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Sliding Triboelectric Circular Motion Sensor with Real-Time

Hardware Processing

Zhijie Xie,* Zhenghui Zeng, Fei Yang, Jingliang Lv, Yu Wang, Rensuan Wu, Jiaxiu Liu,

Zhong Lin Wang,* and Tinghai Cheng*

Since circular motion becomes an important part of automated circulation
equipment, a sliding triboelectric circular motion sensor (S-TCMS) has been
demonstrated to monitor the velocity and displacement of a circular motion. The
S-TCMS consists of the stator and slider, which is integrated with automated cir-
cular motion equipment for sensing applications. When the slider of PTFE grid
slides between the stator’s electrodes, four electrical signals are produced in the
staggered electrode. The experimental results show that the voltage amplitude
remains constant at different sliding velocities, showing good sensing stability.
Also, this work proposes a real-time hardware signal processing method, which
converts the original S-TCMS signal into two standard square wave signals. The
method makes the sensing detection of S-TCMS independent from electrostatic
instrument and reduces the occupation of hardware resources. The sensing
experimental results show that S-TCMS can detect the velocity of circular
motion with the maximum velocity deviation rate of less than 0.37%, the angular
position sensing detection accuracy of 0.42°. The S-TCMS shows good circular
motion-sensing characteristics after hardware signal processing.

1. Introduction

With the rapid development of the electronic informa-
tion industry, the fields of computers, communications, and
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consumer electronics have shown a great
demand for the application of a circular
motion platform for automated produc-
tion line and assembly line.y! In order to
ensure product quality, mechanical motion
of motion platforms requires accurate feed-
back on motion parameters from motion
sensors.? In the past, with the high-speed
development of photoelectric, magnetoelec-
tric, capacitive, resistive, and other motion
sensors, the main methods of the detection
of circular motion have been the grating
scale,>¥ magnetic scale,”! and hall sensor.’!
The research of the motion sensors, espe-
cially the linear motion sensor, has been very
mature, but for a circular motion sensor,
the existing technologies still face different
limitations, including the low structure inte-
gration, high cost and complexity, and strict
environmental requirements.

Recently, the triboelectric nanogen-
erator (TENG) proposed by Wang and
his team has provided a new solution for circular motion
sensing, which is based on Maxwell's displacement current
theory.”l When the external excitation is applied to a sensor,
the TENG can sense sensitive mechanical motion and gen-
erate the electrical signal, whose characteristics can reflect the
motion state.l®l In recent years, due to the sensing ability of the
TENG, triboelectric sensors, including mechanical motion sen-
sors,> 12 gas sensors,31 fluid sensor,l wearable sensor!®l
and human-machine interface sensor™ have been rapidly
developed. In addition, many studies have demonstrated that
TENG has advantages of wide material applicability, simple
structure, small size, low cost, and high integration.[*-?2l Mean-
while, Zhang et al. conducted in-depth study on improving the
electrical output capacity of TENG.[?>?4 Recently, many tribo-
electric mechanical motion sensors with a sliding freestanding
triboelectric layer have been proposed for different detection
objects, including linear motion sensors,%2 rotational motion
sensors,?*?] and angular motion sensors.?®?°l However, there
is still a lack of research on the triboelectric motion sensor with
circular motion as the object. Aiming at improving the angular
displacement resolution of a freestanding triboelectric-layer-
based motion sensor, a large number of studies have used the
form of differential multi-electrode pairs, such as two and three
pairs of electrodes.%39 Still, the multi-channel signal acquisi-
tion requires additional input interface resources, and direct
detection of the sensed output signal relies on the equipment
of electrostatic acquisition. At the same time, the method of
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signal feature extraction applying PC software for signal pro-
cessing on the original signal obtained from a sensor does not
perform well for modularization and product application of the
triboelectric motion sensor.

This work proposes a sliding triboelectric circular motion
sensor (S-TCMS) that can be used to monitor the velocity and
displacement of a circular motion and can be highly integrated
into a circular motion platform. A fixed sheet of circular four-
way staggered copper electrode is mounted into the circular
motion platform orbit, which is used as a stator. The PTFE is
processed into the grid pattern and secured to the bottom of
the motion slider as a freestanding triboelectric layer. When the
slider moves relative to the stator, the PTFE grid slides relative
to the copper electrodes, thus causing the four-way staggered
electrode to produce the electrical signal. The proposed sensor’s
output capability is experimentally tested, and the experimental
results show that its signal amplitude remains constant at 6.8 V
at different sliding velocities. In addition, this study introduces
a real-time hardware signal processing method to convert the
output signals of the triboelectric sensor into the standard
two-channel differential square wave signals. By extracting
the frequency and period number characteristics of square
wave signals, the velocity and displacement of the circular
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motion sliding are detected. After hardware signal processing,
the proposed S-TCMS can perform the sensing signal detec-
tion and standardization of sensing signal without the help
of an electrostatic instrument, which is of great significance
for the commercialization of triboelectric sensors. In terms of
sensing characteristics, S-TCMS can detect the velocity of cir-
cular motion with the maximum velocity deviation rate of less
than 0.37%. And the angular resolution of the S-TCMS reaches
0.375° with a displacement accuracy of 0.42° and a repeat posi-
tioning accuracy of 0.3°, which proves that the proposed sensor
has a strong ability in angular displacement detection and rep-
etitious stability.

2. Results and Discussion

2.1. Structural Design and Operating Principle

The proposed S-TCMS consists of a stator electrode unit and a
slider unit, as shown in Figure 1a(i). The slider unit is driven
by a servo motor to slide freely along the circular guide on a
circular motion platform. The slider unit consists of an alu-
minum slider and a PTFE grid, as shown in Figure 1b. The

Figure 1. Structural design of the sliding triboelectric circular motion sensor (S-TCMS). a) Schematic structure of the S-TCMS, b) schematic structure
of the slider and PTFE grid, c) photograph of the slider and PTFE grid, d) schematic structure of the four-way electrode, e) photograph of the four-way

electrode, and f) photograph of the assembled S-TCMS.
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aluminum slider is arranged with threaded holes for the
purpose of connecting to the kinematic unit of the circular
motion platform, and PTFE grid are adhered to the underside
of the aluminum slider and used as a freestanding triboelec-
tric layer of the S-TCMS. The structure of the fabricated slider
unit is shown in Figure 1c. The slider is subjected to pressure
perpendicular to the plane of motion by arranging a preloaded
spring, so that the PTFE grid can adhere to the stator elec-
trode surface well. When the slider unit moves, the PTFE grid
slide against the stator electrode’s upper surface. If a PTFE
film is used, the PTFE surface will be broken and powdered
after a long-time or high-speed movement due to the low
hardness of the PTFE film. Therefore, this work adopts the
PTFE grid in block solid structure with spring preload, which
can adapt to the state of the platform surface’s flatness using
a preload so that it can better adhere to the copper electrode
surface. Simultaneously, due to the thicker triboelectric layer
of the PTFE solid of 2 mm compared to film, it can resist
wear caused by friction for a long time (Figure S4, Supporting
Information).

The stator unit is presented in Figure 1d, where it has a
double-layer structure consisting of the copper electrode layer
and rectangular glass epoxy substrate layer. The copper elec-
trode layer is divided into four electrode pairs by fine grooves
in the circular copper electrode. The electrode pairs are denoted
as I, II, III, and IV and arranged adjacent to each other con-
centrically in the circular gyration radius direction, as shown
in Figure 1d(i). The adjoining electrode pairs are staggered by
one-eighth of a phase cycle in the circular gyration direction
(Figure S1, Supporting Information). The sheet of electrode is
in circular structures with inner and outer diameters of 150 and
190 mm, respectively, and a thickness of 3 mm. The fabricated
stator unit of electrodes are arranged as shown in Figure le.
The mounting and working methods of the slider and stator are
described in more detail in the experimental section. The overall
dimensions of the circular motion platform equipped with the
S-TCMS are 420 mm (length) x 420 mm (width) x 38 mm
(height), as shown in Figure 1f.

The S-TCMS uses PTFE and copper as triboelectric layer
materials, which have opposite electronegativity. The copper
electrode not only acts as an electrode but also participates in
the triboelectrification process. The working principle of the
S-TCMS is illustrated in Figure 2a. Taking a single electrode
pair as an example, the PTFE grid acts as an electronegative
freestanding triboelectric layer, while the copper electrode acts
as a conductive layer and an electropositive triboelectric layer.
When the stator moves, the PTFE surface will accumulate
equal but opposite triboelectric charges generated by the fric-
tion of two copper electrodes, and the separation contact of the
freestanding triboelectric layer alternating on the electrode will
be divided into four states.

In the first state shown in Figure 2a(i), the PTFE grid is
aligned with the copper electrode A. According to the electro-
static induction effect, the positive and negative charges on the
PTFE grid and the copper electrode consist of equal quantities
of positive and negative charges on their surfaces and are in
the electrostatic equilibrium state, wherein no induced poten-
tial is generated in the external circuit that is placed between
the copper electrodes A and B. When the PTFE grid performs
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a circular motion, it gradually changes from the first to the
second state, as shown in Figure 2a(ii). During this motion,
due to the electrostatic induction, the positive charge on the
electrode A will gradually transfer to electrode B, thus forming
a transient current in the external circuit. When the PTFE grid
has the same electrostatic induction area as the two electrodes,
its outward current reaches its maximum value. When the
PTFE grid continues to move until it completely overlaps with
the copper electrode B, it will enter the third state, as shown
in Figure 2a(iii), wherein all the positive charges that were
originally on the electrode A will be transferred to the elec-
trode B due to the electrostatic induction, and then returns to
the electrostatic equilibrium state. As shown in Figure 2a(iv),
when the PTFE grid continues to move, the positive charges on
the electrode B flow back to the electrode A, which generates
a reverse current in the external circuit. Finally, the PTFE grid
returns to the first state, thus completing a full-motion cycle.
Potential differences are generated between the two electrodes
due to the different positions of the freestanding triboelectric
layer. Therefore, when a load is connected externally, the free
electrons in the external circuit will be driven by the potential
difference to generate a flow. Besides, when the freestanding
triboelectric layer moves periodically back and forth between
the two electrodes, a regularly changing output electrical signal
is generated.

When the PTFE grid is sliding, the bottom of the PTFE grid
is rubbed with four electrode pairs simultaneously, as shown
in Figure 2b. Phase A, B, C, and D correspond to the working
state of the slider at electrode pair [, II, III, and IV, respectively.
When the PTFE grid overlaps completely with the area of elec-
trode A of electrode pair I, PTFE grid overlaps 3/4 of the area of
electrode A and 1/4 of the area of electrode B of electrode pair II;
In the case of electrode pair III, the PTFE grid strip overlaps
1/2 of the areas of electrodes A and B. In electrode pair IV, the
PTFE grid strip overlaps 1/4 of the area of electrode A and 3/4
of the area of electrode B. Thus, the adjacent phases differ from
each other by 1/8 motion period, and the theoretical phase rela-
tionship of S-TCMS is shown in Figure 2c.

The COMSOL multi-physics simulation software was used
to verify the feasibility of the proposed principle. In the open-
circuit state, the potential distribution of units of electrodes A
and B was simulated. After sliding friction, the copper elec-
trode had a positive charge, while the PTFE grid surface had
a negative charge. The potential distribution curves of elec-
trodes A and B at different positions of the PTFE grid state
are presented in Figure 2d. Based on the obtained results,
the potential difference between the two electrode gradually
increased as the PTFE grid slid, thus verifying that the dif-
ference of potential can drive the current flow in the external
circuit between the electrodes and generate an electrical
output signal.

2.2. Output Characteristics
Obtaining the electrical output’s characteristics is the basis of
performance testing of the S-TCMS. To test the electrical per-

formance of the S-TCMS, an electrostatic meter (Keithley 6514)
was used to study the voltage and current of the S-TCMS. The
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Figure 2. Operation principle of the S-TCMS. a) Schematic of the operation principle of the S-TCMS, b) characteristic of the electrode pair phase
arrangement, c) voltage signal waveform of the electrode pair phase arrangement, and d) potential distributions of the S-TCMS in three different states

simulated using COMSOL.

regular operation of the S-TCMS needs to be within the oper-
ating velocity range of the circular motion platform, so in the
test, the velocity range of the test S-TCMS was in the range from
30 to 200 mm s7!, which was selected according to the common
working velocity ranges of motion platforms. The motion veloc-
ities of the servo motor were set to 10, 20, 30, 40, 50, 60, and
70 rpm, which corresponded to the linear velocities test points
of 30.4, 60.7, 91.1, 121.5, 151.8, 182.2, and 212.6 mm s}, respec-
tively. Following the theory of a freestanding triboelectric-layer-
based nanogenerator,?!l the open-circuit voltage was expressed
as:

_20x(t)

Voc = 1)

&

where o denotes the surface charge density, &, is the dielectric
constant in the vacuum, and x(t) is the sliding distance of the
slider in a cycle. The open-circuit voltage of the freestanding
triboelectric-layer-based nanogenerator was proportional to the
surface charge density and independent of the slider motion
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velocity. So, as shown in Figure 3a, the open-circuit voltage
amplitude of S-TCMS was stable at 6.8 V under different oper-
ating rates.

From the theory for a freestanding triboelectric-layer-based
nanogenerator,? the short-circuit current is expressed as

(2)

Isc =

At

where Qgc denotes the short-circuit charge transferred, and At
is the rate of charge transfer. From Equation (2), the amplitude
of the short-circuit current increases with increasing velocity,
which is consistent with the short-circuit current test results
of the S-TCMS, which are presented in Figure 3b. The effect
of the S-TCMS on the output current signal under different
external loads was also investigated. As shown in Figure 3c,
when the external load value was small (less than 0.1 MQ), the
output current of the S-TCMS was close to the short-circuit
current because of the high internal resistance of the S-TCMS.
When the external resistance increased from 1 to 100 M, the

© 2021 Wiley-VCH GmbH
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Figure 3. Characteristics of the S-TCMS. a) Open-circuit voltage (Voc), b) short-circuit current (Isc) of A-phase for different sliding velocities, c) short-
circuit current across various external resistances, and d) output maximum power across various external resistances.

external current decreased substantially. As the resistance con-
tinued to increase, the external resistance was much larger
than the internal resistance of the S-TCMS, and the current of
the external circuit gradually decreased to zero. The points of
change in trend of the resistance-current curves differed under
different operating velocities; thus, different sliding velocities
affected the internal resistance of the S-TCMS. To illustrate the
change in the internal resistance more intuitively, the output
power curves were analyzed under different sliding velocities.
According to
P.=I.R 3)
where I, denotes the maximum instantaneous current, R
is the external load, and P, is the maximum instantaneous
power. As shown in Figure 3d, the maximum output power-
external resistance curves of the S-TCMS were tested under
different operating velocities. When the external resistance of
the S-TCMS was much smaller or larger than its internal resist-
ance, the maximum output power of its external circuit was
low. In contrast, when the external resistance of the S-TCMS
was close or equal to its internal resistance, the external circuit
reached the maximum output power. Therefore, the internal
resistance of the S-TCMS changed as the sliding velocity
increased. At a sliding velocity of 30.4 mm s7!, the internal
resistance was =20 MQ, and when the sliding velocity increased
to 212.6 mm s}, the internal resistance of the S-TCMS was
=9 MQ. The experimental results show the electrical character-
istics of the S-TCMS, which coincide well with the subsequent
signal processing and sensing test results.
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2.3. Signal Processing

The TENG has excellent sensing potential, but due to its
unique electrical characteristics, it often requires using spe-
cific equipment, such as an electrometer for signal acquisition,
which limits its practical, commercial application. To address
this limitation, this paper proposes a real-time hardware signal
processing method of the S-TCMS based on the electrical char-
acteristics and signal features.

Analysis of the electrical characteristics of the S-TCMS has
revealed that improving the Angular displacement resolution
of the S-TCMS requires increasing the number of grid cycles
of the entire circular electrode by reducing the angle occupied
by a motion period. However, as a narrower width of a single
finger electrode of the S-TCMS will lead to a lower friction area,
the voltage and current of the S-TCMS will reduce. The low
amplitude and poor stability of the voltage signal of the sensor
will affect the speed and the accuracy of sensing in software
signal processing. Therefore, this work introduces a real-time
hardware-based method for processing the original signal of
the S-TCMS; the overall steps of signal processing are shown
in Figure 4. First, the operational amplifier module LM 324 chip
is used for DC filtering and amplification of the original signal,
as shown in Figure 4b(i). The voltage signal of the S-TCMS
(with the load Ry =10 MQ) is input into the first-stage DC filter
circuit to eliminate the DC bias in the original voltage signal
and to perform noise filtering. After that, the filtered S-TCMS
signal is input into the next stage LM324 operational amplifier
for the purpose of amplifying the voltage signal with the ampli-
tude of 4.2 V by five times, thus obtaining the trapezoidal wave

© 2021 Wiley-VCH GmbH
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Figure 4. Signal flow process. a) The original input signal circuit of the S-TCMS, b) hardware signal processing method of S-TCMS, c) data acquisition

method of the S-TCMS, and d) extraction of sensing signal features by PC.

voltage signal, as shown in Figure 4b(ii). The magnification of
the operational amplification module can be adjusted according
to the amplitude of the original signal input by S-TCMS, so that
the consistency of the trapezoidal wave shape of the amplified
four-way signal is guaranteed. To ensure the sensed signal’s
phase accuracy, the trapezoidal waveform signal is fed to the
hysteresis comparison module, as presented in Figure 4b(iii),
which converts the trapezoidal waveform signal into a square
waveform signal with a duty ratio of 1:1. The Exclusive-OR gate
circuit and experimental results are shown in Figure S2 (Sup-
porting Information). Finally, the four standard square wave
signals with a phase difference are fed to the Exclusive-OR gate
and synthesized into the standard two square wave signals with
a phase difference of 7/2, which are commonly used in motion
sensors in the industry, as displayed in Figure 4b(iv). After the
S-TCMS hardware signal processing, the standard sensing
signals can be acquired directly via the data acquisition card
(NI PCI-6259), as shown in Figure 4c. For the four signals of
S-TCMS, only two ports of the acquisition card need to be occu-
pied. The number and frequency of upper and lower edges of
two digital signals are extracted and calculated by the LabVIEW
software, as shown in Figure 4d, thus, realizing the detection of
the circular motion velocity and position of the S-TCMS. Due to
the reliability of the hardware analog circuit with a high trans-
mission rate, the stability and timeliness of hardware signal
processing were better than those of the existing software
signal feature extraction methods for the triboelectric sensor.
Hence, the proposed method can overcome the application lim-
itations of the S-TCMS in terms of detection means and can be
extended to freestanding triboelectric-layer-based motion sen-
sors for better production performance.

To verify the feasibility of hardware signal processing, the
S-TCMS slider was operated at a linear velocity of 91.1 mm s™!
(30 rpm), and an oscilloscope was used to test the signal trans-
mission status in real-time during the hardware processing
(Figure S3, Supporting Information). The four original voltage
signals of the S-TCMS open circuit (Figure 5a) corresponded
to phases A, B, C, and D. The original signals have noise and
DC bias and differ by /4 in phase between each path but had
the same frequency of 60 Hz. The original signal was fed to the
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two-stage operational amplifier for DC filtering and amplifica-
tion, and the amplifier module was connected to a voltage of
4.5 V, so the minimum and maximum output voltage of the
op-amp module were —4.5 and 4.5 V, respectively. According
to the original signal amplitude, the amplification is set to
five times. The triangular waveform was converted into a trap-
ezoidal waveform during the amplification process, and its
phase and frequency characteristics remained unchanged, as
shown in Figure 5b. After that, the trapezoidal waveform was
fed to the hysteresis comparison circuit, and the upper and
lower limits of the voltage jump were taken as +2.42/-2.71V;
more information about the hysteresis comparison is given in
Figure S2, Supporting Information. The amplitude of the con-
verted square wave with different phases was £4.5 V, as presented
in Figure 5c. The video demonstration is given in Video S1
(Supporting Information).

The zero-value voltage comparator was used to return the
output signal with the negative square wave amplitude to zero
by setting the comparison voltage to 0 V, thus transforming
the voltage analog signal to the digital signal, as shown in
Figure 5d. The phase, frequency, and number of periods in the
digital signal remain the same as in the original signal. Since
the S-TCMS outputted four-way signals, if the four signals
were acquired simultaneously, it would both occupy an addi-
tional hardware interface and reduce the application capability
of the S-TCMS. Therefore, phases A and C (phases B and D)
of the four signals were synthesized into a single square wave
signal with a double frequency by the Exclusive-OR function,
as shown in Figure 5e, which reduced the number of passes
to the acquisition card. The square wave signal synthesized by
phases A and C was denoted as phase M, and the square wave
signal synthesized by phases B and D was denoted as phase N.
The frequency of phases M and N was the same, and it was
120 Hz, and their phase difference was /2, which was the
output signal of a standard industrial velocity-position sensor,
as shown in Figure 5f. After using the four-way staggered elec-
trode, the angular displacement resolution of the sensor is four
times higher than that of the single electrode, reaching 0.375°.

In addition to the case of combining four signals into two
signals, the proposed method can be extended to multiple

© 2021 Wiley-VCH GmbH
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Figure 5. Experimental results of hardware signal processing. a) The original input signal circuit of the S-TCMS (the velocity of the slider is 91.1 mm s,
load 10 MQ), b) signal of S-TCMS after DC filtering and operational amplification, c) signal of S-TCMS after hysteretic comparison, d) signal of S-TCMS
after the zero comparison, e) signal of S-TCMS after the XOR comparison, and f) the output signal of S-TCMS after hardware signal processing.

differential applications, which can effectively reduce the
requirement for hardware resources. The frequency characteris-
tics of the output standard square wave signal and the number
of edge jumps can reflect the velocity and displacement infor-
mation of the slider.

3. Circular Platform and Sensing Application

For realizing the circular motion sensing detection of the
S-TCMS, the S-TCMS was applied to the circular motion
platform. The circular motion platform was mainly divided
into two parts, the top part and the bottom part. The top part
mainly consisted of the drive arm, drive shaft, connecting
rod, and the S-TCMS slider unit, as shown in Figure 6a; the
bottom part mainly included the servo motor, code plate,
base, coupling, and the motion platform, wherein the sheet
of the electrode was installed, as shown in Figure 6b. The
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servo motor, which was connected to the drive shaft via cou-
pling, was fixed to the base. The drive shaft kept the drive
arm synchronized with the drive shaft through a nut. The end
of the drive arm was arranged with three mounting hole slots
to connect with rods, and the connecting rods were fixedly
connected to the slider unit through threads. And the slider,
which could move in a direction perpendicular to the plat-
form surface relative to the drive arm, could be pressed on
the platform surface through spring. When the servo motor
rotated, the shaft drove the arm and the motion unit to rotate
around the motor axis together. The motor shaft coincided
with the axis of the circular platform, so the slider could
maintain the same angular velocity and angular displacement
as the servo motor in a circular motion on the circular plat-
form. Circular motion control of the slider could be achieved
by controlling the motion of the servo motor, including dif-
ferent motion velocities, forward and reverse rotation, and
positioning operation.

© 2021 Wiley-VCH GmbH
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(a) Actuating arm
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(b) Circular platform
Coupler

Connecting

Actuating shaft

rods

Springs

lloscope

Figure 6. Circular motion platform with the S-TCMS. a) The top structure of the circular motion platform, b) the bottom structure of the circular motion

platform, and c) photograph of the test system.

A circular motion-sensing experiment platform was built, as
shown in Figure 6¢c. The S-TCMS was well integrated into the
circular motion platform, and the servo motor was controlled by
a special servo amplifier. As presented in Figure 6¢, the printed
circuit board (PCB) board of the hardware processing circuit
was built and connected to the output signal of the S-TCMS,
and the output digital signal of the PCB board was connected
to the data acquisition card port, and the oscilloscope was used
for real-time monitoring of the output sensing signal to ensure
the output signal’s reliability. The waveform of the experimen-
tally detected sensing signal is shown in Figure S4 (Supporting
Information).

To extract the signal characteristics of the digital square wave
signal, the LabVIEW sensing acquisition system was used to
realize the acquisition of the frequency and upper and lower
edge jumps of a square wave signal, as shown in Figure 7a.
The real-time velocity and displacement of the slider could be
obtained by detecting the frequency, and the sum of edge jumps
of the square wave input signal in real-time. Video demonstra-
tions are given in Videos S2 and S3 (Supporting Information).

The sensing characteristics of the S-TCMS were investigated
by means of a sensing test system. First, the linearity of the
velocity detection of the S-TCMS was tested, and the results
showed that the angular velocity detected by the S-TCMS had
high linearity with the angular velocity detected by the high-
precision code plate of the servo motor (4,200,000 pulses per
revolution), as presented in Figure 7b. The maximum velocity
deviation rate was less than 0.37% in the interval of working

Adv. Mater. Technol. 2021, 2100655

2100655 (8 of 11)

velocity, as shown in Figure 7c. The obtained results indicated
that the S-TCMS had good circular velocity detection capa-
bility that could meet the accuracy requirements of industrial
velocity sensors. To evaluate the detection of circular displace-
ment, the sensing test was conducted, and the adopted calcu-
lation method was the cumulative summation of the numbers
of edge jumps of the two square waves. Based on the results,
the S-TCMS could generate 960 edge jumps during one circle
of the slider movement, achieving the angular resolution of
0.375°, as shown in Figure 7e. In Figure 7e, the linear relation-
ship between the angular position detected by the S-TCMS and
the angular position of the servo motor code plate is displayed.
Figure 7d shows the angular position deviations at different
angular positions. The maximum angular position deviation
of the one-circle motion was 0.420°. The repetition accuracy of
the angular position detection of the S-TCMS was also tested,
and results are shown in Figure 7f,g. The experiments were
conducted at 15° intervals, and the repetition accuracy of the
S-TCMS at each position was tested separately. The length of
the interval of repeated positioning error was less than 0.3° at
different angle positions. Hence, the S-TCMS has the capability
of motion sensing.

4, Conclusion

This paper proposes an S-TCMS that can achieve circular
motion detection in real-time under large-radius circular

© 2021 Wiley-VCH GmbH
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Figure 7. Test of S-TCMS sensing performance. a) LabVIEW sensor test system, b) linear relationship of velocity between S-TCMS and servo motor,
c) deviation value and deviation rate of velocity between S-TCMS and servo motor, d) the angular displacement deviation between servo motor and
S-TCMS, e) linear relationship of angle displacement between servo motor and S-TCMS, f,g) the repeat accuracy of the angular displacement of S-TCMS

at different angle positions.

displacement trajectories by applying the operating mode of
freestanding triboelectric-layer-based nanogenerators. The
S-TCMS consists of the slider and stator units. The slider unit
has a PTFE grid attached to its bottom, while the stator unit
is a sheet of four-way staggered circular electrode. The angular
displacement resolution of the four-way staggered circular elec-
trode is four times that of a single electrode pair. The electrical
characteristics and signal features of the proposed S-TCMS are
determined and analyzed. In addition, a real-time hardware
signal processing method for the original output of the S-TCMS
is proposed. After the PCB circuit processing, the signal is

Adv. Mater. Technol. 2021, 2100655

2100655 (9 of 11)

transformed into a standard two-way square wave signal so
that the S-TCMS sensing signal can be directly acquired by the
data acquisition card in real-time. This method can effectively
reduce the dependence of the four-way electrode on the number
of ports of the data acquisition card and improve the S-TCMS
application capabilities in signal acquisition when triboelectric
sensors are used in practice. The experimental results show
that the proposed S-TCMS has good linearity in sensing detec-
tion, and the detected signal frequency can reflect the velocity
of the slider since the maximum velocity deviation rate is less
than 0.37%. Meanwhile, the angular displacement resolution of
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0.375° and the displacement accuracy of 0.42° is achieved, and
the length of the interval of repeated positioning error was less
than 0.3°. Therefore, S-TCMS can sense the slider motion on a
circular motion platform well and with high stability.

5. Experimental Section

Fabrication of the S-TCMS and Hardware Processing Circuit: The
S-TCMS consisted of an aluminum alloy slider, a PTFE grid, and a sheet
of circular copper electrode. The aluminum alloy slider had a threaded
hole for connection to the moving parts; the PTFE grid was cut from the
PTFE sheet with a grid width of 1.3° and a pitch of 1.7°; the inner and
outer diameters, angle, and thickness of the sector sheet were 300 mm,
376 mm, 16.5°, and 2 mm, respectively. The sheet of the electrode was
composed of four concentric circular staggered electrode pairs. The
finger-width of a single electrode was 1.3°, and the slit width between the
staggered electrode was 0.2°. The specific style and size of the staggered
electrode are presented in Figure S1 (Supporting Information). The
electrode was fabricated using the industrial PCB double-layer board
technology, etched in the staggered electrode style, with a copper
thickness of 2.1 mil, and encapsulated on a 1.6-mm-thick circuit board
substrate; the middle two electrodes led to the lower board, and the
outer two electrodes led to the upper board. The circuit board substrate
was evenly arranged with four through-holes for mounting the sheet of
electrode on the guide of the circular motion platform.

The real-time hardware processing circuit used two LM324 chips
to build the DC filter and amplifier module, LM339 chips to build the
hysteresis comparison module, and 74LS138 Exclusive-OR gate chips
to perform Exclusive-OR processing. The electrode was made by the
industrial PCB technology with the power ground and input and output
ports.

Measurement: The S-TCMS was assembled on a circular motion
positioning platform, and the drive servo motor used in the platform
with the code plate (Mr-J4, Mitsubishi, Japan) was connected to the
aluminum alloy drive arm via coupling to drive the slider movement.
The experiment was conducted in the clean laboratory environment with
temperature of 23 °C and humidity of 42%. The electrical characteristics
of the S-TCMS were measured using an electrometer (6514, Keithley,
USA), and the signal state was monitored using an oscilloscope
(DSOX1204A, KEYSIGHT, China). The original signal was fed to the PCB
board for hardware signal processing, and then the output signal after
signal processing was fed to a data acquisition card (PCI-6259, National
Instruments, USA), and finally, input to the computer. The sensing test
system was designed using the LabVIEW software platform to realize
real-time data acquisition control and analysis.

Supporting Information

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