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Abstract: For a belt conveyor, a belt with mini-cracks influences the safety of the operation of the
belt conveyor devices significantly. The lumpy material rubbing against a belt with mini-cracks will
lead to detrimental tears on the belt while the conveyor works at high speeds. In order to detect
mini-cracks in a timely manner, before the occurrence of large tears, a new mini-crack detection
method for conveyor belts based on laser excited thermography is proposed. A laser beam is applied
to generate a heat wave on the belt surface, so the corresponding thermal images can be recorded by
an infrared camera. Then, an algorithm for extracting and fusing the features of mini-crack belt’s
thermal images is firstly proposed by using time sequence analysis. It could transform multiple
sequential thermal images into a single thermal image according to the frame difference method, so
that the infrared thermal response of the mini-crack over time could be recorded quickly. To reveal
the features of mini-crack, the power function image enhancement algorithm is proposed. After that,
the threshold segmentation and Hough transform algorithm are used to determine the size of the
mini-crack. The experimental results show that the mini-cracks with length of 50-140 mm, width of
1-10 mm, and depth of 5 mm can be successfully detected, and the detection accuracy could reach
96%. The detection results of different sizes of mini-crack show that the laser excited thermography
has high damage sensitivity (1 mm diameter mini-crack detection), high accuracy (96%), lower power
consumption (15 W laser excitation), and high SNR (signal-to-noise ratio).

Keywords: laser excited thermography; rapid detection; mini-crack; conveyor belt

1. Introduction

Conveyor belt is one of the critical components of belt conveyor system for continu-
ously bulk materials transportation. It carries and transports various of powder, granular,
and bulk materials [1]. With the widely use of belt conveyor system in the industrial field,
the equipment safety has been widely concerned [2]. For example, belt fracture or longitu-
dinal tear accidents account for a considerable part of all conveyor belt safety accidents.
Hence, the research of the tear detection of conveyor belts is of great significance [3,4].

A rubber-textile conveyor belt is usually made of three-layer composite materials, in
which the rubber is used for the upper and bottom layers, and nylon and steel cord are
used for the belt core. The tear of conveyor belt generally occurs when lumpy material first
rubs against the upper layer and then penetrates the lower covering layer [5]. The entire
tearing process goes through scratch, wear, puncture, and longitudinal tear [6]. In order to
prevent the conveyor belt from breaking due to tearing and repair the belt, it is necessary
to detect the early damage of the conveyor belt.

At present, there are generally two methods of conveyor belt crack detection: contact
detection and non-contact detection. The contact detection methods usually add an extra
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mechanical component [7], embed an induction coil [8] or a radio frequency identification
device [9] into the conveyor belt for tear detection. However, the contact detection method
would gradually reduce the detection accuracy due to contact wear. Therefore, the non-
contact defect detection method has been gradually developed. More and more defect
detection methods based on machine vision are proposed in non-contact detection meth-
ods [10]. In ref. [11], an improved single-scale Retinex (SSR) algorithm is used for image
enhancement, and the features—including the area, damage level, and squareness—are
extracted by the greyscale image. Reference [12] aims at surface damage identification of
conveyor belts. A multi-class support vector machine (SVM) real-time detection system is
proposed based on visual saliency. In order to further improve the identification accuracy,
Wang et al. [13] propose a longitudinal tear detection of a conveyor belt under uneven
light based on Haar-Ada Boost and Cascade algorithm. Zhang et al. [14] propose a new
detection method that can simultaneously detect multiple faults based on an improved
Yolov3 algorithm. Nevertheless, these methods based on visible light images and image
processing algorithm are very sensitive to light intensity and dusty environment, which
would trigger false alarms. In order to highlight the crack features more obviously, auxil-
iary equipment is applied to the crack detection of conveyor belt. Qiao et al. [15] use laser
and area light sources to enhance the contrast between conditional features and conveyor
belt surface. They propose a false corner filtration and single-point feature identification
method to detect longitudinal tears. In ref. [16], two red laser stripes are projected on the
back of the upper conveyor belt to improve detection efficiency and precision.

At the same time, many scholars [17] consider the local heating of the conveyor belt
caused by the friction between materials and the conveyor belt, and adopted infrared
vision to detect conveyor belt tears. Reference [18] proposes the bidirectional reflectance
distribution function (BRDF) to build models of infrared spectroscopic imaging. Yang
et al. [19] use only one infrared camera to capture images for early-warning of longitudinal
tear and proposed a simple automatic threshold select algorithm for the infrared image
binarization. Yang et al. [20] propose a novel approach based on infrared spectrum analysis
for early warning of longitudinal tearing of the conveyor belt. In ref. [21], an integrative
binocular vision detection (IBVD) method is proposed with visible and infrared vision
fusion. To reduce the poor visibility impact on IBVD, a dual-band infrared detection (DBID)
technique is proposed by analyzing mid-infrared and long infrared images to meet the
requirement of real-time online detection [22]. Concerning the feature of normal, wear
and tear of conveyor belt, Hou et al. [23] propose a multispectral visual detection method
to distinguish the different feature state of the conveyor belt. However, infrared imaging
equipment is susceptible to external radiation. When the amount of infrared radiation in
the target area is equal to that in the environment, the quality of infrared images will be
affected [24]. Therefore, the defect detection method based on infrared imaging needs to
further enhance the infrared characteristics of the target region.

Benefitting from the recent advances in structural health monitoring (SHM) [25,26]
and nondestructive testing (NDT) [27,28], many different methods, such as
thermography [29,30], ultrasonics [31,32], have been developed, and some of them have
been applied to detection/monitoring of cracks on conveyor belts. J. Gonzalez et al. [33]
used a CW laser to scan the surface of stainless steel samples with constant motion for
submicron crack detection. Ishikawa et al. [34] studied a CO; laser scanning device for
scanning carbon fiber reinforced plastic (CFRP) samples at a distance and determining the
crack zone by analyzing the temperature of the defect surface. James et al. [35] proposes the
impact damage detection of polymer composites (aircraft components) based on remote
line scanning thermal Imager. Montinaro et al. [36] used the continuous laser scanning
of metal fiber laminates (FMLs) to analyze the interlaminar peeling defects of metal fiber
laminates (FMLs) by thermal image. Swiderski et al. [37] used a semiconductor laser to
heating the multi-layer carbon composite material, which was composed of carbon fiber
fabric and thin epoxy resin (CFRP). The temperature field changes on the sample surface
were recorded and used to detect the delamination defects. Salazar et al. [38] proposes
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a nondestructive testing method based on flying spot thermography, which is used to
measure thermal diffusivity and crack width.

The method of laser excited thermography is an active thermography method. Com-
pared with the passive thermography method (which uses an infrared camera to collect the
thermal wave generated in the process of conveyor belt friction heating), the laser excited
thermography does not rely on the local heating characteristics caused by conveyor belt
friction and can detect mini-cracks before the occurrence of a large tear.

In order to meet the needs of industrial development, a mini-crack detection method
on conveyor belt based on laser excited thermography is proposed in this paper. The
surface of the conveyor belt is heated by a laser beam, then the frame difference method
is used to extract the image to quickly record the temperature change of the mini-crack
under laser heating. The image features are extracted and fused by mini-crack feature
imaging algorithm. At the same time, the power function image enhancement algorithm
based on thermal signals further reveals the features of mini-cracks. Finally, the threshold
segmentation and Hough transform algorithm are used to determine the size of the mini-
cracks.

The rest of the paper is organized as follows. Section 2 reviews the basics about mini-
crack detection using laser excited thermography. Section 3 proposes the detailed method
with algorithms for the mini-crack detection based on the laser excited thermography.
Section 4 presents the experimental methods, results, and the discussion. Finally, Section 5
concludes the paper with recommendation for future work.

2. Mini-Crack Detection System Based on Laser Excited Thermography
2.1. Detection Theory

Figure 1 illustrates the working principle of laser excited thermography for conveyor
belt mini-crack detection. The conveyor belt is composed of the upper, intermediate, and
lower layers. The rubber in the upper and lower layers is mainly butadiene rubber (BR),
and the intermediate layer is a mixture of styrene butadiene rubber (SBR) and natural
rubber (NR) to maintain good adhesion to the wire rope [39]. When the mini-cracks appear
on the conveyor belt, the intermediate layer rubber will be exposed.

CW line laser

beam Infrared camera

@ Direction of

motion

Upper cover

rubber

Steel wire rope

Core rubber

Resultant thermal

Mini K Lower cover
ini-crac waves Conveyor belt rubber

Figure 1. Working principle of laser excited thermography for conveyor belt mini-crack detection.

The transmission peaks of the butadiene rubber in the range of 3.3-3.6 um are based
on the infrared spectrum of the conveyor belt. The infrared spectrum analysis of the
intermediate layer rubber (SBR, NR) shows that the main peak of transmittance is within
the range of 6.6-7.1 um [40]. In other words, different materials will produce different
temperature changes under laser beam irradiation, which emitted different of infrared light
intensity [41].

Therefore, the damage of conveyor belt can be judged by analyzing the intensity of
infrared radiation. When the conveyor belt is scanned by the CW laser beam, the thermal
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wave propagation characteristics are different of the mini-cracked area and the normal area.
Then, the mini-crack can be easily detected by capturing the thermal wave distribution in
the conveyor belt. Therefore, the method of laser excited thermography can be used for
mini-crack detection. Furthermore, considering sensor installation and feasibility, a mini-
crack-detection system based on laser excited thermography is designed. The proposed
system can automatically detect mini-cracks when the conveyor belt moves longitudinally.

2.2. Detection System

The schematic of the mini-crack detection system based on laser excited thermography
is shown in Figure 2, and the system is composed of a CW laser scanning device, an image
acquisition device, and a control device. The surface of the conveyor belt is heated by
a CW laser beam, and an infrared camera records the corresponding thermal response
simultaneously. Then, the thermal response is transmitted to the image processing unit.

Infrared
camera
PP 4
Beam-splitting 1 Infrared
L CW film ! . 'l ~ light
wirel¢ss $ignal  Laser \H”’
translmi%sion Line beam/@ \t;‘;’
Raw th 1 o generator : Lens
avY erma ! 1 Control /@ N C
image - 1 \ onveyor
>, || signa Collimator . belt
transmission | | R
|
g Line Direction of
Mini-crack
laser motion

Figure 2. Schematic diagram of longitudinal tear detection system based on laser excited thermography.

The CW laser scanning device consists of a CW laser beam generator and a collimator.
When the conveyor belt runs continuously, the space-fixed CW laser beam actively scans
the conveyor belt surface and generates thermal waves. The CW laser scanning device
receives the control signal and emits a CW laser beam to the conveyor belt. Then the
collimator is used as a beam generator to transformed CW point laser beam into line laser.
The infrared radiation intensity from the conveyor belt depends on materials in different
layers and belt speed when the moving belt heated by the same laser beam. In this paper, a
CW laser with the power of 15 W is used as a heat source. The conveyor belt which consists
of three-layer composite rubber materials operates at maximum running speed of 1 m/s.

The image acquisition device consists of a focusing lens, a beam splitting membrane
and an infrared camera. A focusing lens is used to adjust the focal length of the infrared
camera. Beam splitting membranes are used to separate the visible and the infrared beam.
The spectrum working range of the beam splitting membrane is 6.5-7.5 pm [42]. The beam
splitting membranes can prevent the light beyond the limited wavelength from entering
the thermal imager, which can avoid the influence of infrared of infrared and visible light
in the environment on infrared thermal imaging to a certain extent. Finally, the infrared
camera captures the thermal wave on the conveyor belt.

The control unit is used to control the operation of the conveyor belt and the start-up
of the CW laser scanning device. To avoid surface overheating, the CW laser scanning
device is usually started after the conveyor belt operates normally and shut down before
the conveyor stops running.
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3. Principle of the Proposed Method

In this section, a new assessment method of conveyor belt mini-crack is proposed.
The method consists of mini-crack feature extraction, image enhancement, threshold
segmentation, and mini-crack determination.

3.1. Mini-Crack Feature Extraction Based on Laser Excited Thermography

Mini-crack feature extraction based on laser excited thermography is shown in
Figure 3. The process of image reconstruction is shown in Figure 4. CW laser and in-
frared camera are fixed. As the conveyor belt rotates, the infrared camera and CW laser are
turned on at the same time to record the infrared thermal image of the conveyor belt surface
under laser excitation. The infrared camera collects # frames thermal images in the time
period of T. Feature extraction is carried out on each image to obtain the feature image n;,
and then the n feature images are fused according to time series. A new mini-crack feature
image M can be obtained by fusing the feature images 7; of all the excitation point regions
in the time period T. It is worth noting that timely capture of laser excited thermography
can effectively avoid the impact of excitation point cooling and thermal radiation diffusion
on the final mini-crack determination results. The specific steps are as follows:

1. Collect the thermal image by using the laser thermography system. Thermal response
image R;(x, y) is captured by an infrared camera, and then (x, ) will be defined as
pixel coordinate. After obtaining all thermal response images R;(x, y) in the current
time T, they are converted into grayscale image g;(x, y) = R;(x, y).

2. Extract feature regions from the n grayscale images g;(x, ). The laser region of each
image is intercepted as the feature image as F;(x, y), and the size of F;(x, y) is (s, w),
where s = vt, v is the operation speed of the conveyor belt, and ¢ is the time difference
between two frames of images. The w is width of conveyor belt.

3. Perform further image processing of the feature image F;(x, v). Firstly, the reference
image Res(x, y) is made, that is, the thermal image without laser scanning; Then, the
feature image is subtracted from the reference image F;*(x, y) = Fi(x, y) — Res(x, v).

4.  Construct the final mini-crack feature image. After all grayscale feature images
F;*(x, y) are obtained in the above steps, matrix Mosaic and fusion are carried out to
construct the final mini-crack feature image M(x, y).

M(xy) = | BOY) 1)
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Figure 3. Mini-crack image feature extraction based on laser excited thermography (F;*(x, y) is the new feature image which
is obtained by removing the reference image Res(x, y) from the feature image F;(x, v)).
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Figure 4. Process of image reconstruction. (a) Thermal response image R;(x, y) and its gray image; (b) reference image Res(x,
y) and its gray image; (c) grayscale feature images F;*(x, y) and its gray image; (d) mini-crack feature image M(x, y) and its

gray image.

3.2. Image Enhancement Based on Heat Signal

Due to the low contrast of thermal images and the lack of detailed texture information,
an improved local histogram equalization algorithm to highlight defect features is proposed.
To enhance mini-crack characteristics of the mini-crack feature image M(x, y) and reduce
the noise interference, a weighted template operator was defined, and a power function
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was used as the weighted function. The effect of the image enhancement depends on the
selection of filter window and weighting function, and, the appropriate weighted function
not only highlights the feature area but also avoids the noise enhancement. The steps for
the image enhancement algorithm are as follows:

1.  Selecta3 x 3 template operator.

2. Obtain the pixel point (i, j) with the highest gray value. The pixel point (, j) with the
highest gray value in the current line pixels of the mini-crack feature image M(x, y) is
obtained, and is taken as the central reference pixel of the weighting function. The
pixel in the center of the template is (ip, jo). The further the pixel in the template is
from the (i, j), the smaller the weight should be assigned.

3. Calculate the weighted function by Equation (2). The weight coefficient of each pixel
in the 3 x 3 template is inversely proportional to the distance from the pixel to the
center of the template.

The weighted function w(i, j) is,
[

w(i)) =151 =P 2

where p is the inverse proportionality coefficient that can be expressed as,

o=/ (i—io)+ (- o) ()

and « is the nonlinear factor can be determined by « = k x s, where k is a constant, and s is
a gray variance of image that can be determined by,

M-1N-1 >
i=0 j=0

5= Mx N @

where f (i, j) is the grayscale value of the pixel (i, j), f is mean gray value of image, and
M X N is the size of the image.

Additionally, in Equation (2), 8 is a correction factor which is used to guarantee that
w(i, j) is greater than zero. It should be satisfied by the inequality

B < % X L);X] 5)
where
Pmax = (?) X N (6)

4.  Perform the weighted balance of the power function. The schematic of weighted
template operator for image enhancement is shown in Figure 5. Based on Equation (2),
the weighting coefficient of each pixel is determined by the distance between the
template center and the pixel point. Then the template is moved horizontally or
vertically according to a certain step size, and the weighted balance of power function
is performed on all pixels in the template.
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Figure 5. Schematic of weighted template operator for image enhancement.

3.3. Threshold Segmentation

The image processing results of threshold segmentation is shown in the Figure 6, and,
with the image enhancement processing, the target contour in the mini-crack feature image
is more prominent. The threshold segmentation method is adopted to extract the contour
information of the damaged area in the mini-crack feature image. The threshold value is
selected by the maximum category variance method [43]. Image binarization [44] is used to
divide the image into two fields: target object and background. The mini-crack is separated
from the background of conveyor belt by threshold segmentation. After image binarization,
defects such as graphic fracture and edge burr may occur. In order to eliminate the noise
influence on damage judgment, the binary image will be morphologically processed before
the mini-crack interrogation.

y vy

(©) x () .

Figure 6. The image processing results of threshold segmentation. (a) Gray mini-crack feature image;
(b) Image enhancement; (c) Threshold segmentation; (d) Morphological denoising.

3.4. Determine Mini-Crack

The damage of conveyor belt is divided into mini-crack and crack in this paper.
A defect with a width less than 10 mm is defined as a mini-crack, and a defect with a
width greater than 10 mm is defined as a crack. This paper mainly focuses on mini-crack
detection. Hough line detection method [45] is used to detect mini-crack and crack. The
mini-crack detection process of the conveyor belt is shown in Figure 7. With the above
image processing, it can be found that the boundary of the wear area in the binarization
image is continuous and parallel. Therefore, Hough transform is used to extract parallel
lines as the basis for mini-crack interrogation of conveyor belt. The steps of mini-crack
interrogation are developed as follows:
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1.

Suppose there exists a point (x, y) on the mini-crack line in Cartesian coordinate
system, which can be expressed by polar coordinates as

r:xcos(?—i—ysin(?,tan@:% @)

where r is the distance from the origin to the line, and 6 is the vector angle from the origin
to the perpendicular of the line.

Infrared
camera

Image reconstruction

v
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v

Threshold segmentation

y

Normal

v

Deal with next
image

|
|
|
|
|
Image enhancement |
|
|
|
|
|

Hough line detection

|
|
|
|
|
I Crack detection
|
|
|
|
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Line distance
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The classfication of
cracks
Stop the
Alarm conveyor
immediately

|
|
|
|
|
|
|
Mini-crack Crack I
|
|
|
|
|
|
|
|

Figure 7. Flow chart of mini-crack detection process of the conveyor belt.

For each group (7, 6) in polar coordinates corresponds to a line that passing through
the point (x, y) in rectangular coordinates. For a given point (x, y), draw all the lines
that passing through the point in polar coordinates, and obtain the sine curve;

Repeat the above steps for all points in the original image. Set the threshold and
calculate the number of curves corresponding to each intersection point in the image.
If the number of curves that intersecting at one point exceeds the threshold, the pair
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of parameters (r, 0) represented by the intersection point is considered a line in the
original intersection point.

4. The equation of the line is obtained through Hough line detection, then the distance
X between the two lines is calculated by the linear distance function. According to the
camera calibration results, an appropriate threshold D is set to discriminate mini-crack
and crack. When X = 0, the test result is normal; When X < D, the detected damage is
considered as a mini-crack; When X > D, the damage is considered as crack.

4. Experimental Setup, Procedure, Results, and Analysis
4.1. Experiment Parameter

Figure 8 shows the experimental device for mini-crack detection of conveyor belt
installed in the laboratory. The conveyor belt consists of three layers, with a width of
500 mm and a thickness of 20 mm for each layer. For the rubber material, the longitudinal
tensile strength is 1250 N/mm, wear rate is less than 90 mm3/(N-m), the maximum running
speed is 1 m/s, the running speed of this experiment is 0.05 m/s, and the maximum
operating temperature is 40 °C, which is close to the actual mining conveyor belt.

Figure 8. (a) Laboratory test of belt conveyor; (b) The experimental platform of mini-crack detection system based on laser

thermography.

The laser thermography system mainly includes an infrared camera, a CW laser
scanning device, a field programmable gate array (FPGA) embedded terminal, a wireless
signal transmission device, a personal computer (PC), and monitoring software developed
in the laboratory.

The local excitation is realized by a -CW laser with a wavelength of 808 nm and an
effective maximum power of 15 W. The point laser is converted into line laser through the
collimator and projected onto the conveyor belt. The length and radius are 500 mm and
0.3 mm respectively of line laser on conveyor belt, and the maximum power density of
50 mW/mm?. The focal length f of focusing lens is 8 mm. FPGA embedded terminal in
our laser thermography system is used for image reconstruction. It could reduce great
redundant information before the mini-crack feature image transmits to the personal com-
puter. The temperature changes on the belt surface are recorded with an infrared camera
(FLIR Tau 640) with 640 x 480 pixels at a frame rate of 60 Hz and a minimal temperature
resolution of about 50 mK, also be expressed as NETD (Noise Equivalent Temperature Dif-
ference) and the corresponding FOV becomes 625 x 500 mm?. The computer configuration
is as follows: Inter(R) Xeon(R) CPU E5620@ 2.40 GHZ 2.40 GHZ, Memory 8 GB.

4.2. Experimental Procedure

As shows in Figure 9, a standard mini-crack of the conveyor belt is used to validate
the feasibility and the practicability of the proposed method. Figure 9 is an optical picture
with an actual size of 250 x 150 mm?. First, a Gangue mineral, whose density is 1.8 t/ m3,
is fixed on the upper surface of the conveyor belt. Then, the conveyor is started, which
cause friction between the gangue and conveyor belt to simulate the mini-crack generation
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experiment. Finally, the image acquisition device is turned on to capture the thermal image
of the conveyor belt.

Nomal Mini-crack of conveyor belt: Mini-crack of conveyor
surface of length 100mm; width Smm; belt:length 100mm; width

conveyor belt deep 10mm 1mm; deep Smm

Figure 9. Mini-crack category of conveyor belt (length = 150 mm; width = 250 mm).

In order to verify the effectiveness of this method, three surface conditions of the
conveyor belt, including the healthy case and the case with mini-cracks, were simulated
in the experiment. The simulation experiment is based on COMSOL Multiphysics, which
simulates the whole process of laser scanning conveyor belt. The length, width, and depth
of the first mini-crack are 100, 1, and 5 mm, respectively; and the length, width and depth
of the second mini-crack are 100, 5, and 10 mm, respectively. At the same time, we used
COMSOL Multiphysics to simulate the thermal image changes of 100 mini-cracks with
lengths ranging from 50 to 140 mm and widths ranging from 1 to 10 mm under laser
excitation.

4.3. Experimental Results

Figure 10 shows a temperature images of three surface conditions of the conveyor belt,
and the temperature image with a size of 150 x 150 mm? comes from the original image
with a size of 500 x 625 mm?. The first one is the healthy conveyor belt. The second one is
the conveyor belt with a mini-crack with length of 100 mm and width of 1 mm, and the
third one is the conveyor belt mini-crack with length of 100 mm and width of 5 mm. It
takes 3 s for each conveyor belt mini-crack case with the actual size of 150 x 150 mm? to be
scanned based on the conveyor belt running speed of 0.05 m/s, and the temperature of the
thermal images of four groups of mini-cracks were collected at four time points of 0s, 1's,
1.8 s, and 2.4 s respectively. By fusing the surface temperature thermogram of key feature
regions of each frame during the whole scanning process, the mini-crack feature images
can be obtained.

Figure 11a shows the original images of mini-cracks with length of 100 mm and width
of 5 mm, and Figure 11b reveals the mini-crack feature image. Figure 11c shows the gray
mini-crack feature image. When the surface temperature is above the threshold, the surface
appears white, while other areas are shown in black. In order to identify the size of the mini-
crack more quickly, the gray feature image is enhanced, as shown in Figure 11d. As shown
in Figure 11e, the binary image processing is adopted to achieve feature segmentation.
Finally, the mini-crack size is identified by Hough transform. The length and width of the
mini-crack are measured as 99.41 mm and 4.71 mm respectively, as shown in Figure 11f.
The error of mini-crack size estimation is about 3.24%.
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Figure 10. Surface temperature thermographs of three surface conditions of the conveyor belt.
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Figure 11. Test results of a mini-crack detection. (a) The original image is taken with the conveyor belt at rest; (b) mini-crack
feature image; (c) gray mini-crack feature image; (d) image enhancement; (e) threshold segmentation; (f) mini-crack size.

Table 1 shows the measured results of three sizes of mini-cracks based on laser excited
thermography. The accuracy of mini-crack detection results is listed, which are calculated
by the equation

1 [<Widthobserved — Widthactuul) + (heightobserved — hEightactual)

accuracy =1 — - : -
wzdthactual haghtactual

: | ®

Table 1. Measured values of three sizes of mini-cracks based on laser excited thermography.

Measured Value

Valrflrel};m Lengthgpservea (50) Length,pserved (100) Lengthgpserved (150)
Length,tyar Width,cya Accuracy (%)  Length,ua Width,ya Accuracy (%)  Length,ya Width,eua  Accuracy (%)

Width(1) 50.00 1.76 62.00 100.50 1.76 61.75 150.59 1.76 61.80
Width(2) 50.00 2.35 91.25 98.24 2.35 90.37 150.59 2.35 91.05
Width(3) 50.00 3.53 91.17 99.41 3.53 90.87 148.82 3.53 90.77
Width(4) 50.00 4.12 98.50 100.00 3.53 94.12 150.59 3.53 93.93
Width(5) 49.41 471 96.51 99.41 471 96.81 150.59 5.29 96.90
Width(6) 48.82 5.88 97.82 98.82 5.88 98.41 150.00 5.88 99.00
Width(7) 50.00 6.47 96.21 99.41 6.47 9591 150.59 6.47 96.02
Width(8) 49.41 8.24 9791 100.00 7.65 97.81 150.00 7.65 97.81
Width(9) 49.41 8.82 98.41 99.41 8.82 98.71 150.00 8.82 99.00
Width(10) 49.41 10.00 99.41 99.41 10.0 99.71 150.59 9.41 96.85

It can be seen that the mini-crack width of 1 mm only has a correct rate of about 60%,
while the mini-crack width of more than 2 mm has a correct detection rate of about 95%.
In this experiment, the running speed of the conveyor belt is 0.05 m/s, which is mainly
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limited by the camera frequency. In fact, the displacement of the conveyor belt from frame
to frame is 0.83 mm. Accordingly, when the width of the mini-crack is less than 2 mm, it is
very close to the error value so that the measurement accuracy decreases. In addition, an
infrared camera of faster frame rate will help improve measurement accuracy.

Figure 12 shows the precision comparison of the measurement results of 100 groups of
mini-cracks. Figure 12a shows the variation trend of measurement accuracy with constant
length but gradually increasing width. With the increase of the mini-crack width, the
measurement accuracy of the mini-crack width 2~4 mm is between 90~95%, and the
detection accuracy for the mini-crack with width larger than 4 mm is greater than 95%.
Figure 12b shows the variation trend of measurement accuracy with constant width but
gradually increasing length. It shows that the length measurement accuracy of all the
measurement groups is stable at more than 96%. Therefore, this method has a greater
detection accuracy for mini-cracks with widths larger than 1 mm.

Comparison of accuracy for width
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Figure 12. Comparison of accuracy for result of mini-crack measurement. (a) Width; (b) Length.

5. Conclusions and Future Work

In this paper, a rapid mini-crack detection method of conveyor belt with laser ex-
cited thermography is proposed. An experimental platform equipped with a mini-crack
vision detection system based on laser excited thermography was designed to verify the
method. The active infrared imaging method is used to highlight the infrared features of
the mini-crack, and the frame difference method is used to extract the image to quickly
record the temperature change of the mini-crack under laser beam heating. At the same
time, the power function image enhancement algorithm based on thermal signal further
highlights the features of mini-crack and improves the precision of feature segmentation
and recognition. Active thermography method based on laser beam heating can quickly
change the temperature of the mini-crack feature and background. Real-time heating and
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rapid thermal image acquisition can effectively avoid the problem of large measurement
results caused by temperature diffusion in low temperature environments. The experimen-
tal results show that, for a mini-crack with width than 1 mm, the measurement error of the
laser active thermography method is less than 4%. In addition, the identification accuracy is
higher than 96%, the damage sensitivity is higher (mini-crack detection of 1 mm diameter),
and the external noise interference is reduced. The method not only realizes accurate
mini-crack detection and identifies mini-cracks early on, but it also meets the requirements
of different working environments. The proposed method has good application prospects.
In future work, adverse factors such as changing conveyor belt rotating speed and limited
thermograph resolution will be considered to further improve the mini-crack detection
method. In addition, the follow-up studies will include applying the developed method in
detecting other types of damage, such as surface wear and breakdown.
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