
an electric equilibrium, as shown in Figure 2c, thus, there is no
electron transferred and, consequently, no current is generated.
In the last step, the left disk continues to rotate and the contact
area between PTFE film and Al electrode will decrease. The
quantity of positive charges on Al electrode will reduce, which
depicts that the electrons will transfer back to Al electrode from
the ground and the disk of the two triboelectric layers will returns
to its original position as shown in Figure 2d. As the left disk
rotates continuously, the electricity generation will continue.
Actually, the flowing water was used to drive the hybridized NG.
The flowing water from the faucet has positive tribo-charges due
to the contact electrification between the water and the pipe/air
during its traveling. As the positively charged flowing water
contacts and separates from the blade of W-TENG periodically,
the electrons will transfer between Al electrode and the ground
due to the electrostatic induction. Under the sustaining impact
of the flowing water, the rotation of the wheel is continued,
leading to the blades contacting, and separating from the water
one by one. For the EMG, when the rotator of EMG is rotating,
every copper coil will cut magnetic induction line continually
and the total magnetic flux in each coil will keep changing over
time. According to the Faraday’s law, the open-circuit voltage can
Figure 2. Schematic diagrams of the working principle of the D-TENG. The d
potential distribution simulated by COMSOL in four states of D-TENG a–d
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be generated in every coil. Owing to the four coils are connected
with the external load, constituting a closed loop, the current
signals can be observed. As a result, as long as the rotator
keeps rotating, the W-TENG, the D-TENG, and the EMG can
continuously produce electric power.

For measuring the electrical output properties of the
hybridized TENG, we used flowing water and wind to be the
power source. The curves of the open-circuit voltage (Voc) of the
D-TENG and EMG are shown in Figure 3a and b, respectively.
The Voc values of the D-TENG and EMG are around 500 and
0.8V, respectively. For the D-TENG, the curves of the short-
circuit current (Isc) are illustrated in Figure 3c with the
maximum value of 1.8 μA been recorded. For the EMG, the
maximum value of Isc is 7mA and the curves of Isc is depicted in
Figure 3d. It is noteworthy that the rotation rate has a significant
impact on the electrical output performance of the D-TENG.
Hence, we explored the dependence of the open circuit voltage
and short circuit current on rotation rate. The results are shown
in Figure S1a, clearly indicating that when the rotation rate
increases, the corresponding rise in the short circuit current is
observed. However, the open circuit voltage has no remarkable
variation. For the EMG, although the open circuit voltage is not
high, the value of Isc can reach 14mA. Similarly, we explored the
relationship between the output performance and the rotation
rate of the EMG. The corresponding curves are illustrated
in Figure S1b. It can be seen that a higher rotation speed can
contribute to larger value of Voc and Isc. By comparison, EMG
can only supply very low voltage which cannot be used for
powering electronic devices, however, the voltage from TENG
can be alwaysmaintained at a high level, which is independent of
frequency. This feature of TENG will be advantageous for
harvesting low-frequency mechanical energy, which can fill
in gaps at low rotation speed. For the W-TENG, as illustrated in
Figure 1a, it has a treble-layer structure. The bottomed layer is
Al electrode with nanopores, which will further increase
the effective contact area and enhance the electrical output of
iagrams illustrate the cross-sectional schematic of charge distribution and
).
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Figure 3. The Voc curves of the D-TENG a), the EMG c), and the W-TENG e). The Isc curves of the D-TENG b), the EMG d), and the W-TENG f). The
dependence of the output voltage and power on the external load resistance of the TENG g) and EMG h) before using the transformer.
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W-TENG. The middle layer is forward-polarized PVDF thin film
and the top layer is PTFE film. To show the effect of the polarized
PVDF, we also performed the contrast experiment by using a
W-TENGwith nonpolarized PVDFfilm and the curves of Voc and
Adv. Eng. Mater. 2018, 20, 1700886 1700886 (
Isc are illustrated in Figure 3e and f, respectively. The
corresponding magnified views are plotted in the insets. From
the Figure 3e, it can be seen that the W-TENGwith nonpolarized
PVDF film can produce alternating voltages and the peak value
© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim4 of 7)
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can get 8 V.However, when the forward-polarized PVDFfilmwas
attached with the W-TENG, the positive output voltage increases
to 12V with the negligible negative voltage, confirming that the
forward-polarized PVDF can enhance the output performance of
TENGs. This occurs due to the influence of intrinsic dipole
moments on the characteristic potential energy on the surface of
PVDF thin films.[31]

As a power source, working under the matched resistance
can maximize the out power. However, as we all know, the
characteristics of TENG and EMG are quite different. Under
the certain rotation rate, the TENG has the large internal
resistance and it can be equivalent to a voltage source.
However, the EMG can be regarded as a current source with a
smaller internal resistance.[32,33] The curves of the output
voltage and power on the external load resistance of the TENG
and EMG are illustrated in Figure 3g and h, respectively.
Specifically, the TENG was measured at various
load resistances ranging from 100 KΩ to 240MΩ, and the
instantaneous maximum power of 4.75 μW appears at load
resistance of 30MΩ, as illustrated in Figure 3g. The EMG can
achieve the maximal power of 9.91mW at the load resister of
60 Ω. These results reveals that the TENG and the EMG
cannot deliver the maximal output power simultaneously
under the same external load due to the huge difference of
internal resistances.[34,35]
Figure 4. The lithium-ion battery (10 mAh) charging curves of hybrid TENG
Hybrid TENG b). The photography of LED bulbs driven by the hybrid TENG c)
tester system based on the hybrid TENG d).
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On the one hand, to solve the mentioned-above problem, we
need to use transformers to adjust the output resistances of EMG
and TENG. On the other hand, the alternating current (AC) is
not suitable for charging batteries or capacitors. Moreover,
the AC pulses may not directly satisfy the need of some
small electronics, because of the requirement for a constant DC
current or the higher power consumption. As a result, it is
necessary to use rectifier bridges and transformers to convert AC
signals into usable power sources. Figure 4a displays a charging
curve of a lithium ion battery (10mAh) with the operating circuit
diagram presented in the inset.[36,37] In 270 s, the battery was
charged to 3V by the hybrid NG. When a capacitor is charged by
the hybrid NG, it took about 3 s to charge the capacitor to 2V, as is
illustrated in Figure 4b. Compared with that using EMG and
D-TENG individually or simultaneously, the hybrid device shows
the shortest time to charge the capacitor. The result reveals that,
by hybridizing the NGs, the hybrid device can bemore effectively
store electricity in energy cells. To verify the hybrid NG can be
used as a direct power source, Figure 4c shows a letter sign “W”
consisted of several LEDs is lit by our device when the wind
blows it. The corresponding circuit diagram is plotted in the
inset. Flowing water is also a source of flow kinetic energy. As is
illuminated in Figure 4d, when water is flowing over our device,
the PH sensor can be driven, indicating a self-powered PH tester
system can be constructed based on the hybrid NG.[38–41]
a). The capacitor (470 μF) charging curves of EMGþTENG, EMG, and
and inset shows the diagram of the rectifying circuit. The self-powered PH
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Figure 5. Demonstration of the self-powered, wireless temperature, and
humidity sensor systems a). The schematic diagram of the self-powered,
wireless temperature, and humidity sensor systems b).
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To further exploit the applications of the hybrid NG,
Figure 5a exhibits the real photograph. The schematic diagram
of the constructed self-powered wireless temperature and
humidity sensing system is plotted in Figure 5b, which is
composed of a hybrid NG, a simple power management system,
a sensing system, and a wireless signal transceiver module. The
receiver is connected with a laptop, while the transmitter is
powered by the hybrid NG. The hybrid NG can drive the
temperature and humidity sensor, when the hybrid NG is being
actuated by flowing water and wind. More details are presented
in Movie 1 and 2. The temperature and humidity values can be
displayed in real time on the laptop screen, which is also can be
seen in Movie 2.
3. Conclusions

In summary, the hybrid NG consisted of a W-TENG, a D-TENG,
and an EMG has been developed for simultaneously harvesting
mechanical energies from flowing water and wind. The hybrid
NG exhibited the excellent output performance and can be used
as a direct power source. In addition, the hybrid energy device
can be employed to fabricate different self-powered systems. It is
demonstrated that a self-powered wireless temperature and
humidity sensor system can be constructed based on the
hybrid NG. Our work provides a novel approach to grabbing
multiple energies from the environment based on hybrid NGs,
which can be widely adopted in environmental ecological
monitoring.
Adv. Eng. Mater. 2018, 20, 1700886 1700886 (
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