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ABSTRACT: Wireless traﬃc volume detectors play a critical role for measuring
the traﬃc-ﬂow in a real-time for current Intelligent Traﬃc System. However,
as a battery-operated electronic device, regularly replacing battery remains a great
challenge, especially in the remote area and wide distribution. Here, we report
a self-powered active wireless traﬃc volume sensor by using a rotating-disk-based
hybridized nanogenerator of triboelectric nanogenerator and electromagnetic
generator as the sustainable power source. Operated at a rotating rate of 1000 rpm,
the device delivered an output power of 17.5 mW, corresponding to a volume
power density of 55.7 W/m3 (Pd = P/V, see Supporting Information for detailed
calculation) at a loading resistance of 700 Ω. The hybridized nanogenerator was
demonstrated to eﬀectively harvest energy from wind generated by a moving
vehicle through the tunnel. And the delivered power is capable of triggering a
counter via a wireless transmitter for real-time monitoring the traﬃc volume in the
tunnel. This study further expands the applications of triboelectric nanogenerators for high-performance ambient mechanical
energy harvesting and as sustainable power sources for driving wireless traﬃc volume sensors.
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and its performance is superior to other approaches of its
kind.15−24 However, as a complementary energy technology
to the traditional electromagnetic generator (EMG), the TENG
suﬀers from a relatively low current output compared to its
voltage output, and a hybridization of the two could be a superior
solution to this problem. In this regard, here, we designed a
rotating-disk-based hybridized nanogenerator of EMG and TENG
for high-performance mechanical energy harvesting. With a device
diameter of 10 cm and a height of 1 cm at an operational rotation
rate of 1000 rpm, the hybridized nanogenerator can produce
output powers of 17.5 mW, corresponding to a volume power
density of 55.7 W/m3, and the hybridized nanogenerator was
demonstrated to continuously power a wireless traﬃc volume
sensor by harvesting air ﬂow energy aroused by a moving car in the

imed at providing innovative services relating to diﬀerent
modes of transportation and traﬃc management, the
operation of Intelligent Traﬃc System (ITS) intensely
relies on accurate measurement of traﬃc-ﬂow characteristics.
A wireless traﬃc volume detector plays a critical role of obtaining
the timely information on traﬃc-ﬂow.1,2 However, the current
wireless traﬃc volume detectors are mainly powered by a traditional power supply unit, such as batteries. Nevertheless, because
of the limited lifetime and the potential environmental pollution issue of the batteries, a sustainable and portable power
source is highly desired for the traﬃc volume sensors, especially
in remote areas, for real-time traﬃc volume monitoring.3−5
Recently, ascribing to a coupling eﬀect of contact electriﬁcation
and electrostatic induction, the triboelectric nanogenerator
(TENG) has been proven to be an eﬀective and robust approach
for ambient mechanical energy harvesting.6−14 Mainly utilizing
conventional polymer thin ﬁlm materials, the TENG has been
proven as a fundamentally green energy technology, featured as
being simple, reliable, and cost-eﬀective as well as highly eﬃcient,
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Figure 1. Structural design of self-powered wireless traﬃc volume system: (a) sketch of the sensor; (b) SEM image of PTFE surface with
nanostructure modiﬁcation; (c) SEM image of aluminum nanopores; (d) schematic diagram of the sensor which is working in the tunnel;
(e) enlarged view of the self-power sensing system.

tunnel. This work presents solid progress toward the practical
applications of nanogenerators in harvesting ambient mechanical
energy for self-powered wireless sensor networks.

The working principle of the hybridized nanogenerator for
mechanical energy harvesting is demonstrated in Figure 2. Here,
the working principle can be elucidated from two aspects,
namely, triboelectric eﬀect based and electromagnetic-eﬀect
based electricity generation. Regarding the triboelectriﬁcation
enabled mechanical energy harvesting, the electricity-generating
process is elaborated through a basic unit, as shown in Figure 2a.
At the original state (stage I), when the PTFE ﬁlm was brought to
contact with the Al foil, due to the diﬀerence of the electron
aﬃnity between the two, charge transfer at the interface will
make the PTFE negatively charged and aluminum positively
charged.26−33 These tribo-charges will sustain on the materials
surface for an extended period of time. In the aligned position,
the positive triboelectric charges are fully compensated with
the negative ones. Once the rotator starts to spin, a displacement
occurs, and the triboelectric charges are not compensated at
the displaced areas. The sliding apart of the negatively charged
PTFE, will result in a decrease of the induced positive charges
on the aluminum, which will create a ﬂow of electrons from
the ground to the aluminum (stage II). The ﬂow of induced
electrons can last until a new electrical equilibrium is established
(stage III). Because of the periodic structure, a further rotation
will result in a current in the opposite direction (stage IV).
When it comes to the electromagnetic-eﬀect-based mechanical
energy harvesting, its working mechanism is clearly displayed in
Figure 2b. The distribution of magnetic ﬁeld was calculated via
COMSOL. At stage I, the magnets are in alignment with coils and
the magnetic ﬂux through the coils is maximized with no current
in the coils, and the ﬂux will keep decreasing when the rotator
spins from the stage I to stage II, which results in an induced
positive current in the coils. While a spinning of the rotator from
stage II to stage III will lead to a continuous increase of the

RESULTS AND DISCUSSION
The hybridized nanogenerator holds a disk structure with a
blade on the top to convert the ambient water/wind ﬂow into
mechanical rotational motion, as schematically illustrated in
Figure 1a. The hybridized nanogenerator mainly consists of two
parts, a rotator and a stator. The rotator is composed of four
acrylic intercrossing blades, anchored on a disk acrylic substrate.
On the other side of the acrylic substrate, a layer of soft polyurethane (PU) acted as the buﬀering layer. On top of it, a layer
of polytetraﬂuoroethylene (PTFE) was laminated as one of the
triboelectric layers which can easily gain electrons from the Al
foil, as shown in Supporting Information, Table S1. And also four
bar magnets are uniformly anchored on the rotator plane. When
it comes to the stator, four groups of coils, as another part of the
EMG, are uniformly distributed on an acrylic substrate. Another
layer of aluminum was laminated onto the stator as another
triboelectric layer. In addition, to increase the triboelectriﬁcation,
a surface nanostructure modiﬁcation was employed to both
PTFE and the aluminum surface. As shown in Figure 1b, the
inductively coupled plasma (ICP) progress was employed to
make nanowires on the surface of the PTFE ﬁlm by reactive ion
etching.25 And on the surface of aluminum triboelectric layer,
nanopores are created with uniform size and distribution, as
shown in Figure 1c. For practical application, an integration of
the commercial traﬃc volume sensor with the hybridized
nanogenerator will form a self-powered sensing system, which
could be installed inside the tunnel, as illustrated in Figure 1d.
Figure 1e is an enlarged view of the fabricated device.
B
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Figure 2. Working principle of the hybridized nanogenerator for power generation: (a) schematic diagram of working principle of TENG.
The four process illustrate the charge distribution and electricity generation; (b) schematic diagram of working principle of EMG.

magnetic ﬂux through the coils. With the rotator spins to
stage IV, a decrease of the ﬂux will induce a negative current in
the coils. This is a full cycle of the electricity-generating process.
An illustration of the rotator spinning is displayed in Supporting
Figure S1 and Supporting Movie 1 in order to give a better view
of the working principle of the device.
To characterize the hybridized nanogenerator for ambient
mechanical energy harvesting, a ﬁrst step was taken to study
the output performance of the TENG. Figure 3a illustrates the
dependence of the open-circuit voltage of TENG on the rotating
speeds in a range from 10 to 1000 r/min. The voltages increase
with the elevating rotation speeds until a saturated value of
around 240 V, while a similar trend was also observed for
the short-circuit current, and it is constant at around 10 μA, as
demonstrated in Figure 3c. The output voltage and current of the
TENG part at rotation rates higher than 500 rpm are respectively
demonstrated in the Supporting Figure S2 panels a and b.
Resistors were utilized as external loads to further investigate
the output power of the TENG part for mechanical motions
conversion. As displayed in Figure 3e, the current amplitude drops
with increasing load resistances; as a result, the instantaneous
peak power is maximized at a load resistance of 50 MΩ which
corresponds to a peak power of 3.4 mW and a peak volume power
density of 10.8 W/m3. In addition, the stability test of the TENG
was carried out at a rotational speed of 1000 rpm. On one hand,
the open-circuit voltage and short-circuit current were measured
before and after a 500 000 cycle continuous operation, and it is
obvious that they all display little drops after 500 000 cycles of
operation, as shown in Figure S3, panels a and b. On the other
hand, all the two-output paramenters of the TENG that repeated
on and oﬀ states over 1000 times were measured, and the opencircuit voltage and short-circuit current had no signiﬁcant change,
as shown in Figure S3c−f, which indicates good reliability and
durability of the device for ambient mechanical energy harvesting.
Furthermore, the output performance of the EMG part
was also characterized systematically. As shown in Figure 3
panels b and d, both the open-circuit voltage and short-circuit
current of EMG is proportional to the external rotating speeds in
a wide range from 10 to 1000 rpm, and respectively reach up
to 7.5 V and 9 mA under the rotation rate of 1000 rpm, as the

acquired signals displayed in Supporting Figure S2c,d. Moreover,
the open-circuit voltage and short-circuit current decrease,
while there is an increase in the distance between the magnets
and coils, as shown in Figure S4. External resistances were also
employed to evaluate the output performance of the EMG part of
the hybridized nanogenerator. Figure 3f illustrates the dependence of the output current and power of the EMG on external
resistances. And the largest instantaneous power of EMG is up to
16.2 mW at a loading resistance of 400 Ω, which corresponds to
a volume output power density of 51.5 W/m3. To evaluate the
output power of a hybridized nanogenerator for ambient energy
harvesting, the open-circuit voltage and short-circuit current
of the device under excitation of environmental wind ﬂow are
shown in Supporting Figure S5.
To solve the critical impendence mismatch issue of the TENG
and EMG, power management circuits were designed to bridge
the electrical output of two parts, as illustrated in Figure 4a, and
a transformer was employed to decrease the impendence of
TENG. As shown in Figure 4b, the open-circuit voltage of
TENG after using the transformers can be decreased to 7 V.
Furthermore, to boost the total output current of the hybridized
nanogenerator, two bridge rectiﬁcation circuits were utilized
to respectively convert the alternating current (AC) into direct
current (DC). The output voltages from both the TENG
and EMG are adjusted to a similar level, as shown in Figure 4c,
when these two parts connected in parallel, the output voltage
can maintain at 7 V. External resistances were also employed to
evaluate the output performance of the hybridized nanogenerator.
Figure 4d illustrates the dependence of the output current and
power of the hybridized nanogenerator on external resistances.
At a loading resistance of 700 Ω, an optimized instantaneous
power of 17.5 mW was obtained. Figure 4 panels e and f illustrate
the output voltage (3.5 V) and current (5 mA) of the hybridized
nanogenerator at a loading resistance of 700 Ω.
To demonstrate the capacity of the hybridized nanogenerator
as a practical power source, a G16 globe light is lit (Figure 5a,
Supporting Movie 2) at a rotation rate of 1000 rpm, which is
capable of providing suﬃcient illumination for reading text in
complete darkness. Also, 12 G4 spot lights connected in parallel
were also simultaneously lit (Figure 5b, Supporting Movie 3).
C
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Figure 3. Electrical output performance of the TENG part and EMG part of the hybridized nanogenerator. (a, b) Dependence of the open-circuit
voltage of TENG (a) and EMG (b) on rotating speeds ranging from 10 to 1000 rpm. (c, d) Short-circuit current of TENG (c) and EMG (d) with
variable rotating speeds ranging from 10 to 1000 rpm. (e, f) Dependence of the output current and power of TENG (e) and EMG (f) on the
external resistances.

voltage and current of the hybridized nanogenerator can reach
respectively to 3.5 V and 5 mA. A counter was demonstrated
to be triggered by a wireless transmitter that powered by the
hybridized nanogenerator for real-time traﬃc volume monitoring, which is capable of providing great convenience to the
traﬃc administration for real-time traﬃc-ﬂow adjustment and
eﬀectively reduce the traﬃc problems. This invention of the selfpowered active wireless traﬃc volume sensor will be of great
importance to promote the development of ITS and provide a
sustainable solution to the long-term continuous traﬃc volume
monitoring in the remote area.

In addition, this hybridized nanogenerator can harvest energy
from a wind ﬂow aroused from a motor vehicle going through
tunnel. As displayed in Figure 5c,d, at a wind speed generated
by a car moving nearly 8 m/s, this generator can light up a globe
light (Supporting Movie 4 and Movie 5). The relationship of the
rotational speed of the hybridized electromagnetic−triboelectric
nanogenerator at diﬀerent wind speeds is illustrated in Figure S6,
and the hybridized nanogenerator was demonstrated to continuously power a wireless traﬃc volume sensor. Figure 5e is an
illustration of the self-powered sensing system. The counter is
triggered by a wireless transmitter powered by the hybridized
nanogenerator by harvesting the wind ﬂow energy from the
passing by vehicles. The counter can display the times of
the rotator running (Figure 5f, Supporting Movie 6). The selfpowered wireless traﬃc volume sensor will greatly promote the
development of real-time traﬃc volume monitoring, which will
provide great convenience, especially in remote mountain areas.

EXPERIMENTAL SECTION
Fabrication of the Nanowire Structures on the Surface of the
PTFE Thin Film. A 50 μm thick PTFE thin ﬁlm was cleaned with
acetone, ethyl alcohol, and ultrapure water, consecutively, and then
dried by compressed air. A thin Au ﬁlm (10 nm), as the mask for etching
the PTFE surface, was deposited on the PTFE surface using a DC sputter.
Then, ICP reactive ion etching was utilized to produce nanoparticlebased modiﬁcation on the surface of the PTFE ﬁlm. Speciﬁcally, Ar, O2,
and CF4 gases were introduced into the ICP chamber with the ﬂow rates
of 15, 10, and 30 sccm, respectively. One power source of 400 W was used
to generate a high density of plasma, while another 100 W was used to
accelerate the plasma ions. The PTFE thin ﬁlm was etched for 10 s in
order to produce particle-like nanostructures on the surface of PTFE ﬁlm.
Fabrication of the Nanopore Structures on the Surface of the
Aluminum Foil. First, the aluminum foil was cleaned with acetone,

CONCLUSION
In summary, we have demonstrated a rotating-disk-based
hybridized nanogenerator as a self-powered wireless sensor for
traﬃc volume monitoring in the remote mountain area. Under
a rotating rate of 1000 rpm, the hybridized nanogenerator
can deliver an instantaneous power of 17.5 mW for practical
applications. At a loading of resistance of 700 Ω, the output
D
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Figure 4. Schematic diagram and electrical output performance of the hybridized nanogenerator: (a) schematic diagram of the self-powered
sensing system; (b) open-circuit voltage of TENG with transformer; (c) comparison of open-circuit voltage of TENG with transformer and
rectiﬁcation bridge, EMG with rectiﬁcation bridge, and the hybridized nanogenerator; (d) dependence of the output current and power of the
hybridized device on the external resistances; (e, f) output voltage (e) and current (f) of the hybridized nanogenerator at a loading resistance of
700 Ω.

Figure 5. Demonstration of the hybridized nanogenerator as practical power sources and for a self-powered wireless traﬃc volume sensing
system. (a, b) Photographs of a G16 globe light (a) and 12 G4 spot lights (b) that are directly powered by the hybridized nanogenerator in
complete darkness (rotation rate: 1000 rpm). (c, d) A G16 globe light was powered for reading illumination in complete darkness by harvesting
energy from fresh breeze at a ﬂow speed of 7.76 m/s. (e, f) Schematic diagram (e) and photograph (f) of the wireless traﬃc volume sensing system
that powered by the hybridized nanogenerator.
anodization voltage of 180 V and electrolyte temperature of 3 °C. Then,
the foil was immersed into a mixture of 6.0 wt/% H3PO4 and 1.8 wt/%
H2CrO4 at 60 °C to remove the anodized layers. The nanopores array

ethyl alcohol, and ultrapure water, consecutively, and then dried by
compressed air. Then the Al foil was anodized in 2 mol L−1 phosphoric
acid electrolyte. The ﬁrst anodization was conducted under the constant
E
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were obtained by the second anodization at constant voltage of 180 V at
3 °C electrolyte temperature.
Fabrication of the Hybridized Electromagnetic-Triboelectric
Nanogenerator. First, two 2 mm thick acrylic sheets were processed
by laser cutting (TR-6040) to form the two cyclostyles as supporting
substrates. The tailored PTFE and PU ﬁlms and aluminum foil with
radial arrayed structure were attached onto the acrylic loading templates.
Four magnets and four groups of coils were respectively embedded in
the acrylic substrate with physical gap in between.
Electrical Measurement. The open-circuit voltage was measured
by using a Keithley 6514 system electrometer, and the short-circuit
current was measured by using an SR570 low noise current ampliﬁer
(Stanford Research System).
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