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Abstract

In this work, the authors aim at developing a reliable and fast methodology to evaluate the wear evolution in tire starting
from a complete optical 3D scanning. Starting from a data cloud, a semi-automatic methodology was implemented in
MATLAB to extract mean tread radial profiles in correspondence of the desired angular position of the tire. These pro-
files could be numerically evaluated to establish the presence of irregular wear and the characteristic parameter of the
groove depth. The reliability and the robustness of this methodology was firstly tested by applying it to several synthetic
case studies modeled in CATIA V5%, where ovalization and presence of defects were also simulated. The groove depth
was determined with an error lower than [% for the ideal model, while the introduction of ovalization and defects
leaded to an error of 2.6% in the worst condition. In a second time, the methodology has been successfully applied to
experimental measurements carried out in two different wear life of the tire, allowing the tracking of the wear phenom-
ena through the evaluation of the progressive lowering of tread radial profiles.
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Introduction Consequently, the development of tools that allow
studying the wear phenomena constitutes an important
challenge for the transport sector.

The different nature of tire and asphalt leads to dif-
ferent statistical approaches to describe the wear phe-
nomena, which are evidently more complex in the case
of the asphalt pavement.> However, in all cases the
possibility to reconstruct the effective geometry of the
surfaces using 3D laser scanners give the possibility to
reach a more accurate description and to provide
advanced tools for the study of the wear.

Limiting the attention to the case of tire, several
digital methods are available to carry out tire wear eva-
luation, as reported briefly in Akkok et al.> The main
methods have been identified in Stachowiak et al.* and
resumed in the following:

When two bodies are in relative motion, the friction
between the contact surfaces causes the wear of the sur-
faces themselves. The wear can be defined as a loss of
material that modifies the surface profile affecting the
performance of a component. The study of wear is a
very important challenge in the tribology field since its
quantitative evaluation is essential for the research
advance for improving wear resistance and service-life.
The analysis of surfaces focused on the wear monitor-
ing allows identifying profiles that are optimized to
achieve higher performance and durability, without
neglecting the advantage to reduce manufacturing,
maintenance, and replacement costs.

Wear phenomena involved in the contact of tire and
asphalt pavement is particularly relevant in the auto-
motive sector. Wear tire is responsible of the decay of
the vehicle performance, both in terms of safety and
efficiency. On the other side, the degradation of asphalt
pavement determines the increase of noise and vibra- Department of Engineering for Innovation, University of Salento, Lecce,
tion, a reduction of the comfort for the passenger and  Italy
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- Weighing’: the difference in the weight before and
after the use allows quantifying the material loss in
the component.

- Ultrasonic reflectometry and phase interference®’:
these methods can be used to evaluate with high res-
olution the thickness reduction due to the wear.

- 2D digital image processing® '*: geometry modifica-
tion of the component is evaluated through a quan-
titative analysis of binary images, after appropriate
pre-processing and segmentation operations.

- optical microscopy, 2Dprofilometry: these methods
require the use of optical non-contact profilometers
and microscopes. They are very accurate, simple,
and fast."?

- 3D scanning: acquisition of 3D geometry of surfaces
and reconstruction of the whole component.'*

These last methods are very interesting for the consid-
ered case, since they are based on non-contact mea-
surements. At this purpose, the absence of contact
allows avoiding the error introduced by the pressure
exerted by measurement tool on the high deformable
surface of tire.

The approach that allows following the wear phe-
nomena in all its complexity and that provides results
based on the largest amount of data is based on the
acquisition of the 3D geometry of the involved sur-
faces. Therefore, it represents a necessary tool to pro-
vide a quantitative basis for the reconstruction of the
phenomenon and the validation of new models and
procedures.'?

In the case of a tire, driving safety and ride comfort
are affected by its progressive wear that also influences
the maneuverability, hydroplaning, fuel consumption,
and noise generation.'® Since the wear modifies the
tread pattern structure influencing the tire perfor-
mance, it is a not-negligible phenomenon in a scenario
where the vehicle performance is an urgent challenge in
the competition among tire companies. The top and
bottom surface and grooves are the principal features
of the tire pattern configuration and strongly influence
the tire performance and quality. For this reason, the
wear status evaluation is important to preserve the tire
functions. The depth of the tread groove is a crucial
factor influencing the braking performance of the vehi-
cle and must be periodically inspected to ensure driving
safety. Furthermore, its periodic evaluation at pre-fixed
range of mileage represents the simplest tool for the
direct analysis of the tire tread wear status and an indi-
cator useful to follow its evolution during driving
cycles. However, the evaluation of tread groove is not
satisfactory if the aim is to obtain data for developing
an appropriate wear model of the tire. In this case,
more advanced techniques must be used.

However, it is very difficult to assess the surface
topography of an object with a complex surface mor-
phology as a tire.'"® Deep grooves, kerfs, and thin fea-
tures are usually present, determining accessibility
problems during the acquisition process. In order to

overcome these difficulties, the last approaches reported
in technical literature about the digital reconstruction
of the tire surface'”'® limited their attention to a
reduced set of data, consisting in a certain number of
profiles equally distributed along the circumferential
direction. The choice of considering a reduced set of
data allowed a simplification of the problem but had
the direct consequence that the localization of the tire
axis needs to be fixed a priori with the rotating axis of
the experimental setup. These limitations could lead to
unacceptable systematic errors in the evaluation of tire
surface, especially when the same tire surface is com-
pared at different amount of wear.

In this perspective, the aim of this study is to estab-
lish a reliable methodology able to evaluate and analyze
the different stages of wear process for a tire. The sur-
face is experimentally acquired by a non-contact mea-
surement technique, which performs the 3D scanning of
the tire surface during different stages of its life.

In comparison with the cited approaches, the novelty
of the methodology here proposed is characterized by
several innovations that allow a better knowledge of
the surface tire topology and its comparison after driv-
ing cycles. The first innovation is represented by the
fact that the evolution of the wear phenomena of tire
tread is based on a complete reconstruction of the tire
geometry. Consequently, the complete data set that is
obtained allows to consider not only the geometrical
variation of the wear having axisymmetric distribution,
but also geometrical irregularities that could be ran-
domly disposed along the circumferential direction.
This limitation is easily overcame exploiting the knowl-
edge of the whole tire surface: the proposed algorithm,
in fact, allows extracting circumferential section of the
tire surface that are used to identify the actual center;
subsequently, the centers of this circumferential fea-
tures are interpolated to determine the actual revolu-
tion axis of the tire, improving the quality of the wear
evaluation.

Finally, a semi-automatic methodology has been
implemented in MATLAB® in order to extract, from
tread profile, the specific parameters that are useful for
tire wear evaluation. The methodology, in fact, is dri-
ven by the active choice of the user that interactively
can select the position and the angular sector to be con-
sidered for the data elaboration, the specific parameters
to be extracted, the specific point to be used to calcu-
late the depth groove. This choice allows achieving the
largest flexibility for the user and overcoming the diffi-
culties that could be found in relation to the wide vari-
ety of the commercial tire pattern.

In particular, it is possible to extract a mean profile
of the tire over an angular sector of the tire and deter-
mining the standard measurements of this mean profile
as for example depth groove. This depth can be mea-
sured by processing suitably the tread radial profile
extracted from the point cloud experimentally acquired.

After having illustrated the experimental set up for
3D acquisition of the tread surface and the
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implemented methodology for data processing, the
work is focused on the validation of this methodology.
The algorithm was firstly tested on a discrete model of
tire generated synthetically into CATIA V5%, where
ovalization and presence of defects were also simulated.
The tracking of wear phenomena was performed by
comparing the groove depths measured from profiles
extracted from “new” and “worn” tire.

Finally, a real case study was also considered using
data obtained by a 3D reconstruction of a real tire
mounted on a commercial car. Two acquisitions of the
tread surface were performed before and after a mileage
of approximately 5000 km. The methodology showed a
good degree of reliability and robustness for both syn-
thetic and experimental case studies, confirming the
validity of the proposed approach.

Tire geometry and wear evaluation

The tire is the contact element of the vehicle with the
road. Its task is to transfer to the vehicle the forces
deriving from its interaction with the ground and to
absorb part of the roughness encountered during the
motion. The principal functions of a tire are reported
in the following:

- the adherence to the ground;

- the deformability needed to envelop small obstacles
and to absorb road irregularities to guarantee pas-
senger comfort, the integrity of the vehicle over time
and the continuity of contact with the ground;

- the resistance to penetration of accidental bodies;

- the ability to absorb the minimum energy possible
during its motion (minimum rolling resistance) to
maximize mechanical performance.

Tires that are normally used on the road and that are
essentially mounted on passengers’ vehicles are geome-
trically characterized in various ways by grooves, which
develop along circumferential and transverse paths:
these channels, several millimeters deep, drain the
water present on the road and allow cooling by convec-
tion. In particular cases, they can be made in such a
way as to favor advancement on snow, mud, earth,
sand, and incoherent land in general. The set of these
channels forms the tread pattern and divides the tread
into blocks.

An excessive or irregular wear of the tire surface, for
which a simple measurement of depth tire tread is suffi-
cient in most cases, is useful to identify and to correct
several mounting or in-service errors, as for example
incorrect inflation pressure, incorrect convergence of
the vehicle, lose or worn parts, driving conditions,
excessive load, etc. before the tire is irreparably com-
promised. Several examples are reported in Figure 1.

The main methods, currently used for measuring tire
wear, are classified into qualitative and quantitative.
The first are the following:

Defective
suspension

Insufficient
pressure

Excessive
pressure

Convergence
alignment

Figure I. Typical wear states.

- the method based on the Tread Wear Indicator
(TWI): most treads on the market are characterized
by the presence of a small rubber insert, 1.6mm
high, placed on the bottom of the grooves. If the
dowel is present, the tire bears on its side the abbre-
viation TWI or a small brand logo. If the tread is
worn to the point of reaching the indicator, the
tread thickness is no longer suitable, and the tire
must be replaced (Figure 2(a));

- the coin method: the depth of the tread grooves is
compared with a common coin, simply by inserting
it in one of the grooves. Depending on the part of
the coin that remains uncovered, the tread thickness
will be suitable or not (Figure 2(b)).

Qualitative methods are commonly used during peri-
odic maintenance to control the effective state of the
tire.

To investigate tire wear thoroughly, a quantitative
assessment of wear phenomena is required. Even the
simplest quantitative methods measure the groove
depth to monitor tire wear. These techniques are
divided into two large families: contact techniques and
non-contact techniques.

The most common contact technique is based on the
use of a depth gage. The measurement is carried out,
with the stopped vehicle, positioning the base of the
caliper on two adjacent ribs and manually acting on
the mobile rod until the probe enters into contact with
the bottom of the groove. In most of the instruments,
the digital measurement is preferred to the analog 1.
Several problems are originated using the depth gage:

e the alignment between the base of the gage and
the ribs may not be appropriate, especially in the
area near the side of the tire.

e the compression of the rubber under the probe
may not be uniform, modifying the measured
values.

e the quantitative evaluation of the tread wear
requires that the measurement of the groove
depth is always carried out in the same position
after the various driving cycles. Using a manual
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(b)

Figure 2. Manual methods for wear measurement: (a) tread wear indicator and (b) coin method.

measuring tool, the measurement of the groove
depth is random.

e the measure obtained is an average value calcu-
lated on the heights of two adjacent ribs. The
tire, however, could exhibit uneven wear, with
the height of one rib more consumed than the
adjacent one.

The same inconveniences characterize also all the tech-
niques based on a direct contact on the surface, as con-
tact microscopy and profilometry using -calipers,
comparators, coordinated measuring machines
(CMM).1* 24

Non-contact measurement techniques, on the con-
trary, are mainly based on the use of two methodolo-
gies: laser and structured light. The disadvantages
typical of contact methods, such as for example the
rubber compression, the faulty alignment of the instru-
ment, the influence of the human factor, are completely
overcome by using non-contact techniques, so obtain-
ing more precise and accurate measurement values.”
However, optical or non-contact methods are tech-
niques applicable if direct access to the worn surface is
possible.

In the recent years, the imaging-based scanners are
more largely used for Reverse Engineering than
Coordinate Measuring Machines (CMM) since they
allow extracting high density point clouds in a very
short time (over 30,000 points per second). Among the
3D scanners, those with structured light project the
white light onto the object surface as a sinusoidal fringe
pattern and reconstruct the curvature surface exploiting
the Moir¢ effect.

The laser scanning technique is based on the princi-
ple of triangulation. This methodology requires that a
laser beam is projected onto the object. The reflected
radiation is then captured by a camera equipped with a
CCD (Charge Coupled Devices) solid state sensor, to
detect the position set at a predetermined distance from
the laser source. Repeating this measurement following
a regular scan, a point cloud is obtained. The result is a
very high number of three-dimensional coordinates
acquired from the surface of the scanned object (point
cloud). A disadvantage common to all triangulation-

based techniques is the limited applicability in all those
cases in which the surfaces present sudden variations in
depth (grooves, fissures, sudden changes of slope).
Currently, laser scanning systems are often used to
detect the profile of a tire and to evaluate its wear sta-
tus: they operate in an almost completely automatic
way and can acquire a very large number of points per
second, offering ever better accuracy. An example of
methodology using the laser scanning technique for tire
wear evaluation can be found in Wang et al.,'” where
the reconstruction of the tire is limited to some tread
portions.

Structured light systems operate in a similar way to
laser systems being much more inexpensive and faster.
They exploit the same principles of triangulation, repla-
cing the laser source with a projector of white light. To
avoid the problem of relying on the variation of the
texture in the object to be scanned, the system projects
on the surface some specific patterns (structured encod-
ings). If the relative position of light source and camera
is known, using the principles of triangulation, it is pos-
sible to retrieve information on the geometry of the
scanned object (Figure 3).%°

The light patterns are substantially formed by appro-
priately coded strips (or bands) of light. The simplest cod-
ing is carried out by assigning a different brightness to
each projection direction, for example, projecting a linear
intensity scale or assigning a different coloring according
to the projection directions. However, due to its robust-
ness, the coding that is mostly implemented is the so-
called space-time coding of the projection directions. This
coding system provides for the projection, according to a
given time sequence, of n-band light patterns, suitably
generated by a projector controlled by the computer. An
n-bit code is thus associated with each projection direc-
tion, in which the i-th bit indicates whether the corre-
sponding band, of the j-th pattern, is in light or not. This
method allows distinguishing 2n different projection
directions. The assignment of a bit to the different bands
of light passes from the calculation of a suitable threshold
value. This value is calculated as the average between the
level of gray in the image of the fully illuminated scene
and the level of gray in the image of the unlit scene. In
this way, the technique becomes less dependent on the
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Figure 3. Structured light systems.?®

environmental lighting conditions and on the variation of
the reflection properties of the object. Moreover, the cal-
culation of the threshold value is useful for identifying
the areas of shadow present in the scene, or those areas
observed by the camera but not illuminated by the pro-
jector. They are characterized by the fact that they have
minimal variations in the level of gray between the illumi-
nated and the non-illuminated image. In these areas, the
bands are not binarized and consequently the depth val-
ues cannot be measured. Once the n images of the striped
patterns, projected onto the surface of the object, are con-
verted into binary form, each pixel stores the n bit code
that encodes the direction of illumination of the thinnest
strip that illuminated it.*® Knowing the geometry of
the system, the direction of the optical beam of the cam-
era and the equation of the plane of the corresponding
band, the 3D coordinates of the point can be calculated
by intersecting the optical ray with the plane. The struc-
tured light technique allows obtaining acquisition rate
rather remarkable and an acceptable quality of recon-
struction of 3D geometry for many industrial applica-
tions. Of course, the type of structured model projected
onto the scene or the object to be captured plays a key
role in determining the speed, the achievable resolution,
and the accuracy of the system. This technology has been
widely used for its reliability and practicality also in the
measurement of the tread depth of a tire, providing more
than satisfactory results.'® Used device allows to acquire
the tire profile and it consists of an array of laser sources
and several image sensors set in a linear arrangement.
The limit of this system is that it does not involve auto-
matic recognition of the tire grooves necessary for auto-
matic measurement.

The structured light technique has been selected here
to obtain the point cloud acquisition from tire tread used
to verify the reliability of the proposed methodology.

The methodology for tread wear
evaluation

The methodology, proposed here, is aimed at evaluat-
ing the evolution of tire’s wear stat through the

Enterthe
number of

Insert angular
position and angular
proiection extension

Figure 4. Block-diagram of the proposed algorithm.

measurement of the groove depth starting from the
point clouds acquired during the 3D scanning of the
tread. With this aim, a semi-automatic methodology
was developed and illustrated by the block-diagram in
Figure 4. Using a cylindrical reference system having
the main axis coincident with the tire axis, the measure-
ment of the groove depth is performed on the radial
profile extracted from the tread surface. The profile is
uniquely identified by specifying the angular position
of the radial plane (i.e. containing the axis of the tire),
by which the tread surface is cut.

The first step of the methodology is to estimate the
tire axis, that is, the axis z of the cylindrical system. The
axis, particularly, is evaluated using a linear regression
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Figure 5. In red the bottom surfaces of the axial symmetrical
grooves selected for the evaluation of the axis in the case of the
tire considered as a synthetic case study.

model that approximates the centers of a set of circum-
ferences suitably extracted by the axially symmetric sur-
face of the tire.

Generally, due to grooves and tessellations, the sur-
face of the tire tread is globally non-axial symmetric so
that several axially symmetric portions must be identi-
fied to evaluate the tire axis.

Furthermore, the geometry of these surfaces must
remain unchanged during driving cycles. In other
words, the surfaces from which the circumferences will
be extracted must not be subject to wear phenomena
and therefore cannot be in direct contact with the
asphalt. Figure 5 shows the bottom surfaces of the
axial symmetrical grooves selected for the evaluation of
the axis in the case of the tire considered here as a syn-
thetic case study. The number and the localization of
the surfaces used to extract the circumferences for the
evaluation of the tire axis can be varied according to
the specific pattern of the tire. However, the best choice
for a better evaluation of the axis will consider a consis-
tent number of equally spaced circumferences over the
tire width.

These surfaces, since they are not in direct contact
with the asphalt, should not be subjected to wear dur-
ing the driving cycles and their geometry should remain
unaltered. The implemented algorithm allows the user
to directly select the number of areas of interest and
then enter, for each of them, the y coordinates of the
points that define the extension of the area of interest.
For example, supposing to want to select a single circu-
lar surface, it will be sufficient to insert in the algorithm
the number of circular surfaces of interest (1 in this
case) and define its extension by entering the y coordi-
nates of the limit points (Figure 6).

The circumferences, the number of which is defined
by the user, will be automatically extracted from these
surfaces at uniform distance identified by limit points
(Figure 7). Obviously, the greater the number of cir-
cumferences, the greater the number of available cen-
ters for axis identification.

Center coordinates (a, b) and radius (R) of each cir-
cumference are evaluated through the Taubin algebraic
algorithm and the Levenberg-Marquardt geometric
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Figure 6. Selection of the surface of interest.

Figure 7. In red the circumferences extracted from the
bottom surfaces of the selected grooves.

algorithm.?-° The algebraic algorithm is used to pro-
vide an initial estimation to the geometric algorithm.
Taubin’s direct fitting method is an effective, nearly
unbiased direct method for quadric fitting.
Recall that the Kasa®® method, Taubin minimizes
the following function®’:

where the d; denote the distances from the data points
to the coordinates of the circle (a,; b, R). Assuming the
natural assumption |di| < R, it can derive the
approximation:

F1=4R*Y d; (2)

i=1

Now the same assumption |dj| < R can be used as
follows:
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R~(d;+ R? = (x;—a)* + (ni—b)>  (3)

Furthermore, it can improve this approximation by
averaging:

RIS airpin? @
i=1

Finally, the linear regression on the centers of the cir-
cumferences suitably extracted provides the axis
equation.

This approach could be of difficult implementation
in the cases in which the tire pattern does not present
circumferential features, as for example for tires that
are mounted on industrial and agricultural vehicles. In
this case, the algorithm will extract a certain number of
circumferential arcs, depending on the specific tire pat-
tern, and the Taubin algorithm will be applied to an
uncomplete circumferential data set without problems.

Once the tire axis is known, it is possible to define a
cylindrical coordinate system with axis z coincident
with the axis of the tire. The introduction of this refer-
ence system is essential for correctly identifying the
tread radial profiles on which the measurement of the
tread depth will be performed. For a given radial pro-
file of the tire tread, the trend of wear phenomena over
the driving cycles can be tracked.

There are various ways to extract the tread radial
profiles from the tire.

A first mode used here is to subdivide, the point
cloud acquired from the entire tread into a few circular
sectors angularly equally spaced. For a given value of
the angular opening 8 the number of circular sectors n,
which is considered, is equal to

=5 8

For each sector, the radial profile is extracted by pro-
jecting the relative points on the center plane. The eva-
luation of the wear phenomena will be more or less
accurate depending on whether this angle is more or
less wide.

A second mode consists of directly setting the angu-
lar extension B and the angular position « of the rela-
tive center plane of one or more circular sectors
(Figure 8). In this case, only the portion of the point
cloud, which falls within the circular sector specified,
will be analyzed. In this case, the 3D scanning of the
tire tread can be limited to the portions of interest for
wear evaluation. In this way, the algorithm can com-
plete the analysis in less time than in the first mode,
providing the user with precise information on the state
of wear of the tire.

Once the tire profiles have been extracted (Figure 9),
it is possible to assess the state of wear after a driving
cycle, through the measurement of the groove depth.

Z (mm)
Radius (mm)

345

Figure 8. Circular sector selection.

355

Y (mm)

Radius (mm)

150 \

200

Nl
X (mm) 250 50 300
Z (mm) 215

Figure 9. In red, the obtained profile.

The measurement of the groove depth (Figure 10)
can be performed interactively or automatically. In the
interactive mode, the depth is calculated as difference
between the coordinates of two points selected respec-
tively on the external surface of the tread and on the
bottom surface of the groove.

The automatic measurement of the groove depth
needs the recognition of the grooves which is based on
the geometric properties that characterize the profile of
the tread:

- the curvature in the profile changes suddenly when
passing from the straight lines, that are the vertical
lines, which delimit the groove, and the horizontal
ones that correspond to the bottom surface;

- on the bottom surface, the ordinate of the center of
curvature is larger than the ordinate of the specific
point of the profile, with respect to which the curva-
ture is calculated;
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Figure 10. Grooves depth evaluation.

- the width of the grooves is less than the distance that
separates one groove from the next. Figure 11 clarifies
this procedure.

The curvature evaluation is carried out on all the points
of the radial profile, except for the tire shoulder, which
is not subject to wear.

For this purpose, a sliding “control window” is used.
This window must include a set of ¢ points (with ¢
> 3), sufficient to estimate the radius r and center of
curvature of the least-squared circle approximating
these points. The curvature, evaluated as 1/r, will be
assigned to the center point of the sliding window.

The groove depth is measured as the difference
between the average radius of the points belonging to
the external surface of the tread and that of the points

belonging to the bottom surface of the grooves (top flat
surface, bottom flat surface).

In cases of tire pattern that does not present circum-
ferential features, the absolute values of the groove
depth cannot be easily defined and measured, but the
knowledge of the axis will allow the evaluation of the
wear measuring the difference between the tire profiles
before and after a driving cycle.

The evolution of the tire wear status will be evalu-
ated by tracking the reduction of the groove depth over
the driving cycles.

To evaluate the lowering of the tread thickness, the
methodology, once automatically segmented the points
on the external surface of the tread and on the bottom
surface, approximates them through polynomial func-
tions. The groove depth will be measured after each
driving cycle (Figure 12).

Preliminary tests

In order to test and validate the methodology, a 3D
CAD model of a generic tire with an axial symmetric
pattern has been generated into CATIA V5®. The
model is characterized by the presence of four grooves
having a depth of 6 mm. This simple geometry is char-
acterized by an ideal geometry, since it has been gener-
ated using a commercial CAD with numerical
truncation errors that are at least two orders of magni-
tude lower of the real tire. Therefore, the cloud point
obtained starting from the 3D model has been consid-
ered as an ideal geometry and indicated as ideal tire in
the following considerations.

In a second time, this model has been changed intro-
ducing several geometrical irregularities and defects, to
verify the capability of the methodology to capture these
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Figure 1. Automatic identification of the grooves.
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geometrical particularities. The first defective model is

w0 O e ] indicated as defective tire and has been obtained includ-
. oirmalure g ing spheres having 3 and 5mm of diameter in correspon-

Polynomial curve fiting 25000km | | .
2 Pojnomia curv fitng 85 dence of the second groove to alter the axial symmetry

of the tire and consists of inclusions. The second defec-
tive model is indicated as wear tire and consists of a uni-

2%  —— = ] form circumferential wear of the tire, which determine a
s M \ reduction of the groove depth.

s The details of the tests and the corresponding results
o0r 1 are reported in the following for the different cases.

Case |I: Ideal and not worn tire

As synthetic tire was centered in the origin of the refer-
W & ence system, the first verification was performed on the

R “Width ) ideal tire evaluating the mean value of the center coor-
dinates referred to the four grooves (as shown in
Figure 13) considering four circles for each of them.
The calculated data, reported in Table 1, confirm the
high reliability of the algorithm.

The second test was carried out on groove depth val-
ues at different « angles (see Figure 13). The resulting
values of groove depth are resumed in Table 2 from
which it is possible to observe that the error, respect to
the true value of 6 mm, is always lower than 1%.

Figure 12. Tread depth evolution.

Case 2: Defective and not worn tire

[Frstgroone ] N In the defective tire the inclusions are modeled as
\ spheres of radius 3.5mm, positioned on the second
m groove for a =0° and on the fourth groove for
a = 140° (Figure 14(a)). The analysis was performed
M/ : for an increasing number of spheres from 4 to 16 add-
ing two spheres at a time for groove and evaluating the

groove depth measured at different « values.
Concerning the center coordinates evaluation, the error

[
(
B =
—
\

Figure 13. Schematic tire’s representation.

Table I. Grooves center coordinates resulting from algorithm.

Groove  Mean value on Mean value on Mean value on Mean value on True value  True value b, (mm)
4 circles a (mm)  4circlesb (mm) 4 grooves a,, (mm) 4 grooves b,, (mm) @, (mm)

First 1.159E-06 9.333E-07 —4.725E-08 4.184E-07 0 0
Second —6.041E-07 9.438E-07

Third —9.307E-07 1.571E-07

Fourth 1.868E-07 —3.604E-07

Table 2. Grooves depth resulting from algorithm at different measurement angles.

Angle (°) Groove depth (mm) Error %
First Second Third Fourth First Second Third Fourth

0 6.043 6.022 6.017 6.021 0.723 0.360 0.285 0.350
30 5.997 6.000 6.000 6.000 0.047 0 0 0

45 6.000 6.000 5.997 6.000 0 0 0.045 0

60 5.998 6.000 5.998 5.998 0.037 0 0.037 0.037
90 6.000 6.000 6.000 6.000 0 0 0 0

135 6.000 6.000 6.000 6.000 0 0 0 0

225 6.000 6.000 6.000 5.998 0 0 0 0.043
315 6.000 6.000 6.000 6.000 0 0 0 0
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(a)

(b)

Figure 14. Synthetic tire with inclusions (a) and ovalization (b).

Table 3. Grooves depth resulting from algorithm at different measurement angles and increasing number of inclusions.

Number of spheres Angle (°) Groove depth (mm) Error %
First Second Third Fourth First Second Third Fourth
4 0 6.109 5.842 6.000 6.043 1.812 2.638 0.007 0.718
45 6.000 6.000 5.997 6.003 0.002 0.002 0.047 0.043
90 6.000 6.000 6.000 6.000 0 0 0 0.002
135 6.000 6.000 6.000 6.036 0.002 0 0.002 0.592
225 6.000 6.000 5.997 5.997 0.002 0.002 0.045 0.043
8 0 6.051 6.012 6.004 6.071 0.847 0.203 0.070 1.190
45 6.000 6.000 6.000 5.997 0.002 0 0 0.045
90 6.000 6.000 6.000 6.000 0 0 0 0
135 6.000 6.001 6.001 6.001 0 0.013 0.015 0.012
225 6.000 6.000 6.000 6.000 0 0 0 0.007
12 0 6.102 5.967 5.999 5.983 1.692 0.543 0013 0.282
45 6.000 6.000 5.997 6.000 0.002 0.002 0.045 0
90 6.000 6.000 6.000 6.000 0.002 0 0 0
135 6.002 6.001 6.000 6.000 0.030 0.010 0.005 0.008
225 6.000 6.000 5.998 6.000 0.003 0.003 0.042 0.003
16 0 6.081 6.026 6.000 6.000 1.355 0.430 0.008 0.008
45 6.000 6.000 6.000 5.997 0.005 0.002 0.002 0.045
90 6.001 6.001 6.000 5.976 0.008 0.012 0.003 0.403
135 6.004 6.000 6.000 6.000 0.060 0 0.003 0
225 6.000 6.000 6.000 5.998 0 0 0.007 0.038

resulted in the order of tenths of a millimeter in the
worst case and, for brevity, the authors avoid reporting
the relative tabular data. Table 3 reports the values of
groove depth for all cases considered, showing an error
lower than 3%.

The last test is applied to an ovalized tire
(Figure 14(b)). Several values of the eccentricity d/c,
where ¢ is the major semi axis and d the minor semi
axis, were considered up to a minimum value equal to
0.9 and resulting for a difference between the semi axes
equal to 35mm. The evaluation was also performed for
different « angles (Table 4) and the agreement with
true values, measured on CATIA V5® ovalized model,
was excellent with a maximum error of 5% for the
most severe ovalization.

Case 3: Ideal tire subjected to uniform wear
phenomena

Starting from the ideal tire studied in Section 4.1,
uniform wear tires have been obtained leaving

unchanged the radial position of the groove and
reducing the tire external radius of 1, 2, 3, 4, and
Smm. These values of lowering correspond reason-
ably to the wear that averagely occurs after a driving
cycle of 10,000 km on standard route. Figure 15 com-
pares the different wear tire profiles with respect to
the ideal tire. The wear and the relative error for each
groove, reported in Table 5, are calculated respect to
the groove depth value obtained from the algorithm
on the ideal tire for « = 180°. The wear evaluation
results very reliable considering that the maximum
error is less than 1.5%.

Experimental verification

In this final section the methodology is applied for mea-
suring the tread wear on a real tire. This is the right rear
tire of a medium-sized sedan, whose characteristics are
shown in Table 6.

The first scan was carried out when the tire had
already traveled about 12,000 km, while the second was
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Table 4. Grooves depth resulting from algorithm at different measurement angles and increasing eccentricity.

dlc Angle (°) Groove depth (mm) Error %
First Second Third Fourth First Second Third Fourth
0.986 0 6.018 6.025 6.032 6.018 0.307 041 0.533 0.297
45 6.040 6.029 6.013 6.033 0.663 0.472 0.202 0.545
90 5.993 5.992 5.992 5.992 0.122 0.132 0.135 0.130
135 6.057 6.034 6.033 6.063 0.943 0.558 0.538 1.040
225 6.047 6.025 6.033 6.043 0.773 0.408 0.542 0.711
0.958 0 6.000 6.000 6.000 6.000 0 0.002 0.005 0
45 5.959 6.014 6.112 6.091 0.777 0.130 1.765 1.422
90 6.004 6.001 6.005 6.004 0.068 0.012 0.077 0.062
135 6.087 6.066 6.039 6.079 1.347 0.996 0.549 1.224
225 5.997 5.990 6.112 6.092 0.148 0.262 1.771 1.427
0.929 0 6.060 6.004 5.996 5.940 0.992 0.062 0.070 1.008
45 6.059 6.168 6.077 6.225 0.708 2.524 1.007 3.463
90 6.006 6.005 6.005 6.005 0.093 0.080 0.090 0.088
135 6.186 6.014 6.214 6.104 2.819 0.047 3.291 1.457
225 6.057 6.178 6.077 6.212 0.678 2.681 1.009 3.241
0.901 0 6.010 5811 5.988 6.014 0.170 3.145 0.207 0.237
45 6.157 6.237 6.181 6.134 2.047 3.379 2451 1.660
90 6.035 6.037 6.037 6.036 0.585 0.617 0.613 0.592
135 6.216 6.082 6.131 6.163 3.032 0.813 1.630 2.152
225 6.278 6.098 6.073 5.879 4.053 1.070 0.664 2.565
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Figure 15. Tire profile evolution for increasing wear.
Table 5. Grooves wear resulting from algorithm at different simulated lowering.
Lowering (mm) Groove wear (mm) Error %
First Second Third Fourth First Second Third Fourth
| 0.985 1.013 0.997 0.999 1.48 1.30 0.29 0.10
2 1.973 2.000 2.001 2019 1.37 0.00 0.05 0.95
3 2.972 3.007 2997 2.999 0.94 0.25 0.11 0.02
4 3.988 4.008 3.998 4.001 0.30 0.20 0.05 0.03
5 4.941 4.992 5.048 5.031 1.18 0.16 0.95 0.61

done when the tire had covered a further 5395 km. The
3D acquisition of the tire geometry was carried out by
using the structured light scanner DAVID SLS-2, which
is characterized by a scan size of 60-500mm, a

resolution up to 0.05 mm, a scanning time for one single
scan within 2 s (or up to 10s, depending on settings and
computer speed). Table 7 reports the set-up parameters
of the scanning equipment.



12

Measurement and Control

Table 6. Characteristics of the tire (225/50ZR 17 98Y).

Width 225 mm
Aspect ratio 50%

Structure Radial
Diameter 17 in (432 mm)
Load index 750 kg

Speed index 300 km/h

Table 7. Experimental set-up parameters.

Test set-up

450 mm, with camera located on
the right of the projector

22° counterclockwise

650 mm

240 mm

Distance projector-camera

Camera tilt angle
Distance scanner-tire
Calibration matrix size

In general, the reconstruction of the 3D geometry of
a scanned body is carried out in several steps. By using
the set-up parameters of Table 7, 12 single scans were
performed to obtain a complete description of the tire
geometry. These different scans must be combined
under the same coordinate system by a process called
registration.

This process is performed usually two views at a
time, according to the following two main steps:

- a first preliminary registration carried out by select-
ing three or more corresponding points on the two
different clouds;

- a fine registration by means of the Iterative Closest
Point (ICP) algorithm, which, iteratively, searches
the configuration minimizing the sum of the squared
distances of the points of the two clouds.

In the specific case of the tire, the regularity of the geo-
metry, however, makes the preliminary registration a
quite challenging process.

For this reason, a series of reference markers was
added to the tread surface, which was scanned by using

Figure 16. Marked tire on support.

the option for the acquisition of the texture, that is
available in the “Scan” environment of the software.
Moreover, the tire was placed on a support specially
designed (Figure 16) to fix the tire position from scan
Before Test (BT) to scan After Test (AT).

The alignment of the individual scans was carried
out taking advantage of the possibility, offered by the
presence of the markers, to select a point common to
the individual tire portions, obtaining the complete
model.

After the registration, the various point clouds were
merged to obtain a single mesh. Mesh editing opera-
tions, such as hole filling and smoothing, were also nec-
essary to repair several types of detects. The final result
of these experimental measurements was reported in
Figure 17 (Before Test and After Test respectively). The
3D acquisition of the tire, including the preparation of
the tire, the set-up of the scanning equipment the cali-
bration phase, and the mesh defects editing, had a dura-
tion between 20 and 25 min, allowing to obtain a final
triangular mesh of about 1.5 X 10° vertices.

To quantify the wear status of the tire, four tread
profiles angularly equidistant on the tire circumference

(a)

(b)

Figure 17. Result at the end of the merging process in the tire Before Test (a) and After Test (b).
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Figure 18. ldentification of the cylindrical coordinate system
(a) using the tread wear indicator on the tire surface (b).

were extracted by using the data processing algorithm
before described. These profiles allow to obtain the
groove depths at four angular positions and to

compare them before and after the driving cycle. From
this comparison, it was possible to obtain an estimation
of the tread wear, with a measurement method similar
to that used for the calculation of the tread wear index
in the UTQG (Uniform Tire Quality Grading)
systern.31

In order to identify the angular position of the pro-
file, the axis x of this reference (Figure 18(a)) is placed
at one specific vertex of the tread wear indicator trian-
gle (TWI in Figure 18(b)), which is located in an area
not in contact with the road surface.

By this methodology four equally spaced profiles
have been extracted for axial plane angularly located at
0°, 90°, 180°, and 270°. In particular, an angular sector
of width B equal to 0.2° was chosen to obtain a robust
measurement and, at the same time, to ensure a high
point density of the extracted profile. Figures 19 and 20
show, as example, the profile and individual grooves
subplots for a = 0° respectively for BT tire (in blue),
and AT tire (in red).
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Figure 19. Profile and individual grooves subplots in the tire before test (BT) for a =0°.
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Figure 20. Profile and individual grooves subplots in the tire after test (AT) for a =0°.

Finally, Table 8 shows the results of the measure-
ments on four grooves for each anomaly and Table 9
reports the values obtained for the tread lowering or
each groove and anomaly. From these data the lower-
ing of the tire thickness, that is, the tire wear, results
approximately equal to 0.3—0.4 mm for a driving test of
about 5000 km. This wear value is realistic if it is con-
sidered that a mileage of 50,000 km causes the complete
wear of a tire, that is, a tread lowering of 3mm.
Evaluating the tread lowering for different anomaly
values allows to establish if the wear of the tire is

uniform or not and then to determine the type of wear
state referring to Figure 1. For the test performed here,
for example, the wear can be considered quite uniform.

A statistical analysis was carried out on experimen-
tal data using a one-way ANOVA test. The considered
groups are the wear measurements at different angles
obtaining the results in Table 10.

The p-value results higher than interval confidence
ay, and so we accept the null hypothesis, and conclude
that there are not significant differences between the
groups.
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Table 8. BTand AT grooves depth values for the selected angular profile.

a(°) Grooves depth (mm)
Groove | Groove 2 Groove 3 Groove 4
BT AT BT AT BT AT BT AT
0 6.38 6.07 5.92 5.45 5.38 4.93 6.08 5.73
90 6.35 6.12 5.79 5.56 5.50 5.15 6.19 5.80
180 6.40 6.06 5.67 5.31 5.32 5.09 5.95 5.71
270 6.40 6.11 5.80 5.39 5.27 5.07 591 5.58
Table 9. Tread lowering for each groove and anomaly.
a (%) Tread lowering (mm)
Groove | Groove 2 Groove 3 Groove 4

0 0.31 0.47 0.45 0.35
90 0.23 0.23 0.35 0.39
180 0.34 0.36 0.23 0.24
270 0.29 0.41 0.20 0.33
Mean value 0.29 0.37 0.31 0.33
St. dev. 0.046458 0.102103 0.115 0.063443
Table 10. ANOVA test results.

Sum of squares Degrees of freedom Mean square F-value do p Value
Between groups 0.027525 3 0.009175 1.47 0.05 0.27
Within groups 0.074650 12 0.006221

Conclusions

This work was aimed at developing a reliable, semi-
automatic, and low-cost tool for tire wear measurement
suitable for industrial applications:

- ameasurement set up based on a 3D structured light
scanner for the 3D acquisition of the tread geometry
was developed;

- asemi-automatic algorithm for processing the points
cloud experimentally acquired was implemented in
MATLAB®;

- several case studies were modeled into CATIA V5®
to test the methodology under several conditions.
The algorithm has proved to be robust even in the
case of a defective tire;

- finally, a first application of the algorithm for wear
evaluation was performed on a real tire obtaining
satisfying results in terms of reliability.
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