Chemical Engineering Journal 478 (2023) 147238

o %

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Check for

Self-powered retractable reel sensor for crack monitoring and warning in =~ &

civil infrastructures

Xiaole Cao ™", Xuelian Wei ™", Xiaoging Huo *", Baocheng Wang *", Yiran Hu

a,b
b

Zhong Lin Wang %", Zhiyi Wu™""

2 Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, PR China

b School of Nanoscience and Technology, University of Chinese Academy of Sciences, Beijing 100049, PR China
€ School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

4 Yonsei Frontier Lab, Yonsei University, Seoul 03722, Republic of Korea

ARTICLE INFO

Keywords:

Self-powered sensors
Triboelectric nanogenerators
Retractable reel

Crack monitoring

Structural health monitoring

ABSTRACT

Crack occurrence and propagation are among the critical factors that affect the performance and lifespan of civil
infrastructure such as bridges, buildings, etc. Therefore, numerous crack detection and characterization tech-
niques have been developed over the past decades. In this study, we proposed the self-powered with the merits of
cost-affordable, high resolution, and wide monitoring range to monitor small cracks in infrastructure. The self-
powered retractable reel sensor includes two triboelectric nanogenerator (TENG) sensing units for low and high
speed fracture monitoring, respectively. By using the principle of retractable reel structure, the linear motion of
the crack is converted into the rotation of the TENG. Through peak extraction and pulse counting, the testing of
crack velocity and displacement was realized simultaneously. A real resolution of 0.222 mm are achieved
through the structural design and electrical performance characterization. With the help of the LabVIEW plat-
form and multi-channel data acquisition program, its application in crack monitoring and early warning is
successfully demonstrated. This work presents a novel self-powered sensor for crack monitoring and early
warning, such a strategy is potentially available for distributed sensor construction towards structural health

monitoring (SHM) of the infrastructure.

1. Introduction

Civil infrastructure (such as bridges, etc.) typically plays an impor-
tant role in the prosperity of a society [1]. Tragic disasters that take an
enormous toll on human life and property, such as bridge and building
collapses, have frequently occurred due to small cracks in the infra-
structure [2,3]. Typically, the crack formation process is relatively slow,
but it can develop rapidly along the solid structure of the infrastructure
once it is formed [4,5]. Therefore, timely detection of cracks after their
initiation through dynamic crack monitoring is essential to mitigate or
prevent catastrophes. Structural Health Monitoring (SHM) methods
have been widely used to assess the performance of these structures and
to detect damage at an early stage [6-8]. Intelligent sensor networks are
the core of SHM systems, and sensing technologies such as resistance
sensors, capacitive sensors, piezoelectric membranes, and fiber optics
are typically used for crack monitoring [9-13]. However, these methods
are limited by low resolution, complex installation, high maintenance

costs, or difficulty in using for continuous monitoring. Non-destructive
testing techniques such as acoustic emission can also be used for the
identification and location of structural damage [14,15]. Alternatively,
the use of vision-based techniques such as photogrammetry, or laser
scanning for a one-time inspection, and combined with analysis by
technical means such as artificial intelligence image recognition, can
yield quantifiable key information [16,17]. However, these technologies
often require expensive equipment and skilled technicians to operate
and cannot be implemented on a large scale.

Recently, there has been an increasing interest in developing self-
powered sensing and monitoring methods for infrastructure systems
[18,19]. A large number of studies are currently using piezoelectric
materials as their sensing units [20-22]. However, their output voltage
signals are relatively small so that are easily affected by environmental
noise. Triboelectric nanogenerator (TENG) was first invented by Wang’s
group in 2012 and has proven to be a promising technology for me-
chanical energy harvesting and self-powered sensing [23-27]. TENG

* Corresponding authors at: Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, PR China.
E-mail addresses: zhong.wang@mse.gatech.edu (Z.L. Wang), wuzhiyi@binn.cas.cn (Z. Wu).

https://doi.org/10.1016/j.cej.2023.147238

Received 17 August 2023; Received in revised form 5 November 2023; Accepted 7 November 2023

Available online 10 November 2023
1385-8947,/© 2023 Published by Elsevier B.V.


mailto:zhong.wang@mse.gatech.edu
mailto:wuzhiyi@binn.cas.cn
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.147238
https://doi.org/10.1016/j.cej.2023.147238
https://doi.org/10.1016/j.cej.2023.147238
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.147238&domain=pdf

X. Cao et al.

generates electrical signals based on the triboelectric effect and elec-
trostatic induction in response to external mechanical stimuli, which can
also be used as an active sensor. On the other hand, the sensor based on
TENG can also use the generated electric energy for a self-powering
supply. Since their discovery, TENGs have attracted attention due to
their low cost, diverse structures, and stable output performance
[28-32]. Several attempts to develop self-powered crack monitoring
have been reported as follows: Jung et al. developed a wire-based
triboelectric resonator for crack detection by vibrating a metal wire on
a dielectric film, to obtain the resonant frequency of the self-powered
triboelectric outputs, so that to monitor the crack formation and
spreading. However, it often needs to provide a vibration frequency that
affects its autonomous and stable continuous monitoring [33]. Zhang
et al. proposed multifunctional triboelectric nanogenerator-enabled
structural elements for infrastructure monitoring systems [34], but
they only proposed concepts for next-generation infrastructure moni-
toring that are not really applied in practice. Consequently, there is still
a lack of self-powered fracture detection devices that are reliable,
convenient, and have a high resolution.

Here, based on the newly developed TENG technology and the
retractable reel structure, we report the self-powered retractable reel
sensor with the merits of lightweight, cost-affordable, high resolution
and wide monitoring range for monitoring the crack and early warning
in infrastructure. The proposed retractable sensor contains two TENG
sensing units (TENG-L, TENG-H), each of which in turn contains two
TENGs (TENG-Lj, Ly, and TENG-H;, Hy). The electrical signal generated
by the TENG sensing unit is used for feedback information without other
external power supplies. Through the structural design and electrical
performance characterization, TENG-L, and TENG-H sensing units were
determined for low and high-speed fracture respectively. And we
introduce the TENG-L; and Hj, as the reference TENG respectively, so as
to achieve the real resolution of 0.218 mm of the self-powered retract-
able reel sensor. Finally, its application in crack monitoring and early
warning is successfully demonstrated using the LabVIEW platform and
multi-channel data acquisition program. And the sensing signal has good
adaptability in a wide range of temperatures and humidity. Our study
establishes a new generation of self-powered crack monitoring sensors,
which has wide applications in dynamic monitoring of bridges, houses,
and other infrastructure.

2. Experimental Section
2.1. Fabrication of the retractable reel sensor

The fabrication of the sensor is mainly based on the mature tech-
nology of 3D printing and printed circuit board (PCB) technology. The
retractable reel sensor has been made through 3D printing equipment to
print out the shell. Draw processing drawings of the grating electrode
and interdigital electrode (Cu, 50 pm thick) through Shapr 3D software,
and commercially produce PCBs as stator and rotor of TENG, the exact
dimensions of the PCBs are shown in Fig. S3 (Supporting information).
The FEP film (20 pm thick) is applied to the interdigital electrode as a
dielectric negative material and the grating electrode serves as a positive
triboelectric layer dielectric material. The retractable reel structure is a
commercially produced component. Finally, according to the order of
shell, interdigital electrode PCB, grating electrode PCB, reel, grating
electrode PCB, interdigital electrode PCB, shell, coaxial assembly add
fixed with screws.

2.2. Electrical measurements

All measurements of the retractable reel sensor were performed
using the programmable electrometers (Keithley Instruments model
6514). A stepper motor (86HSES8.5 N, China) is used to drive the TENG
when testing the electrical performance. The temperature and humidity
measurements with temperature and humidity test chamber. Linear
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motor (LinMot, BF01-37) is used to simulate crack fracture. Developing
self-powered crack monitoring and warning system on the NI LabVIEW
platform with a multichannel data acquisition program.

3. Results and discussion
3.1. Working mechanism and structure

To reduce or prevent tragic disasters such as bridge and building
collapses, we proposed a self-powered retractable reel sensor to monitor
small cracks in infrastructure. Benefiting from its salient features of
lightweight and low cost, it is capable of being incorporated with
infrastructure on a large scale. Fig. 1a shows the working architecture of
the self-powered crack monitoring and warning system, which consists
of a retractable reel sensor unit, a signal processing unit, and an early
warning feedback unit. Specifically, as shown in Fig. 1b, the retractable
reel sensor senses the crack information, and the signal processing unit
collects the sensor output signal, obtains the sensing information after
waveform analysis and calculation, and determines whether there is a
risk. If a risk is present, a warning signal is triggered by the warning unit.
The construction of the self-powered retractable reel sensor is based on
the triboelectric nanogenerator (TENG) technology. By combining a
retractable badge reel and two freestanding layer mode TENGs (TENG-H
and TENG-L) that are suitable for high-speed fracture and low-speed
fracture respectively. The physical difference between the two sensing
units TENG L and TENG H is the difference in the number of interdigital
electrodes, which leads to different monitoring sensitivities, and a small-
volume and high-precision stretch sensor has been developed for crack
monitoring. Specifically, Fig. 1c shows the exploded view of the
retractable reel sensor, which consists of a 3D printed shell, a rotor part,
and two stator parts that are coaxially assembled. The rotor part is made
up of a retractable reel and two commercial printed circuit boards
(PCBs) with two groups of grating electrodes (Cu, 50 pm thick), the two
PCBs are bonded coaxially to the reel. The real pictures of internal
retractable reel structure of the sensor are shown in the Fig S1 (Sup-
porting information). When in the initial state, the rope is wrapped
around the outside of the reel and isn’t stretching, the coil spring is
bound in the reel, which passes through a fixed shaft in the center of the
housing. When stretching the rope, the coil spring will start to compress
around fixed shaft in the center under the pull of the rope until it is
compressed to the final state, at which time the rope displacement
reaches a maximum value of 45 cm (Fig. S2, Supporting information),
indicating that it can monitor a crack width of up to 45 cm. when
releasing the rope, the rope will be rewound on the reel under the action
of the coil spring.

Take TENG-L as an example, the stator part of TENG-L was shown in
Fig. 1d, consists of two different interdigital electrodes, called TENG-L;
and TENG-L,. The difference in the overlaps of electrodes between
TENG-L; and L; is designed to generate a set of quadrature signals for
sensing and further increase the sensing resolution. According to the
TENG periodicity results and sensing requirements, the two groups of
electrodes differ by 1/4 cycle from each other (TENG-H; and H; are also
similar). And the stators are two commercial PCBs with two groups of
interdigital electrode structure (Cu, 50 pm thick), covered by fluorinated
ethylene propylene (FEP, 20 pm thick) as the triboelectric dielectric
membrane. The specific processing dimensions of PCB are shown in
Fig. S3 (Supporting information). The grating electrodes on the rotor,
interdigital electrodes on the stator, and the FEP membrane form a
freestanding TENG, a detailed description of the fabrication process is
available in the Experimental Section. The difference between TENG-L
and TENG-H is the center angle difference of the grating electrodes,
which determines the sensitivity of the sensor. Here, the number of
interdigital electrode pairs is 90 for TENG-L and 15 for TENG-H, the
details are discussed below.
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Fig. 1. Concept illustrations of the self-powered crack monitoring and warning system. (a) Schematic diagram of the self-powered crack monitoring and warning
system, retractable reel sensor collects signals in real-time and process them for early warning, and insert is the schematic diagram of the retractable reel sensor
installation position. (b) Workflow diagram of the self-powered crack monitoring and warning system. (c) Exploded view of the retractable reel sensor, consisting of a
3D printed shell, the stator, and the rotor (coil spring, TENGs, and rope). The whole retractable reel sensor includes two TENG sensing units (TENG-L and TENG-H).
(d) Enlarged view of grating electrodes and interdigital electrodes of TENG-L and TENG-H.

3.2. Working principle and electrical characteristics of the TENG sensing
units

The core sensing unit of the retractable reel sensor is the TENG,
which couples the principles of triboelectricity and electrostatic induc-
tion. A part of TENG-L; and L is selected to elucidate the working
principle of the clockwise-rotated TENG-L sensing unit under short-
circuit conditions. As shown in Fig. 2a and b, during the clockwise
rotation triggered by the external, freestanding grating electrodes and
FEP membrane are in good contact, and are positively charged by tri-
boelectrification, with an equal number of negative charges generated
on the FEP membrane. The negative charges on the FEP surface grad-
ually accumulated and reached saturation after several cycles. Exem-
plified by TENG-L;, Fig. 2a shows a typical working cycle of the
freestanding TENG, only one basic unit of signal generation is intro-
duced to clarify the working mechanism. The grating electrode is placed
precisely above the left electrode of the interdigital electrodes, which is
taken as the initial condition. The electrostatically induced negative

charges accumulate on the left electrode to balance the excessive posi-
tive polarization above it, while the right-hand electrode is positively
charged by the same amount in the initial state. The clockwise rotation
of the rotor and stator is caused by the stretching process redistributing
the free electrons by flowing from the left electrode to the right electrode
through the external circuit. As the grating electrode further and
completely passes through the right electrode, the electrons flow back to
the left electrode, generating a reverse current pulse through the
external resistor. Owing to the difference in overlap, the freestanding
grating electrode in TENG-L; is ahead of that in TENG-L,, forming a
detectable phase difference (¢) between the two signals. By controlling
the size of the phase difference, a more sensitive sensing signal can be
obtained. As shown in Fig. 2b, the finite element method (COMSOL
Multiphysics) performs corresponding simulations of the open-circuit
potential distribution under the entire rotation process, to observe the
power generation process. We can clearly see that the potential of one
electrode reaches its maximum when the freestanding grating electrode
is precisely above it [35,36]. The overall working principle of TENG-H is
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Fig. 2. The working principle of the retractable reel sensor. (a) Schematics of the operating principle of TENG-L (including L; and L,) under short circuit condition,
1/4 cycle interval between L; and L. (b) COMSOL simulation results of TENG-L; corresponding to the rotating state. (c) Simulated variances of open circuit voltages
of clockwise rotated TENG-L; and L, when the interval periods of L, and L, are T/8 (i), T/4 (ii), and T/2 (iii) respectively. (d) Simulated open-circuit voltage of

TENG-L; and L, after rectification with clockwise rotation.

similar (Fig. S4, Supporting information), but the difference lies in the
different center angles of the grating electrode («) and that between the
grating electrodes (B). As the center angle of the grating electrode in-
creases (it is actually the increase of contact area), the peak-to-peak
value of the sensing signal of TENG gradually increases [37].

Fig. S5 (Supporting information) plots out the simulated open circuit
voltage (Voc) between the interdigital electrodes as the grating elec-
trode slides, showing a periodic voltage waveform. It is also worth
noting that, when the grating electrode rotates through an angle of a + f3,
the V¢ reverses, shifting from the peak to the valley, or the valley to the
peak, meaning a half-period. Therefore, when the number of wave peaks
or valleys is used as sensing information, the overall rotation angle can
be calculated by counting the number of half periods T, and o + p stands
for the minimum resolution. Subsequently, the resolution can be further
improved by the phase difference of the two sensing signals of TENG-L;
and TENG-Ly. Fig. 2c shows the simulated variances of Vo of clockwise
rotated TENG-L; and L, when the phase difference is T/8 (i), T/4 (ii) and
T/2 (iii) respectively. During sensing signal processing, the signal is
often rectified, where the valley is converted to a peak. The

corresponding voltage signal is shown in Fig. 2d. At this time, the peak
phase difference of TENG-L; and Ly is selected to be T/4 through com-
parison, and the minimum resolution is (a + p)/2. Considering the size
and processing of the TENG sensing unit, the final electrode center angle
of TENG-L is 1°, while that of TENG-H is 11°, and that between the
grating electrodes is both 1°. In addition, the introduction of the phase
difference not only improves the resolution, but can also be used to
determine the direction of rotation. At this point, TENG-L; is used as the
reference TENG for improving the resolution (similar to the TENG-Hy).

Fig. 3a shows the waveforms of TENG-L; and TENG-L, with resis-
tance connected in series measured simultaneously, with anti-clockwise
and clockwise rotation indicated on the left and right of the enlarged
image, respectively. The signals belonging to TENG-L; and TENG-L; are
regarded as sensing signals, and are plotted in blue and red, respectively.
Similarly, using the peak of the waveform as a reference point, it can be
seen that the phase difference between clockwise and anti-clockwise is
T/4 and 3 T/4 respectively, which can be used as a criterion to judge the
direction of rotation. For example, when the phase difference of T/4 is
defined as a forward movement, then T3/4 is a reverse movement. And
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Fig. 3. Characterization of rotary TENG-L. (a) The structure and working mechanism of TENG-L sensor. inserted image (i) is an enlarged view of the interdigital
electrode pair and a schematic of the period difference between TENG-L; and TENG-L,, inserted images (ii) and (iii) show the open circuit voltage signals when
TENG-L; and TENG-L; are rotated anti-clockwise and clockwise, respectively (b) The open circuit voltage waveforms generated by TENG-L; and L, when TENG-L is
rotated anti-clockwise. (c¢) The voltage signals generated by TENG-L; and L, after connected a resistor in series when TENG-L is rotated clockwise. Variation of
voltage (d) and current (e) of TENG-L; sensor with different rotational speeds. Variation of output voltage and current of TENG-L1 sensor with temperature (f) and
humidity (g). (h) Voltage signal of the TENG-L; and TENG-L; sensors during a complete rotation cycle. (i) Enlarged views of distinct phase differences between TENG-

L, and L,.

the enlarged image shows the relative positions of the freestanding
grating electrodes of the two TENGs, it should be noted that the main
purpose here is to show the relative position of the grating electrodes, so
the FEP film is not shown.

Afterward, the electrical performance of the TENG-L sensing unit
was tested with the electrostatic meter. Initially, as shown in Fig. 3b, the
Voc signal is a standard square wave signal when the TENG has no series
resistor. As shown in Fig. 3c, by connecting a resistor in series, the
sensing signal (Voltage output, Vpp) is transformed into an AC signal
similar to the short-circuit current (Isc, Fig S6, Supporting information),
which enables the subsequent processing of the sensing information.
Due to the high internal resistance of TENG, which leads to the electrical
characteristics of low current. Therefore, the voltage signal has a higher
signal-to-noise ratio when used as a sensing signal. Fig. 3d,e, and S7
(Supporting information) show the variation of Vpp and Ipp (Current

output) of the TENG-L; sensor with different rotational speeds. As the
rotational speed increases, the Vpp and Ipp of the TENG-L; sensor both
increase gradually. The main reason is that for the same amount of
transferred charge, the speed increases, the practice of electron transfer
between external loads is shortened, and the current subsequently in-
creases. It is worth noting that according to the theoretical model of the
independent layer TENG, the Vgp is independent of frequency and speed,
but we have connected an external resistor of 100 MQ in series during
the voltage measurement, so the Vgp increases as the Ipp increases. In
addition, as a crack monitoring sensor, the electrical output of the device
is inevitably affected by the ambient temperature and humidity during
long-term operation. In this regard, taking TENG-L; as an example, the
effect of temperature and humidity on the TENG sensing unit was
investigated. As shown in Fig. 3f and g, both Vpp and Ipp decrease
slightly with the increase of temperature and humidity. Considering the
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normal ambient temperature as well as the humidity range, the output
performance is degraded, but the voltage signal sensing information
depends mainly on the peak spacing and period and is independent of
the peak-to-peak value. The sensing signal at high temperature and high
humidity can still be detected. On the other hand, the data presented
here is primarily test data from a single TENG. In actual applications, the
environmental impact on the device performance can be further reduced
by packaging the device, so that the sensor can still provide accurate
sensing information under different temperatures and humidity. Fig. 3h
shows the generated Vpp signal of the TENG-L; and TENG-L, sensors
during the whole cycle (360°) of anti-clockwise rotation. Obviously,
when the TENG-L sensor unit rotates for one revolution, 180 periodic
pulses are collected (and the pulses of the TENG-H sensor unit are 30).
And Fig. 3i shows the view of distinct phase differences between TENG-
L; and Ly. The electrical performance of the TENG-H sensing unit is

a Retractable reel sensors
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shown in Fig. S8 and S9 (Supporting information).

3.3. Electrical characteristics of the self-powered retractable reel sensor

In the previous part, the electrical performance of TENG-L and H
sensing units was explored. Subsequently, the TENG-L, H sensing units,
retractable reel, and shell were coaxially assembled and fixed with
screws to form the entire retractable reel sensor. The photograph and
size of the retractable reel structure are shown in Fig. S10 (Supporting
information), which consists of a rope, coil spring, and a reel. The
rotation of the TENG is successfully transformed into a reciprocal
translation motion through the retractable reel structure, thus a speed
and displacement sensor are formed. The inner diameter of the reel is
25.0 mm. At this time, the calculation formula of velocity v and
displacement L is rough as follows:
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Fig. 4. Details analysis of sensing signals of the retractable reel sensor. (a) Schematic diagram of the retractable reel sensor test platform. (b) Dragging phenomenon
of output voltage with different resistors connected in series. (c) Output voltage curve of TENG-L, in series with different resistors. (d) Output voltage signal of TENG-
L; unit of the retractable reel sensor at different stretching speeds with the same displacement (10 mm). (e) Calculated stretching speeds from the experiment data in
the diagram (d). (f) The average speed and the standard deviation are calculated from the experimental data in the diagram (d). (g) Output voltage signal of TENG-L
unit of the retractable reel sensor at a speed of 3 mm-s~! with different displacement, insert images are corresponding stretch states of the retractable reel sensor. (h)
Calculated number of peaks and valleys from the experiment data in the diagram (g). (i) Calculated displacement from the experiment data in the diagram (g). (j)

Absolute error of the calculated displacement.
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where D represents the diameter of the reel, and the number of waves
generated by one rotation of the grating electrode is defined as n, tqyg is
the average value of wave peak width, and ngyyn is the number of wave
peaks generated by one TENG when moving a displacement. At this
point for the TENG-L;, no matter where the initial position starts, as long
as the displacement increases by 0.872 mm, the curve of the measured
voltage signal will span a complete cycle, therefore, the total displace-
ment can be obtained by counting the number of pulses. Since the
introduction of the reference signal of TENG-L, and the half-wave
rectification unit, the number of wave crests will be increased from
one to four, thus increasing the displacement resolution to 0.218 mm.

As shown in Fig. 4a, a simulated displacement test platform on the
optical platform was established to systematically characterize the
retractable reel sensor under various motion conditions. A multichannel
synchronous data acquisition system was employed to acquire signals
produced by two or more TENGs simultaneously. The multichannel
synchronous acquisition system can only collect sensing signals within
10V, different resistors are connecting in series to divide the voltage and
thus narrow the sensing signals. As illustrated in Fig. 4b, in the process of
achieving voltage division, the sensing signal produces a tailing effect
because of the excessive resistance, which can be considered as exces-
sive resistance impeding the flow of electrons, and the sensing signal is
distorted when the speed is too fast. Fig. 4c compares the trailing effect
of different resistances on the sensing signal. As the resistance is reduced
from 1 GQ to 0.5 MQ, the time taken for the voltage signal to recover to
the baseline decreases from 1.45 s to 0.11 s. Taking into account the
peak voltage value of the sensing signal as well as the stability of the
signal, a resistance of 0.2 GQ was finally chosen for the subsequent
measurement.

Fig. 4d shows the output voltage signals of the TENG-L; of the
retractable reel sensor for the same displacement of reciprocating mo-
tion at different stretching speeds (the corresponding signal of TENG-Ly
is shown in Fig. S11, Supporting information). As shown in Fig. 4d, an
identical number of voltage pulses of 12 was obtained under all veloc-
ities with an overall displacement of 10 mm, which suggests an irrele-
vance between the number of signal pulses and the angular velocity.
Afterward, as shown in Fig. 4e, stretching speeds are calculated with
data plotted in Fig. 4d via the above-mentioned strategies, inserted
dashed lines denote pre-set stretching speeds. Take the 1 mm-s~! speed
data as an example, calculated stretching speeds fluctuate around the
pre-set one with an averaged velocity of 0.992 mm-s~! and a standard
error of 0.033 mm-s~ . Fig. 4f shows the calculated average and stan-
dard deviation of different speeds, and the specific data are shown in
Table S1 (Supporting information). It is found that the corresponding
standard deviation is relatively large at high velocity, and this is still
mainly due to the trailing effect caused by the hindering effect of the
resistance on the electrons. Subsequently, the performance of the
retractable reel sensor used as the displacement sensor is characterized.
As illustrated in Fig. 4g, the output voltage signals of the TENG-L unit of
the retractable reel sensor at a speed of 3 mm-s™! with different dis-
placements were measured, and insert images are corresponding stretch
states of the retractable reel sensor. Unlike the speed sensor, the
displacement calculation requires the waveform signals of the entire
unit of TENG-L. The number of wave peaks of the rectified signal is
shown in Fig. 4h. Based on this, as shown in Fig. 4i, displacements are
calculated with data plotted in Fig. 4g and h via the above-mentioned
strategies, inserted dashed lines denote pre-set stretching displace-
ments. Similarly, the corresponding absolute error is shown in Fig. 4j
and Table S2. As mentioned above, the TENG-L sensing unit is used to
detect cracks in low-speed motion (v < 10 mm~s’1, that could obtain a
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high degree of accuracy), while TENG-H can be used to detect high-
speed motion. Together, the two sensing units form a retractable reel
that cooperates with each other to achieve a higher detection range. The
characterization of the TENG-H sensing unit is shown in Fig. S12, and
Table S3, 4 (Supporting information).

3.4. Demonstration of the crack monitoring and early warning

Presented in Fig. 5 is the self-powered crack monitoring and warning
system developed on the LabVIEW platform with the multichannel data
acquisition program. Fig. 5a shows the sensor signal processing logic
and workflow diagram of the self-powered system based on LabVIEW
platform. Specifically, the analog signal generated by the sensor was
converted into a digital signal by the multi-channel acquisition program,
and then low-pass filtering is performed. After peak extraction of the
sensed signal, the wave width is obtained and the stretching velocity is
calculated. The results of the corresponding sensing unit, including ve-
locity and displacement, are output after comparison with the set
threshold. On the other hand, the sensing signal is rectified and the peak
value is extracted to obtain the number of peaks and then stretching
displacement was calculated. By comparing with the set crack width
threshold, once the set value is exceeded, the alarm system will be
activated. It should be noted that the TENG-L sensing unit is often used
for routine detection and early warning to guide the repair work, while
TENG-H is used for sudden fracture and timely alarm, so as to provide
rapid rescue for the rescue team and carry out rescue work. Here, we set
a speed threshold of 10 mm-s L. Fig. 5b illustrates the data processing
process of corresponding sensing signals.

As shown in Fig. 5c, the crack fracture process was simulated on the
optical platform, and the application of self-powered crack monitoring
and early warning was demonstrated. When the crack speed is 3 mm-s ™,
the TENG-L sensing unit outputs the corresponding speed and fracture
displacement, and the alarm signal is issued when the set width of 20
mm is exceeded (Movie S1, Supporting information). The sensor
measured 90 peaks and the minimum resolution calculated at this point
is 0.222 mm. Fig. 5ciii and iv show the processing of the output signal of
the TENG-L sensing unit. When the crack fracture speed is greater than
10 mm-s~! (Fig. S13 and Movie S2 Supporting information), the TENG-H
sensing unit outputs the signal and the alarm is sounded to notify
emergency rescue. The way to carry out crack monitoring in practical
applications consists of spot monitoring of cracks that have already been
created. According to the occurrence of small cracks in the area, the
direction of cracks placed sensors to prevent further harm. The second is
the point monitoring method, for the structure by analyzing the stress
distribution, theoretical prediction of the key point location to place
sensors to monitor, this situation through the location of the fracture
prone to stress analysis, scientific placement of crack detection sensors.

4. Conclusion

In summary, the self-powered retractable reel sensor based on the
TENG technology was proposed to monitor small cracks in infrastruc-
ture, so as to reduce or prevent tragic disasters such as bridge and
building collapses. The proposed retractable sensor contains two TENG
sensing units (TENG-L, TENG-H), each of which in turn contains two
TENGs (TENG-L;, Ly, and TENG-H;, Hy). Through the structural design
and electrical performance characterization, TENG-L, and TENG-H were
determined for low and high-speed fracture respectively. By using the
reel structure, the linear motion of the crack is converted into the
rotation of the TENG, and the monitoring of crack velocity and
displacement was realized simultaneously by peak extraction, and pulse
counting of the sensing signals. On this basis, the sensing signal has good
adaptability in a wide range of temperatures and humidity. By intro-
ducing the TENG-Ly and H as the reference TENG respectively, the real
resolution of 0.222 mm of the self-powered retractable reel sensor are
achieved. Finally, with the help of the LabVIEW platform and
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Fig. 5. Demonstration of the self-powered retractable reel sensor for crack monitoring and early warning. (a) Detail logic and workflow diagram of the self-powered
crack monitoring and warning system based on the LabVIEW platform. (b) Schematic diagram of the signals processing process of the retractable reel sensor. (c)
Application demonstration of the self-powered crack monitoring and warning system during low-speed fracture. (i) Photograph of the simulated crack monitoring
platform. (ii) Monitoring signals of the retractable reel sensor during high-speed fracture in the crack simulation test. (iii) Signal amplification diagram of TENG-L
sensor unit. (iv) Calculated displacement from the experiment data in the diagram (iii). (v) Optical photograph of simulated crack fracture.

multichannel data acquisition program, its application in crack moni- Data availability
toring and early warning is successfully demonstrated. The proposed
retractable reel sensor exhibits merits of both cost-affordable, and wide Data will be made available on request.

monitoring range. In the long run, it shows the application prospect of
being the next generation of self-powered sensors for monitoring cracks Acknowledgement
or small deformations in civil infrastructures.
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