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Abstract

Car tire belting is a key structural element. Its operation in the tire
determines the maintenance of the geometrical stability of the
pneumatic wheel in conditions of variable operational loads. The belt
= The authors demonstrated the possibility of creates

a spatial composite structure in which the structural component is
usually made of braided steel strands. The even arrangement of the
fibers in the belt determines its mechanical properties. Under normal
conditions, the belting is invisible in used tires and its technical
condition is difficult to assess. The arrangement of the belt wires in the
belts. tire can be seen using X-ray imaging, which was used in this work. In
the conducted research, various configurations of the lamp settings and
the detector of the measurement system were tested. On the basis of the
tests performed, it is possible to assess irregularities in the belting
resulting from manufacturing errors. However, a more important
application of the obtained results is the possibility of assessing
operating wear. Delamination in the belt detected during the tests
reduce the safety of using such tires.

Highlights
= The paper presents the possibilities of testing
tires with the use of computed tomography.

a detailed analysis of composite structures.
= The proposed method allows for the

assessment of operational damage to car tire
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1. Introduction

When driving, the face of the tire adheres to the road surface
in the form of a flat contact surface. The tire is deformed
along the length and width of the tread, which leads to
transverse and longitudinal bending of the tire face. Tire
deformations are
a direct cause of rolling resistance, but at the same time they
are an essential factor ensuring the ability to transfer forces
and moments between the ground and the car. The main
material components of the tire are different grades of rubber

compounds, which are responsible for the ability to level
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uneven surfaces and create a contact zone. The work of the
tire consists in cyclically repeated deformations in the contact
zone with the road surface, which lead to energy dissipation.
In the construction of car tires, due to the occurrence of
variable loads and rotational speeds of the road wheels, it is
necessary to use structural elements responsible for
maintaining the external geometry. Rubber mixtures without
reinforcements would quickly be destroyed leading to
geometric deformations. In the circumferential part of the tire,

the belt under the tread is responsible for maintaining the
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geometric dimensions [7]. The most commonly used
construction material for car tire belts is steel, which is evenly
distributed around the circumference of the tire in the form of
wires (cords) stabilized with a rubber matrix [8]. The
sidewalls of the tires are reinforced with fibers made of
plastic-based materials or, less commonly, metallic ones. The
adherence of the tire bead to the rim is ensured by the use of
bead wires in the form of a weave of steel rods [17].
According to these considerations, each tire currently used in
motor vehicles is a layered composite structure with a
complex external geometry. The internal structure of a typical
car tire is shown in Figure 1.

cross-sectional view of one belt layer

sidewall

bead wires

inner liner

lower bead area

carcass ply

cap ply

tread

Fig. 1. View of the basic structural elements of the tire and
a magnification of the physical cross-section of the belt made
by the CT method.

The car tire belt is a structural element that determines the
maintenance of the geometrical stability of the pneumatic
wheel in conditions of variable loads. The belt is a composite
structure in which the structural component is usually made of
metal wires. Even distribution of reinforcement in the belt
determines its mechanical properties [23]. Under normal
operating conditions, the tire belt is invisible and its technical

condition is difficult to assess. The location of the belt cords

in the tire can be seen using x-ray imaging, which is one of
the basic testing methods. Other alternative non-destructive
testing methods of tire belting are also being developed [4, 5].

A particularly important purpose of using x-ray methods is
the quality control of products used in production processes.
Linear X-ray detector (LDA) arrays have proven to be the
ideal choice for non-destructive testing (NDT) in quality
control and wear and tear assessment [1, 11]. Digital x-ray
detectors have been introduced to tire quality control
relatively recently. This solution, based on an intelligent
digital platform, which is focused on improving image quality,
increases the maximum speed of tire scanning and allows
shortening the test time. Typical industrial X-ray imaging
systems used in the tire industry are based on a U-shaped
detector [27, 28].

Detecting tire belt discrepancies from x-ray images is a
task that requires expertise in X-ray assessment. A trained
operator is able to detect most non-conformities resulting
from manufacturing errors. The problem is the throughput of
such analysis, which is limited by the possibilities of human
perception [32]. In the case of tire quality control, it is
possible only for selected samples from the entire production
series. There are specific classes of belting errors that can be
recognized by traditional imaging techniques. However, these
techniques struggle with complex background textures,
external interference, and differences in lighting conditions.

Many articles present various methods of automated
recognition of non-conformities in tire construction. Such
tasks are performed by using image segmentation methods,
object edge detection, image processing using mathematical
methods and machine learning. This is inspired by two main
factors: the availability of computing power and the rapid
digitization of society, which enables the creation of large
databases of tagged tire scan samples.

The work [24] proposes a tire defect detection method that
uses the similarity of tire image features to detect anomalies.
The proposed detection algorithm consists mainly of three
stages: a kernel regression description to obtain a set of tire
image feature vectors, an evaluation of pixel dissimilarity and
estimation by weighted averaging of dissimilarities between
one pixel and its neighbors (anomaly detection) and finally, in

the thresholding process, detection of discrepancies.
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Another method of belting fault detection is end-to-end,
which is used to automatically detect tire defects in x-ray
images. The described method is based on the periodicity of
X-ray images of tires and the Siamese net used as part of the
classifier for detecting inconsistencies in belting [34].

In [36], a new tire defect detection model using the
Concise Semantic Network (concise ANN) was tested for
automatic visual tire inspection.

Another approach to the problem of tire defect detection
automation is presented in [13]. In this article, the feature
distribution generated by local inverse differential moments
(LIDM) is considered as an effective representation of the tire
x-ray texture image. The defect feature map (DFM) is
constructed by calculating the Hausdorff distance between the
LIDM function distributions of the original tire image. The
defect detection algorithm is not only resistant to background
noise, but also has a greater ability to handle different shapes
of defects.

In [30], a comprehensive light semantic segmentation
network was proposed for the implementation of bead toe tire
defect detection. The texture function of the different areas of
the tire is extracted by the encoder. Then the decoder connects
the output function of the encoder. When assessing the final
effect of image segmentation, the local mloU index was used.

In the work [35], based on the X-ray image of a tire with a
periodic texture, an algorithm for detecting a joint in the belt
was proposed, whose incorrect execution is one of quite
frequent manufacturing defects.

In the article [15], a new model for detecting

contamination defects in X-ray images of tires was proposed.
First,
a binarization algorithm based on columnar grayscale
correction was designed, which can get more details than
other algorithms and lay a solid foundation for further
detection. Then, the tire X-ray image segmentation algorithm
could accurately divide the image of the tire. Finally, two
thresholds were used to assess whether there was a
contamination defect in the tire image.

In the automatic detection of tire defects, various
techniques of the initial x-ray image processing are also used,
e.g. based on large-scale wavelet analysis [31].

Automatic tire damage detection has become an important

issue in the tire industry. However, it is difficult to check the
internal structure of a tire using surface detection. Therefore,
an x-ray image detector is used to inspect tire damage.
Currently, the detection of defective tires is ineffective as tire
factories often carry out detection by manually checking x-ray
images. With the development of deep learning, supervised
learning was introduced to replace human resources. However,
in real industrial conditions, defective samples are rarely
compared to defect-free samples. The number of defective
samples is insufficient to isolate supervised feature models
and to identify non-qualified products.

In [33], an unsupervised approach was proposed to solve
these problems, using samples of undetermined defects for
training. In addition, an augmented reconstruction method and
a self-supervised training strategy were introduced. In the
work [25], the algorithm used was verified by the developed
software for automatic tire damage detection in which the
desired results were obtained.

To sum up, the methods for automatic detection of non-
conformities in the tire construction using x-ray are primarily:
Lightweight semantic segmentation network, Faster R-CNN,
Unsupervised Learning with Generative Adversarial Network,
MobileNet Single Shot MultiBox Detector (MobileNet-SSD),
and Lightweight Convolutional Neural Network that is
designed for real-time object detection on mobile and
embedded devices and YOLO ver. 4 and 5.

All the described methods allow the detection of defects in
the construction of a tire on the basis of flat images obtained
by x-raying the tires with high-energy radiation. The level of
detail of the obtained results allows for efficient detection of
tire belt irregularities but has limitations in terms of detecting
belt structure destruction caused by operating wear.

In the assessment of damage to the tire belt, factors related
to the operation of the drive system and the excitation caused
by road unevenness and traffic conditions should be taken into
account. An important factor influencing tire loads is the
functioning of the drive system, the condition of which can be
determined using indirect measurement methods [20]. The
method of transmitting power from the engine to the wheels
plays an important role in the operational loads of tires [2].
Taking into account the impact of the drive system on tire

loads, effective methods of monitoring its technical condition
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should also be used [3, 19]. On the other hand, the
deterioration of the belt condition translates into travel safety
and tire operating conditions in the contact zone. In [16] a
method for assessing the stability of vehicle motion based on
the analysis of accelerations was presented. In turn, the
technical condition of tires translates into their acoustic
properties. One method for assessing tire noise is presented in
[29]. This paper presents the assumptions and preliminary
results of tire belt tests using X-ray tomography. This is a new
approach to car tire research that allows for a detailed analysis
of the tire's structural component. In the conducted research,
various configurations of the lamp settings and the detector of
the measurement system were tested. On the basis of the
performed tests, it is possible to assess irregularities in the
belting resulting from manufacturing errors, but a more
important application of the obtained results is the possibility
of assessing the operating wear of the belt cords. Operational
damage to the belt detected during the tests reduces the safety
of using such tires. A huge advantage of this approach to tire
research is the ability to assess the spatial structure of tires,
which was impossible with classic X-rays.

2. Description of the test method and measurement stand

Computed Tomography (CT) technology, which is an X-ray
imaging method widely used mainly in medicine, was used in
the tire belt research, co-developed by Allan MacLeod
Cormack and Godfrey Newbold Hounsfield. These scientists

received the Nobel Prize in 1979 for this achievement [14, 26].

Today, X-ray computed tomography (CT) is used in three
different fields. These are the previously mentioned medicine,
and since 1980 it has been popularized in material analysis
and non-destructive testing (e.g. detection of material defects).
Most recently, starting from 2005 CT technology has been
used in dimensional metrology, which is an alternative to 3D
coordinate measuring machines or measuring arms using
contact or optical methods [18].

CT imaging is a type of X-ray spectroscopy. It converts
electrical energy (electrons) into X-ray photons which are
passed through the object [14]. Then they are measured by a
detector and converted back into electrons (whose density is
inversely proportional to the density of the object and the

change in photon intensity depends on the density of different

parts of the measured object). In order to obtain an image (3D
or 2D) of the measured object, the CT machine passes X-ray
photons at different angles through the object in the range of
360 degrees [26].

Computed tomography in industry occurs in two
configurations [10, 26]. The first one is a cone-beam system
(Fig. 2) in which the source of radiation is an X-ray tube with
a power of 150 to 450 kV. The scanned object is placed on a
table that makes a full 360° rotation, obtaining the entire

cross-section of the scanned object.
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Rotation ¢
I

h .

_——1  XrayConeBeam

b >:Y<
|

Fig. 2. Scheme of measurement by a computer tomograph
using a cone beam system [18].

The second configuration is a parallel-beam system (Fig.
3). A flat beam of X-ray radiation is used here, emitted in the
direction of the measured object placed on a turntable. The
measured object moves angularly and linearly in the x, y and z
directions, or the X-ray tube moves relative to the line

detector. As the object moves, the object rotates 360° in each

step.
X-ray Source Sample Line Detector
Step-by-Step !
Rotation '
+ Shift !

. >:Y<

Fig. 3. Scheme of measurement by a computer tomograph
using a system with a parallel beam [18].
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A very important aspect of a good mapping of the scanned
object is the number of projections made during a full rotation
of the measured object as well as the size of the focal length
[26].

The method of enlarging or reducing the measured object

is shown in Fig. 4a. As can be seen, a greater magnification of
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the measured object can be obtained by bringing the object
closer to the source. This action has positive as well as
negative effects. The result may be an increase in the
resolution of the measured object, but it may cause blurring of
the image due to the finite size of the X-ray spot, which is

shown in Fig. 4b.
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Fig. 4. Image magnification (a) and image blurring effect in computed tomography [10, 18].

In computed tomography, the final effect of imaging
(accuracy) depends on the number of projections made during
a full rotation of the measured object. The unit of the 3D
spatial image is the voxel (volumetric element). Voxel is an
anagram of the words "volume" and "pixel", which generally
speaking is
a unit representing 3D spatial volume data. Another term for
a voxel is a 3D pixel. Voxels are almost identical to pixels and
have a specific cell inside the grid. However, the main
difference is that instead of dealing with two axes, we use
three axes here [18].

Computed tomography (CT) technology was used in the
tire belt tests, which allows looking inside the structure and
creating its 3D representations and cross-sections in any plane
(detail imaging). The obtained tire scans in the form of a
matrix enable their interpretation in terms of the geometric
correctness of details regarding porosity or inclusions, and
correlating the obtained results with those obtained using
other test methods [12]. In the case of using periodic scanning
methods to a limited extent, it is possible to study mechanical
interactions in the material (e.g. flow analysis) [6, 9].

The use of computed tomography results for advanced tire
information processing techniques allowed, among others:

- assessment of geometric compliance,

- analysis of the correctness of the implementation of
production processes in terms of structural
correctness,

- location and analysis of the distribution and
dimensions of defects and non-conformities,

- studying local distribution of belt fibers and their
global orientation,

- assessment of structural damage caused by wear or
mechanical damage.

By taking a large number of photos of the tested tire, it is
possible to obtain 3D images of the belt using dedicated
software based on the Radon transform. The Radon transform
is a mathematical description of the projection and it can be
written as:

Po= I J o0 f(,y)8 (xcosg + ysing — )dxdy (1)

where:

f(x,y) — a function describing the spatial distribution of
radiation absorption,

& — Dirac delta distribution,

¢— X-ray angle,

t — shift relative to the center,

X €os ¢, y sin ¢ — point coordinates transferred to the
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projection coordinate system, v[tome|x s 240 3D volumetric scanner was used, whose main

P o — value of the projection function for angle ¢ and shift t elements comprising the measurement system are shown in

Thanks to this, we can obtain spatial images of the details Figure 5.

of the internal structure of tires. In the tire tests, the Phoenix

Detector

Rotary measuring table_ .
and linear guideé/’
. /.

Fig. 5. View of the basic elements of the x-ray imaging system.

A simplified procedure for imaging a tire on a volumetric parameters set while scanning the measured tire.

scanner is presented below (Fig. 6) and in Tab. 1 shows

Installation of the element in space and setting
the measured element in the field of view

Setting the input values for the scan, such as:
voltage, current, exposure time, number of scans

Calibration of the tomograph and then scan of the
measured element

Automatic combination of scans into a 3D view in
software dedicated to computed tomography

Analysis of the obtained scan of the element, e.g.:
porosity, geometric measurements, etc.

Fig. 6. Simplified diagram of the scanning procedure on a volumetric (CT) scanner.

Tab. 1. Volumetric scanner settings. _ _ 3. The research results and their analysis
parameter value physical unit
Zoom 14 b. w. The tests were carried out on typical tires used in passenger
the size of one Voxel 142.84 um . . . .
number of photos 1076 bw. cars. The design solutions of such tires from different
exposure time 333 ms manufacturers show a large range of similarities. In all tested
voltage 120 kv tires there was a metal belt, whose essential element is the
current 100 pA
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spatial arrangement of steel cords (Fig. 1). One of the typical
operating damage to tires is the puncture of the face caused by
its penetration by a sharpened indenter. Often, after such
damage, the tire is repaired by cleaning the damaged area and
then filling it with a rubber compound. During such a repair, it

is impossible to assess to what extent the belt was damaged.
In the conducted tests, deliberate damage to the tire was made
using various penetrators. The view of the tested tire fragment
in three successive test phases is shown in Figure 7.

Fig. 7. Image of a fragment of the tread of the tested tire obtained by the Phoenix vitome|x s 240 3D scanner: a) before damage, b)
with inserted penetrators, ¢) after removing the penetrators (external damage to the rubber layers is visible).

Disturbances visible in Fig. 7b are typical image
distortions resulting from dirt or a combination of two
different materials, which are sometimes difficult to remove in
the post-process. Figure 7 shows images of the outer surface
of the tested tire fragment. Similarities can be noticed with the
results obtained in surface scanning methods using laser
scanners [22], but it has some other features. In the results
obtained, it is possible to analyze, for example, surface
depressions (grooves of small width and great depth), which

are a typical solution in the construction of a car tire tread.
The device used in the tire research allows the imaging of the
internal structure of other objects with complex shapes [21].

After performing the CT tests, spatial images of the
internal structure of the tested tire were obtained. A view of
belt damage caused by external interference and cord
placement errors caused by manufacturing defects is shown in
Figures 8 and 9.

Fig. 8. Image of a fragment of the belt of the tested tire obtained by the Phoenix v|tome|x s 240 volumetric 3D scanner with a visible

manufacturing error.
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Fig. 9. Image of a fragment of the test tire belt obtained on a 3D Phoenix v|tome|x s 240 volumetric scanner with a visible
manufacturing error: a) in factory condition, before damage, b) with inserted penetrators, c) after removing the penetrators (visible
external damage to the rubber layers).

Once the penetrators that caused the tire puncture are
removed, the normal repair procedure is to fill the damaged
area. The damage to the tire belt, which is clearly visible on
the magnification shown in Figure 10, indicates that such a
repair method may not restore the original properties of the

tire.

Fig. 10. Magnification of the area of belt damage caused by a tire

puncture.

A damaged belt reduces the radial stiffness and thus may
affect the outer geometry of the tire. Tires used at high speeds

(driving on motorways) will be particularly vulnerable to this
phenomenon. The tire manufacturer dedicates a given
structure to be used at certain maximum speeds. Incorrectly
diagnosed tire damage may result in a potential operating risk
due to tire repair. Externally, the tire will look functional,
while its internal damage increases the risk during its use in
the vehicle.

The tire belt structure testing method used in this work
also allows for more detailed images showing selected
fragments. An example of a belt scan showing details of the

cord weave is shown in Figure 11.
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Fig. 11. Result of a scan of the summer tire belt showing
details of the cords.
The above belt image was obtained by increasing the
number of individual images to 2475 while reducing the
distance to the radiation source.

4, Conclusions

Methods of testing complex composite spatial structures are
being constantly developed. An interesting example of
a commonly used object with such characteristics is the
modern car tire. Tests in the field of tire quality control are
currently most often carried out on the basis of X-ray devices,
by which pictures of the belts are taken. In such methods,
applications that enable the automated analysis of the obtained
images are crucial. The limitation of these methods is that
only a flat representation of the structural component of the
tire structure is possible.
The research results presented in the paper allowed for the
following conclusions to be formulated:
1. According to the authors, it is advisable to develop the
tire quality control methods enabling spatial analysis
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