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ABSTRACT

To realize the simultaneous monitoring of linear-rotary multi-motion, a linear and rotary coupled-motion
triboelectric mechanical motion sensor (LRC-TMMS) with a gear-like engagement electrode (GE-electrode) is
proposed. The displacement and velocity measurement of the linear and rotary motions can be realized by using
GE-electrode, and the linear, rotary, and helical motions of the LRC-TMMS can be distinguished by the signal
processing method of fundamental frequency separation. The results illustrate that the LRC-TMMS can achieve
stable monitoring with a maximum linear stroke of 70 mm. And the linear fitting lines between the parameters of
the output signal and that of the input motion are consistent with the theoretical reference results. In addition,
the velocities monitored by the LRC-TMMS in different motions have good linearity, and most error rates are less
than 3%. The practical monitoring performance of the LRC-TMMS in nine motion modes is verified using a
commercial linear-rotary motor, which has potential application prospects in the fields of the intelligent

manipulator and automated manufacturing.

1. Introduction

Linear motion and rotary motion, as the most common modes of
mechanical motion, are the widely used in various industries [1-4]. In
particular, it is particularly necessary to use sensors to monitor the linear
and rotary motions in typical scenarios such as the control of motors or
reducers in industry, the positioning of drives, and the feedback of robot
joint motion. To adapt to different usage requirements, the types of
sensors that monitor linear motion [5,6] or rotary motion [7,8] are also
diverse. It is worth mentioning that some sensors can be adapted for
multi-degree-of-freedom motion monitoring, such as hall-effect sensors
[9], optical sensors [10,11], accelerometers [12], etc. However, they all
required multiple sensors to achieve simultaneous detection of the linear
and rotary motions, which have the problems of large installation space
and complex detection algorithms. For example, Lee et al. developed a
sensing system that utilizes three optical sensors located at different
locations to measure and control the attitude. And since the optical
sensors need to maintain a measurement gap, it is equipped with mul-
tiple passive joints [10]. Onodera et al. proposed a motion sensor that

can distinguish 6-DOF motion using six linear accelerometers [12].
Furthermore, the motion space of the traditional multi-motion sensing
system is easily disturbed and the maintenance cost is high, due to the
power supply and wiring issues. Therefore, self-powered sensing tech-
nology has become a new trend in the development of motion sensors
[13-15].

In 2012, Wang’s group invented the triboelectric nanogenerator
(TENG) for the first time based on triboelectric and electrostatic in-
duction effects [16], which can be used for micro/nano energy har-
vesting [17-19] and self-powered sensing [20,21]. As a novel
self-powered sensing technology, TENG has the advantages of
multi-form and low-cost [22,23], which has shown broad application
prospects in mechanical motion monitoring [24-26], fluid sensing [27,
28], exercise/health monitoring [29,30], and intelligent facilities [31,
32]. Especially for linear and rotary motions, researchers have proposed
a variety of representative triboelectric mechanical motion sensors
[33-35], and also designed some sensors that can monitor linear motion
as well as rotary motion [36,37]. It is noted that these sensors can only
achieve step-by-step monitoring of one motion form (linear motion or
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rotary motion) at a time. There is no triboelectric mechanical motion
sensor that can simultaneously monitor linear-rotary multi-motion.
Herein, a linear and rotary coupled-motion triboelectric mechanical
motion sensor (LRC-TMMS) for multi-motion simultaneous monitoring
is proposed. The LRC-TMMS uses a gear-like engagement electrode (GE-
electrode) to generate two voltage signals with large amplitude differ-
ences in the linear and rotary motions. After signal processing, the LRC-
TMMS can realize simultaneous monitoring of linear-rotary multi-mo-
tion. Firstly, the operating principle of the LRC-TMMS is analyzed. The
prototype of the LRC-TMMS is developed and the experimental system is
built. Subsequently, the displacement monitoring performance of the
LRC-TMMS is explored, and the output signals of the LRC-TMMS under
linear, rotary and helical motions with different velocities are also
measured. In addition, the linear relationship and error rate between the
signal frequency and the input velocity are analyzed. Finally, the dem-
onstrations and durability experiments are carried out, which prove the
feasibility of the LRC-TMMS in practical applications of the intelligent
robot, manipulator, capping machine and semiconductor packaging.

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

Based on the triboelectric and electrostatic induction effects, the
amplitude of the voltage signal generated by the sliding contact of two
friction materials with different triboelectric polarities is positively
correlated with the contact area and has nothing to do with the fre-
quency. Therefore, a special GE-electrode is designed on the basis of
above mentioned characteristics, as sketched in Fig. 1a. Rectangular
electrodes with different areas are staggered and connected to the
centerline of the electrode to form an electrode. Multiple electrodes are
arranged in parallel and engaged with each other to form the GE-
electrode.

The LRC-TMMS consists of a stator, a mover, and a pair of GE-
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electrodes, and the assembly process is illustrated in Fig. 1b. The cop-
per electrodes of the designed GE-electrode are mounted on the inner
surface of the cylindrical stator. The PTFE films are evenly distributed
and circumferentially mounted on the outer surface of the mover.
Through the linear and rotary movements of the mover, the PTFE films
and the copper electrodes generate relative motion, thereby monitoring
the motion status of the linear and rotary direction. The LRC-TMMS
converts the external mechanical energy of the linear and rotary mo-
tions into electricity based on the triboelectric and electrostatic induc-
tion effects. Fig. 1c illustrates the prototype photographs of the LRC-
TMMS. The length and diameter of both ends of the mover can be
determined according to the actual working state. A more detailed
description is given in the experimental section.

The copper electrodes and PTFE film constitute the electromechan-
ical conversion part of the LRC-TMMS. According to Fig. 2a, the elec-
tromechanical conversion principle of the LRC-TMMS is illustrated.
When the mover moves linearly in the stator (Fig. 2a(i)), the surfaces of
the copper electrode and PTFE films will produce the same amount of
charges of opposite nature due to the different triboelectric polarities.
When the PTFE films on the mover completely correspond to the copper-
1 on the GE-electrode, the positive charge of the copper-1 is equal to the
negative charge on the surface of the PTFE film. At this time, copper-1
and copper-2 of GE-electrode are in electrostatic balance. When the
PTEFE films slide from the corresponding position on copper-1 to copper-
2, the original electrostatic balance will be destroyed. Under the action
of electrostatic induction, there will be a potential difference between
copper-1 and copper-2, which will transfer electrons from copper-2 to
copper-1 to form a new electrostatic balance and make the external load
form a current. Finally, when the PTFE films completely overlap with
copper-1 at the next position, the electrostatic balance between the
electrodes will be reached again. And the electrons will be transferred to
copper-2 again to make the external load form a current in the opposite
direction. This is the complete process of generating a periodic electrical
signal. And when the mover is in continuous motion, it causes the LRC-
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Fig. 1. Structural design of the LRC-TMMS. (a) GE-electrode structure. (b) Assembly process and schematic structure. (c) Photographs of the prototype.
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Fig. 2. Operating principle analysis of the LRC-TMMS. (a) Charge transfer process under (i) linear motion and (ii) rotary motion. (b) Potential distribution simulation

under helical motion.

TMMS to generate an alternating current (AC) signal. Similarly, a similar
charge transfer process occurs on the GE-electrode when the mover
rotates in the stator (Fig. 2a(ii)).

Due to the smaller size of the electrode, metal processing is simpler
than that of PTFE film. Therefore, the inner surface of the PTFE film is
affixed with a metal of the corresponding shape. Fig. 2b describes the
helical motion process of the LRC-TMMS and the numerical simulation
of the electrostatic field in the case of the open circuit by COMSOL
software. Only the PTFE films corresponding to the metal electrode of
the mover acts on the copper electrodes of the stator. The electrostatic
induction effect of the excess part on the PTFE films and the copper
electrodes of stator can be canceled out. Therefore, when the metal
electrode on the mover moves helically, the stator copper electrodes
corresponding to the moving metal electrode presents the highest pos-
itive potential. And with the motion of the metal electrode, the position
of the highest positive potential on the stator copper electrode changes,
causing the potentials of the two copper electrodes on the stator to
change with each other, thereby generating an AC signal. Comparing the
simulation results with the charge transfer process in Fig. 2a can further
enhance the elaboration of the sensing signal generation mechanism of
the LRC-TMMS.

2.2. Model analysis and signal processing

According to the operating principle of the LRC-TMMS, a theoretical
model of sliding freestanding triboelectric-layer nanogenerator is
established, as shown in Fig. 3a. When the sensor performs linear and
rotary coupled-motion at the same time, the output voltage signal g(¢) is
composed of two fundamental frequency signals and noise, and its
expression is:

8(1) = g1(2) + g2(t) + 8xoise (1) M
Among them, the output signal of LRC-TMMS is similar to a sinu-
soidal signal. The fundamental frequency signal can be expressed as:

8:(1) = A, sin(@,t + ¢,) 2)

where A, is the amplitude of the signal, w, is the angular frequency, and
¢n is the initial phase. According to Fig. 3a and Eq. (S1 - S6), the
amplitude of the signal is:

__owlS,
n COSO

3

where o is the charge density, w is the width of PTFE, [ is the length of
PTFE, C is the capacitance between the two electrodes of the stator, Sy
is the area of the initial electrode, and Sy, is the area of the next adjacent
electrode of the mover in the moving direction.

It can be seen from Fig. 1a that when the mover produces the linear
and rotary motions, the electrode area difference in the two vertical
directions is different. When the LRC-TMMS performs a helical motion,
the initial position of the PTFE is the same. Thus, it can be considered
that Sy in the two directions is the same, and the S, is different. There-
fore, where n = 1, 2. Among them, Sy > S,,. And the expression for fre-
quency is:

[OM
fo= b ()]
So, Eq. (1) can be expressed as:
owl . .
8(1) = g 151 SINQ2Hfit + 1) + Sz Sin(2Afot + )] + Guoise (1) (5)
020
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Fig. 3. Theoretical modeling and signal processing of the LRC-TMMS. (a) Theoretical model. (b) Signal processing flow of (i) displacement and (ii) velocity.

Among them, the areas of S; and S, are not equal. Therefore, by
performing fast Fourier transform (FFT) processing on the sampled
signal g(t), two fundamental frequency signals with different amplitudes
can be extracted as motion information in two directions. The above
model is verified by MATLAB software analog signal extraction (Fig. S1

and Table S1).
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of falling edges. (d) Errors under different linear displacements.

70 mm

As shown in Fig. 3b, through signal processing and analysis, the LRC-
TMMS can realize the displacement or velocity simultaneous monitoring
of multi-motion. In this paper, the displacement resolution of linear
motion is 2 mm and the angle resolution of rotary motion is 15°. A more
detailed description is given in the Supporting Information.
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2.3. Basic sensing performance

An experimental system (Fig. S2) that can realize multi-motion
excitation of linear, rotary and helical motions is established to mea-
sure the basic performance of the LRC-TMMS. The results measured by
commercial sensors are used as the calibration parameters to illustrate
the sensing performance of the LRC-TMMS. A more detailed description
is given in the experimental section. The displacement calculation pro-
cess of the LRC-TMMS is illustrated in Fig. 4a. The original signal is
converted into a rectangular wave signal through the thresholds, and the
number of falling edges is counted to calculate the output displacement.
Besides, the velocity can be calculated through the fundamental fre-
quency obtained by the output voltage of the LRC-TMMS based on
Fig. 3b.

Firstly, the output signals of the LRC-TMMS under different linear
displacements are analyzed. The output voltages under different dis-
placements between 10 and 70 mm are measured. As shown in Fig. 4b,
the LRC-TMMS can output a stable AC signal under different linear
displacements. And the number of falling edges of rectangular waves can
be accurately obtained by signal processing. Meanwhile, the linear
motion parameters are calculated through the output signals of the LRC-
TMMS, in which the LRC-TMMS are calibrated by the values measured
by the commercial displacement sensor, and the linearity and error rate
at different linear displacements can be obtained. As shown in Fig. 4c,
the number of falling edges has a good linear relationship with linear
displacement, and the adjusted R-square is 0.9999. The linear fitting line
is almost identical to the theoretical reference result. In addition, the
error value and error rate of the sensor can be calculated by Eq. (S13)
and Eq. (S14). The maximum error rate of the displacement measured by
the LRC-TMMS is less than 3% in the maximum displacement of 70 mm,
as sketched in Fig. 4d. The error fluctuation within a small range may be
caused by random errors from the external environment and the device
circuit. The above experiments prove the feasibility of the LRC-TMMS in
displacement monitoring.

The velocity monitoring performance of the prototype is explained
by analyzing the output signals of the LRC-TMMS in different motion
modes. The output voltages of the LRC-TMMS under the different ve-
locities of the linear and rotary motions are measured, respectively. The

Nano Energy 108 (2023) 108239

results show that the output voltage curves of the LRC-TMMS are stable
under the linear velocity of 5 - 200 mm/s (Fig. 5a and S3a) or the rotary
velocity of 20 — 200 rpm (Fig. 5d and S3b). And the voltage amplitude of
the rotary motion is significantly lower than that of the linear motion,
which further verifies the correctness of the theoretical model. To cali-
brate the velocity sensing characteristics of the LRC-TMMS, funda-
mental frequencies at different velocities are extracted to fit the straight
line and compared with the theoretical reference result converted from
Fig. 3b. As shown in Fig. 5b and e, there is a good linear relationship
between the output signal frequency and the input velocity, which could
be linearly fitted with the adjusted R-square of 0.9999 and about 1,
respectively. It can be seen that although the errors occur during the
measurement due to prototype assembly and motor input characteris-
tics, the linear fitting line is almost identical to the theoretical reference
result. Therefore, the correctness of the signal processing in Fig. 3b is
verified, which is the basis for the LRC-TMMS as a velocity sensor. The
deviation between the linear fitting line and the theoretical reference
result is due to the measuring error of the LRC-TMMS. Therefore, the
error values and the corresponding error rates are calculated under
different velocities. As shown in Fig. 5S¢, the error value increases with
the linear velocity, and the error rate of the LRC-TMMS is mostly below
3.5% in the linear velocity range of 5-200 mm/s. The more frequency
components of variable motion mixed in, the interference to the main
frequency of the extracted signal is increased. And the linear motor has
variable motion during the start and the stop phases. Therefore, the
faster the motion velocity, the shorter the time for the uniform motion of
the mover, and the more other velocity components. Combined with the
above reasons, the error values of linear velocity show an increasing
trend. Moreover, the calibration results of the rotary velocity measured
by the LRC-TMMS and the commercial encoder is illustrated in Fig. 5f.
Since the voltage signal of rotary motion is extracted when the LRC-
TMMS is in stable motion, the error values only fluctuate within a
certain range, which is different from the trend of linear motion. And the
maximum error rate of the LRC-TMMS is less than 0.4%. In addition, the
velocity monitoring performance of the LRC-TMMS under different
linear displacements is measured. As shown in Fig. S4, most error rates
can be kept below 3%. A more detailed description is given in the
Supporting Information.
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To prove that the LRC-TMMS can achieve the simultaneous moni-
toring of linear-rotary multi-motion, the sensing performance of the
LRC-TMMS is measured under helical motion with a combination of the
linear and rotary motions. Firstly, the output signals of the LRC-TMMS
under rotary velocity with 100 rpm, linear motion with 60 mm stroke
and different linear velocities are measured (Fig. S5a). The spectral
analysis results of FFT processing of the output voltage are shown in
Fig. 6a. Although there is a lot of noise, the two fundamental frequencies
can be accurately identified. The signal frequency of the LRC-TMMS
corresponding to the linear and rotary motions at different velocities
can be extracted respectively, and the effects of the linear and rotary
velocities on the signal frequency of helical motion can be obtained. As
shown in Fig. 6b, the signal frequency of the LRC-TMMS corresponding
to the fixed rotary velocity fluctuates near the reference line of the

(a)
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theoretical value of 20 Hz. The signal frequency of the LRC-TMMS
corresponding to the variable linear velocity is linearly related to the
adjusted R-square of 0.9987, and its linear fitting line is the same as the
theoretical reference result. The error rate is calculated by the LRC-
TMMS and commercial sensors, the results are shown in Fig. 6¢c. The
most error rate of the linear and rotary motions is less than 3%. In
addition, to represent the ability of the LRC-TMMS to detect funda-
mental frequency signals, the signal-to-noise ratio (SNR) of the LRC-
TMMS is calculated based on the spectral analysis results of Fig. 6a. As
shown in Fig. 6d, the maximum SNR of the linear and rotary motions can
reach 28.22 dB and 20.14 dB, respectively. The SNR of linear motion is
generally greater than that of rotary motion because the voltage
amplitude of linear motion is greater than that of rotary motion.
Besides, the output signals of the LRC-TMMS under helical motion
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with different rotary velocities are measured, in which the linear stroke
and velocity are 60 mm and 40 mm/s (Fig. S5b). The frequency spec-
trum of the output voltage is illustrated in Fig. 6e. Similarly, the two
fundamental frequencies can be accurately extracted according to the
amplitude of the voltage. Furthermore, the sensing performance of the
LRC-TMMS is analyzed. As shown in Fig. 6 f, the extraction frequencies
of the signals have expressed linearity with the rotary velocity, among
which the adjusted R-square of the rotary motion is equal to 0.9999. And
the signal frequency of the LRC-TMMS corresponding to the fixed linear
velocity fluctuates near the reference line of the theoretical value of
10 Hz. As shown in Fig. 6 g, the most error rate of linear motion is also
below 2.5%, and the most error rate of rotary motion is kept below 2%.
In addition, the SNR of the linear and rotary motions can reach 20.86 dB
and 11.82 dB, respectively. The results show that the LRC-TMMS can
simultaneously monitor the linear and rotary velocity components of the
helical motion.

3. Demonstration

The above sensing performance indicates that the LRC-TMMS is
suitable for the monitoring of multiple mechanical motions such as
linear, rotary and helical motion, individually or in combination, as
shown in Table 1. The developed LRC-TMMS has potential application
prospects in the intelligent robot, manipulator, capping machine and
semiconductor packaging (Fig. 7a).

To explain the stability of LRC-TMMS as a monitoring sensor of
multi-motion states, a commercial linear-rotary motor (LinMot, PR-52)
is adopted to realize both linear and rotary motions, and is currently
used in industries such as automated machinery and semiconductor
manufacturing in Fig. 7a. The demonstration system of the LRC-TMMS is
illustrated in Fig. 7b. The commercial motor is installed above the LRC-
TMMS to generate linear, rotary, and helical motions. The demonstra-
tion program corresponding to the signal processing flow of Fig. 3b is
written using LabVIEW software. The program can process and display
the multi-motion states in real time, including the linear and rotary
displacements (Fig. 7c(i)), and the velocity of linear, rotary, and helical
motions (Fig. 7c(ii)). (Details are presented in Supporting Movie S1 and
S2). The period of FFT in real-time processing is an important factor
affecting the dynamic characteristics of the system. Taking the linear
motion of 10 mm/s as an example, the sampling periods of 0.5sand 1 s
are set for comparison. As shown in Fig. 7d, the longer the sampling
period, the smaller the real-time velocity error obtained. However, if the
sampling period is increased, the tracking performance toward the ve-
locity changed dynamically will deteriorate. Therefore, the sampling
period of the system should be as short as possible under the premise of
ensuring controllable error.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108239.

The durability experiment of the LRC-TMMS is carried out using the
demonstration system. The LRC-TMMS can still accurately extract the
two fundamental frequencies corresponding to the linear and rotary
motions after 17.5 h of continuous helical motion under the rotary ve-
locity of 60 rpm, the stroke of 60 mm, and the linear velocity of 10 mm/
s. As shown in Figs. S6 and 7e, the error rate of the LRC-TMMS always
remains below 3%, and the error rate of rotary frequency is even below
1%, which proves that the LRC-TMMS is stable enough and has the

Table 1
Monitorable motion modes of the LRC-TMMS.
Stop Upward Downward
Stop Stop Upward Downward
Clockwise Clockwise Left-handed helix Right-handed
helix

Counterclockwise ~ Counterclockwise  Right-handed Left-handed helix

helix

Nano Energy 108 (2023) 108239
potential for industrialization.
4. Conclusion

In summary, a novel LRC-TMMS with a GE-electrode was proposed
according to the positive correlation between the contact area and the
amplitude of the output voltage of TENG. The operating principle of the
LRC-TMMS was analyzed; the theoretical model was established and
verified; the signal processing flow was also explained in detail. The
sensing performance of the LRC-TMMS under linear, rotary, and helical
motions has been measured, respectively. The linear and rotary
displacement resolutions are 2mm and 15°. Experimental results
showed that the LRC-TMMS could stably monitor the motion displace-
ment of the mover through the rectangular wave counting method, and
the maximum linear stroke of the LRC-TMMS was 70 mm. Furthermore,
the LRC-TMMS had good linearity under different motions, and most
error rates were less than 3%. Finally, a commercial linear-rotary motor
was used to demonstrate the practical application of the LRC-TMMS.
And after 17.5 h of continuous helical motion, the error rate of the
LRC-TMMS remained below 3%. Compared with the current multi-
motion sensing systems, the LRC-TMMS can avoid the use of external
power sources, so it is expected to realize self-powered sensing. In
addition, since this monitor method only utilizes one sensor, it has the
advantages of high integration and small installation space. This appli-
cation of self-powered sensors will promote the development of me-
chanical motion monitoring technology.

5. Experimental section
5.1. Fabrication of the LRC-TMMS

The LRC-TMMS has dimensions of 66 mm (diameter) x 140 mm
(length). The mover is made of aluminum alloy (AL7075). The stator is
made by three-dimension printing (3DP) technology. A linear bearing is
installed at each end of the stator to better transmit the linear and rotary
motions, and then the mover passes through the linear bearings at both
ends. Besides, to ensure full contact between the stator and mover, foam
rubber (thickness 1 mm) is installed on the inner surface of the cylin-
drical stator, and then the copper electrode of GE-electrode is pasted on
the foam rubber. The GE-electrode is made of the copper electrode layer
(thickness 35 um) and polyimide substrate (thickness 25 pm) through
flexible printed circuit (FPC) technology. Among them, the copper
electrode layer is designed with interconnected large rectangular elec-
trodes (length 6 mm, width 2.8 mm) and small rectangular electrodes
(length 6.4 mm, width 0.8 mm), and the gap between each column of
electrodes is 0.2 mm. Because the output is set directly on the front of
the GE-electrode, the FPC layer number is a single layer and there is no
through-hole. The thickness of the PTFE film on the mover is 80 pm.

5.2. Measurement

The linear motor (QRXQ, RXP60-800) is installed on the workbench,
and the rotary motor (Mitsubishi Electric, HG-KR43J) is installed on the
moving platform of linear motor. The prototype is installed above the
linear motor through the profile frame, and the mover of the prototype is
connected to the rotary motor. The rotary motor matching encoder is
installed at the rear end of the rotary motor for monitoring the rotary
motion. The displacement sensor (Micro-Epsilon, ILD 1402-200) is
installed on one side of the linear motor to monitor the linear motion. In
addition, the measurement and acquisition of the output signal gener-
ated by the LRC-TMMS are realized by the data acquisition (DAQ) card
(NI, USB-6218) and LabVIEW software.
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