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Free-Fixed Rotational Triboelectric Nanogenerator
for Self-Powered Real-Time Wheel Monitoring

Long Jin, Steven L. Zhang, Sixing Xu, Hengyu Guo, Weiqing Yang,*

and Zhong Lin Wang*

Developing an applicable triboelectric nanogenerator (TENG) for train
wheel energy harvesting is a key step to meet the urgent need of wheel
safety monitoring. Herein, an innovative design of free-fixed TENG (FF-
TENG) is reported, without a serious negative impact on the wheel. The
key of this design is the magnets fixed on the device and bogie, providing
attractive force to immobilize the stator. With a rotational structure,
FF-TENG can provide a high short-circuit current of 55 pA, an open-
circuit voltage of 500 V, and a charge of 235 nC at a rotation speed of

400 rpm. At an external load resistance of 10 MQ, FF-TENG delivers the
maximum power of 15.68 mW. Furthermore, the superior robustness of
FF-TENG in vibration environment is proved. In addition, a power manage-
ment circuit designed by LTC 3588 is tested for more efficient capacitor

1. Introduction

Transportation has always been necessary
for propelling the development of human
civilization.” For example, railway net-
works save much time and bring immeas-
urable economic benefits.}l As a common
sense, safety is a precondition for railway
operation. Consequently, as a crucial and
wear-prone component, wheel attracts
considerable attention due to its health
and stability monitoring.*%! However, the
sensors for detection are usually powered
by traditional cables, requiring wear-proof
collecting rings with complex wire man-

charging, leading to better performance to power electronics. Finally, a
self-powered real-time wheel temperature and wheel speed monitoring
system is developed with FF-TENG as a safety alert demo for feasibility
demonstration. Given the rational structure design and high performance,
this work paves a practical way for TENGs in the field of intelligent
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agement. On the other hand, although
energy storage devices including batteries
and supercapacitors have a rapid devel-
opment these years,"'! they constantly
need to be replaced and cause potential
environment damage due to the toxic
materials used in the fabrication process.
As the world entering the era of internet
of things (IoTs),'2™ self-powered tech-
nology for sensors by harvesting environ-
ment energy is derived since the power needed to operate each
sensor is small.'>-21]

Self-powered technology by triboelectric nanogenerators
(TENGs) shows great potential for distributed power sources
with advantages of cost effective, light weight, and high con-
version efficiency.'®?>/l Moreover, large amounts of mechan-
ical energy on wheels are proved to be harvested by TENGs,
according to previous works.23% Even so, the development
of TENGs for train wheels is still hindered because of the spe-
cial structure of train. Widely applied in many fields, TENG
is highlighted for its variable structure in special applica-
tion environment, such as medicine,32 constructions,?334
blue energy,>>3"l and so on. In this regard, designing a new
structure of TENG for acclimatization is highly desirable and
mandatory.

In this work, we proposed a free-fixed TENG (FF-TENG) with
rotation mode for wheel train monitoring by fixing magnets
on the stator and bogie. Thus, the stator is not fixed directly
on the bogie, without a serious negative impact on the wheel.
The magnetic force not only immobilizes the stator, but also
increases the contact areas between the stator and rotator to
improve output. With the rational structure design, FE-TENG
delivers a short-circuit current of 55 HA, an open-circuit voltage

© 2021 Wiley-VCH GmbH
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of 500V, and a charge of 235 nC at rotation speed of 400 rpm.
At an external load resistance of 10 MQ, the maximum power
of 15.68 mW is obtained. In view of the train running environ-
ment, the device was tested on different vibration frequencies,
and the result shows extreme robustness, demonstrating the
great adaptability in severe environment. Finally, by integrating
the device, power management circuit, a capacitor, and a wire-
less sensor, a system to monitor the wheel temperature in real
time without an external power source was developed. It is also
worth mentioning that the power management circuit in this
system is designed by LTC 3588 with less charge time, rather
than rectifiers. Given the special structure design and high
output, this work paves a practical way for TENGs in the field of
intelligent transportation, especially wheel monitoring.

2. Results and Discussion

FF-TENG is designed mainly for train wheel energy har-
vesting when a train is running, as shown in Figure 1a. As a

www.advmattechnol.de

convenience, the signals from FF-TENG powered sensor can
be received indoor, for example, in the operation room. In
details, FF-TENG is fixed on the principal axis concentrically
(Figure 1b), which makes FF-TENG work synergistically with
principal axis rotating. Ignoring inefficient and easy-wearing
collecting rings, electric wires are able to connect FF-TENG
and sensor together directly. Figure 1c shows the photograph of
FF-TENG. For better understanding, each part of FF-TENG is
illustrated in Figure 1d. As a positive layer, blade-shape polyu-
rethane (PU) is adhered to an acrylic plate, creating the stator
element of the design. In addition, two sets of magnets as fixa-
tors are adhered on the other side of the acrylic plate. Corre-
spondingly, another set of magnets are fixed on bogie, creating
an attractive force with the magnets on the stator. Therefore,
the stator will not move due to the magnetic attractive force,
which is the key idea of this design. The rotator element
includes a polytetrafluroethylene (PTFE) film as negative layer,
blade-shape copper as electrodes, and acrylic cylindrical case. In
general, the structure design of this work is similar to classical
rotation TENG structure,?¥*#1 with the status of rotator and

Magnet fixed
on bogie

' Magnet

Figure 1. Structure design of FF-TENG and application for self-powered train wheel monitoring. a) Schematic illustration of FF-TENG applied on the
running train. b) The detailed schematic diagram of bogie and wheel with FF-TENG. c) Photograph and the d) detailed structure design of the fabri-

cated FF-TENG.
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Figure 2. The moving process of wheel and electricity generation process of FF-TENG. a) The initial state showing motionless wheel with an electro-
static balance between two electrodes. b) The wheel starts to move with rotator moving, leading to imbalance between two electrodes. c) After specific

angle rotation, a new balance between two electrodes is achieved.

stator interchanged. Benefited by the proper structure design,
the rotator and wheel move synchronously, with simple wire
arrangement.

For better understanding, the working principle is illustrated
in Figure 2. At the initial state, PU is aligned with copper elec-
trode 1 in Figure 2a, where there is an electrostatic balance
between two electrodes. Herein, magnets play a significant
role with polarity, as shown in Figure Sla in the Supporting
Information. Magnet 1 and magnet 2 are fixed together on the
stator, while magnet 3 is fixed on the bogie (Figure S1b, Sup-
porting Information). Meanwhile, Figure Slc in the Supporting
Information demonstrates the balance state of magnets,
leading to motionless rotator. Then, when the rotator is moving
along with moving wheel, electrons flow from electrode 1 to
electrode 2, due to the unbalanced electrostatic state
(Figure 2b). In this process, stator has a trend to move because

of the friction between PTFE and PU, which is blocked by this
ingenious design. As indicated in Figure S1d in the Supporting
Information, when magnets have a slight relative displacement,
the force between magnet 1 and magnet 3 is enhanced. At the
same time, the force direction has a slight change, resulting in
a horizontal component of the force. On the other hand, the
force between magnet 2 and magnet 3 is enhanced, causing an
enhanced horizontal component force. As a result, the stator
with magnet 1 and magnet 2 has a horizontal force with oppo-
site direction to avoid the movement. Only with this ingen-
ious structure design, FF-TENG is workable. Finally, PU is
aligned with electrode 2, inducing a new balance, as indicated
in Figure 2c. Thus, short-circuit current is generated owing to
electrons flowing between two electrodes.

To examine the performance of energy harvesting, a series
of characterizations were conducted. Figure 3a shows the
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Figure 3. Output performance of FF-TENG. a) Short-circuit current, b) open-circuit voltage, and c) transferred charge of FF-TENG with various rotation
speeds. d) Measured output current, voltage, and e) calculated power on different external loading resistances at the rotation speed of 400 rpm. f) The
voltage of different capacitors when charged through rectifier by FF-TENG at a rotation speed of 400 rpm.
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short-circuit current of FF-TENG with different rotation speed
from 200 to 1400 rpm. It is obvious that short-circuit current
increases with increasing rotation speed. With a different trend,
open-circuit voltage (peak-to-peak voltage) and transferred
charge maintain about 500 V and 235 nC, respectively, when
rotation speed changes, as shown in Figure 3b,c. This is the
inherent performance of rotation TENG with detailed model in
Figure S2 in the Supporting Information and following equa-
tions of open-circuit voltage (V) and transferred charge (Q)*®!

Ve do (ao—a_ o ] )
€0-E; k o oy —0O
Q

Q= ﬁ o-m(ry =17) ()

where d is the thickness of PTFE layer, o is the triboelec-
tric charge density on PTFE layer, g is the dielectric constant
of vacuum, ¢, is the relative dielectric constant of PTFE, « is
the angle away from the initial state, ¢ is the central angle of
single unit, and r, and r; are the outer radius and inner radius
of FE-TENG, respectively. According to Equations (1) and (2),
open-circuit voltage and transferred charge are stable when
rotation speed changes, because the area is unchanged.

For superior application in energy harvesting, FF-TENG
was tested at rotation speed of 400 rpm with external load
resistances from 1 Q to 10 GQ. Figure 3d shows the result that
current and voltage remain unchanged until load resistance
increases to 1 MQ. Between 1 and 100 MQ, the measured cur-
rent has a sharp decrease while the measured voltage has a
sharp increase. Next, the current and voltage keep stable after
100 MQ. Consequently, the maximum power of 15.68 mW
(as calculated in the Supporting Information) is obtained at
a resistance of 10 MQ, as can be seen in Figure 3e. To dem-
onstrate the charging performance, a key step of charging
capacitors was taken. Figure 3f presents different capacitors
charged by FF-TENG through a rectifier at rotation speed of
400 rpm.

When applying FE-TENG on train wheel, vibration environ-
ment mainly induced by loose track connection (Figure 4a) and
rough surface (Figure 4b) has to be taken into account. Accord-
ingly, a systematic study was performed by a vibration provider,
in which different vibration frequency were tested. Figure 4c
shows 3D graph of short-circuit current with different vibra-
tion frequencies from 0 Hz (nonvibration state) to 50 Hz and
rotation speeds from 200 to 1400 rpm. Individually, 2D graph
in Figure 4d demonstrates a few changes of short-circuit cur-
rent with various vibration frequencies while rotation speed
affects vastly. Figure 4e gives a clear view of increasing short-
circuit current with a rotation speed growth. Moreover, the
almost coincident curves further prove short-circuit current sta-
bility with different vibration frequencies. On the other hand,
open-circuit voltage shows a flat surface with tiny fluctuation in
Figure 4f, indicating the scarce effects on open-circuit voltage
from both vibration frequency and rotation speed. Further-
more, the curves in Figure 4g,h coincide virtually, as concrete
proof. Similarly, transferred charge follows the same trend with
open-circuit voltage (Figure 4i-k), because transferred charge
cannot be affected by rotation speed as proved by Equation (2).
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Therefore, FF-TENG is demonstrated remarkably stable in
vibration environment, with negligible output changes, which
is the basic for wheel energy harvesting.

After comprehensive investigation of electric perfor-
mance, FF-TENG needs to be utilized to power electronics
for feasibility testing. Figure S3 in the Supporting Informa-
tion demonstrates that 160 commercial LEDs can be lighted
up sparklingly by FE-TENG at a rotation speed of 400 rpm
(Movie S1, Supporting Information). For power supply con-
tinuity verification, Figure 5a illustrates the application sce-
nario of FF-TENG powering a temperature sensor. When
the train is braking, the friction between wheel and track
raises temperature sharply (Figure 5b). Hence, a self-powered
real-time temperature monitoring system was developed,
including FF-TENG, a power management circuit, capacitor,
sensor, signal transmitter, and a signal receiver, as shown
in Figure 5b. The detailed circuit diagram is revealed in
Figure S4a in the Supporting Information. It is worth men-
tioning that LTC 3588 (circuit diagram in Figure S4b in the
Supporting Information) was used as a more efficient power
management rather than utilizing just rectifiers. Figure S5 in
the Supporting Information is the voltage of different capaci-
tors charged through LTC 3588 by FF-TENG at rotation speed
of 400 rpm. In details, Figure S6a in the Supporting Informa-
tion presents the different voltage curves of 10 pUF capacitor
charged through LTC 3588 and a rectifier, indicating that
rectifier can charge 10 UF capacitor faster than LTC 3588.
Because the power management by LTC 3588 needs to pre-
charge a small capacitor in the circuit. Subsequently, when
10 uF capacitor is replaced into 100 UF, the charge curve in
Figure S6b in the Supporting Information shows a higher
charge efficiency of LTC 3588 compared to that of the rec-
tifiers. It is more obvious in the charge process of 1000 pF
(Figure S6c¢, Supporting Information) and 4700 uF capacitors
(Figure S6d, Supporting Information) that utilizing power
management circuit by LTC 3588 is more effective.

Therefore, the self-powered wheel temperature monitoring
system runs stably with the high-performance FF-TENG
and high effective power management (shown in Figure 5d
and Movie S2 in the Supporting Information). Figure 5e is
the system interface designed by LabVIEW, including tem-
perature data collection and alarm. Once the temperature is
beyond the threshold value (50 °C in this work), it will alarm
in case of emergencies. Figure 5f shows that the red curve
indicates warning (beyond 50 °C) while black curve indicates
safe condition (lower than 50 °C). In addition, FF-TENG with
regular waveform (Figure S7, Supporting Information) was
also utilized as a wheel speed sensor (Movie S3, Supporting
Information). Figure S8a in the Supporting Information
shows the results of fast Fourier transform (FFT) analysis
from 200 to 1400 rpm. And, the calculated frequency has a ter-
rific linear relationship with actual rotation speed, as shown
in Figure S8b in the Supporting Information. Herein, a self-
powered speed monitoring system by LabVIEW (Figure S8c,
Supporting Information) was also developed with system
algorithm flow chart in Figure S8d in the Supporting Infor-
mation. As a consequence, FF-TENG not only acts as a power
source for wheel temperature monitoring, but also a wheel
speed sensor with high sensitivity.

© 2021 Wiley-VCH GmbH
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Figure 4. The performance of FF-TENG in vibration environment. The vibration is mainly from a) loose track connection and b) rough surface. c) 3D
surface graph and d,e) derived 2D graphs of output current versus both the vibration frequency and rotation speed. Corresponding characterization

of f-h) voltage and i—k) transferred charge.
3. Conclusion

In summary, we have presented an FF-TENG for self-pow-
ered wheel monitoring. With the structure design, FF-TENG
delivers a short-circuit current of 55 HA, open-circuit voltage
of 500 V, and charge of 235 nC at rotation speed of 400 rpm.
Having remarkable stability in vibration environment, FF-
TENG is highly practicable for train wheel energy harvesting.
As a result, 140 commercial LEDs can be lighted up and a self-
powered wheel monitoring has been developed with FF-TENG
as power source. It is worth mentioning that the power man-
agement circuit based on LTC 3588 in this system is extremely
effective rather than traditional rectifiers. Additionally,
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FF-TENG can be utilized as an extraordinarily sensitive wheel
speed sensor. This work could be extensively applied on wheel
energy harvesting, pushing forward the development of intel-
ligent transportation.

4. Experimental Section

Fabrication of Free-Fixed Triboelectric Nanogenerator: The framework of
the device was constructed by acrylic sheets. First, a 6 mm acrylic sheet
was cut into a disc with diameter of 150 mm, as the base of rotator. This
process was taken by a laser cutting machine (Universal Laser Systems
PLS6MW). Then, a piece of copper film was adhered to the acrylic disc,
and carved into blade shape, as two electrodes. In details, each blade’s

© 2021 Wiley-VCH GmbH
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Figure 5. a) Schematic illustration of wheel braking and b) the simulated distribution of temperature. c) Photograph of the self-powered wheel tem-
perature monitoring system components. d) Application of FF-TENG powering a wireless temperature sensor. €) The interface of self-powered wheel
temperature monitoring system. f) The temperature change process with alarm threshold value of 50 °C.

outer diameter was 67.5 mm and inner diameter was 12.5 mm, with an
angle of 11.25°. In another words, the disc was separated into 32 parts.
Next, PTFE of 50 um was adhered on the electrodes. Finally, an acrylic
tube with outer diameter of 150 mm was fixed with the disc by glue to
protect the inner. Thus, the rotator was finished. The stator was made
by an acrylic disc (135 mm in diameter), and cut by the laser cutting
machine. Then, PU foam was cut by knife into blade shape; the same
size with each blade of electrodes. And, the PU blades were alternately
adhered on the stator disc. Finally, two sets of magnets were fixed on the
other side of stator disc. Each set of magnets included two magnets with
inverse polarity upward. Thus, the stator was finished. Combining the
stator and the rotator together, a free-fixed triboelectric nanogenerator
was fabricated.

Characterization: Keithley 6514 system electrometer was used to
measure the short-circuit current, the open-circuit voltage, and the
transferred charge. A software platform was programmed using
LabVIEW to achieve real-time data acquisition and analysis. The
vibration was provided by the vibration provider (ET-126B-4) with signal
from signal generator (PA-119).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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