
Y

U
P
C

I

h
n
c
t
a
c
f
m
c
a
c

w
c

1

2

oshihiro Tanaka1 and Katsutoshi Ohishi2

nified Approach to Optimization of Tread
attern Shape and Cross-Sectional
ontour of Tires1

REFERENCE: Tanaka, Yoshihiro and Ohishi, Katsutoshi, ‘‘Unified Approach to
Optimization of Tread Pattern Shape and Cross-Sectional Contour of Tires,’’ Tire
Science and Technology, TSTCA, Vol. 38, No. 4, October – December 2010, pp. 276-285.

ABSTRACT: During the design stage, tire designers have to use trial and error to decide on
the design factors in order to satisfy performance requirements, and this involves a great deal
of time and expense. Optimization is one of the methods which can be used effectively and
efficiently to improve tire performance. There is a lot of literature available about optimal tire
contour and structure design. On the other hand, there is little published information available
about optimal tread pattern design. In particular, there is little information available about the
interaction between optimal tire contour and tread pattern design. In this study, we constructed
a tire optimization system in which the design factors of cross-sectional contour and tread
pattern shape could both be dealt with as design variables at the same time. This optimization
system was then applied to and verified for an actual tire design problem.

KEY WORDS: optimization, tire tread pattern, cross-sectional contour, basis vector method,
finite element analysis, computer-aided engineering
ntroduction

Structural optimization procedures based on finite element analysis �FEA�
ave been successfully employed in the tire industry and there are a large
umber of examples of its use in published papers. In most cases, these reports
oncern themselves with the determination of the optimized cross-sectional con-
our of tires—one of the key elements of tire design �1–3�. However, in the
uthors’ opinion, there is another equally important element of tire design to be
onsidered—the tread pattern. Although the tread pattern affects many of the
unctionalities of tires such as wear, handling, etc., numerical optimization
ethods have rarely been used for the design of tread patterns due to the

omplexity of numerical identification of the design elements involved. As far
s we know, only one study of tread block surface optimization using optimality
riteria has been carried out �4�.

The purpose of this study was to construct an algorithm for optimization
hich could define simultaneously both the design factors of the cross-sectional

ontour and the design factors of pattern shape for use as design parameters and
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TANAKA AND OHISHI ON UNIFIED APPROACH TO OPTIMIZATION 277
ould identify mutual relationships between the tread pattern shape and the
ross-sectional contour, and the contribution ratio of each design parameter. To
chieve this goal, an algorithm for pattern shape optimization was constructed
y combining the basis vector method, which is one of the most widely used
hape optimization methods �5,6�, FEA �7�, the response surface method
RSM�, a parametric assignment strategy normally used for the design of ex-
eriments �DOE� �8,9�, and the sequential quadratic programming �SQP�
ethod �10,11�. An algorithm for optimization was then constructed which

ould define the design variables of the contour design factors and the pattern
hape design factors at the same time. These algorithms were then applied to
ptimization problems involving actual tire design.

overning Equations

In the finite element solver, nonlinear finite element analysis �7� can be
sed for analyzing the deformation of structure. Total Lagrangian formulation
ncludes all kinetic nonlinear effects due to large displacements, and large ro-
ations and large strain can be considered.

umerical Methods

umerical Method for Structural Optimization
The virtual work done during a displacement variation is equal to the varia-

ion of total potential energy. Therefore, the equation of the system may be
iven as

�K��u� = �f� �1�

Where �K�, �u�, and �f� are the stiffness matrix, displacement vector, and
odal force vector, respectively.

he Basis Vector Method for Pattern Parameterization
In general, structural optimization methods are classified as either sizing

ptimization, shape optimization, or topology optimization. The basis vector
ethod is a typical structural optimization method used for shape optimization.
he optimal solution can be easily solved by means of the basis vector method.
s such, an expected solution can be obtained, and the shape of the structure
oes not change. On the other hand, the outline of a structure cannot always be
learly represented, even though the shape of the structure can be drastically
hanged using topology optimization. Therefore, each numerical method has
oth advantages and disadvantages.
However, one feature of the basis vector method does enable it to be used
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278 TIRE SCIENCE AND TECHNOLOGY
o define the outline of a structure as a numerical parameter. If an outline of
arious structures is prepared, a synthetic shape can be generated using a linear
ombination of vectors. The desired design can then be expressed in terms of a
inear combination of vectors as

G = G0 + � xi�Gi − G0� , �2�

here G is the updated shape, G0 is the initial shape, Gi is the ith basis vector
nd xi is the weighting factor. The weighting factor can be defined as a design
ariable.

In general, it is difficult to represent the tread pattern shape mathematically.
he aim of this study was to propose a useful means of designing a tread
attern. The basis vector method was suitable for this purpose because the
ptimized shape could be solved as the best possible combination of basis
ectors.

A modification of the basis vector method was considered in order to ex-
and its usefulness to tire design problems. The basis unit of any tread pattern
s repeated many times along the circumference of the tire. Figure 1 shows the
ayout of the tread pattern. The basic unit of the tread pattern can be defined as
he optimized domain. The stress and strain field of the proposed models can be
olved using the finite element method, and the objective function can be com-
uted from this result. The tread pattern can be defined as the basis vector shape
nd Fig. 2 shows the schematic of this shape. In this case, the initial shape, two
asis shapes, and weighting factors �x1 ,x2� set at 0.5 were used. Therefore, the

FIG. 1 — The schematic of the tread pattern.
ynthetic shape could be described using vectors. The key feature of the first
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TANAKA AND OHISHI ON UNIFIED APPROACH TO OPTIMIZATION 279
asis vector is the side grooves inclined to the horizontal axis. On the other
and, the key feature of the second basis vector in the first and third groove can
e translated in the lateral direction of the tire. Therefore, the synthetic shape
an share the features of both the first and second shape.

umerical Optimization
Optimality criterion methods and advanced numerical optimization meth-

ds are typical numerical methods used in the mathematical programming of
umerical optimization. However, these methods involve a great deal of com-
utational resources and expense. A nonlinear optimization method based on a
ethod normally used for the design of experiments was adopted in this study

n order to reduce computational costs.
Figure 3 shows the computational strategy adopted. First, main factors and

Initial 1-st vector 2-nd vector Synthetic shape

FIG. 2 — The schematic of the basis vector shape.
FIG. 3 — Computational strategy for the optimization process.



i
o
n
i
T
a
s
fi
c
D
t
i

D

280 TIRE SCIENCE AND TECHNOLOGY
nteractions are assigned to columns of orthogonal arrays. All the design points
f the DOE design matrix are then generated as FEM data. The use of orthogo-
al arrays for the DOE provides an efficient and effective method for determin-
ng the most significant factors and interactions in any given design problem.
able 1 shows the L27 orthogonal array used along with the factor/interaction
ssignments. The number 27 in the title refers to the number of analyses. Analy-
es for all design points of the DOE design matrix can be executed using the
nite element solver and objective functions can then be computed from each
omputational result. For example, the L27 array provides for 27 data points.
OE results should be analyzed using analysis of variance in order to identify

he influence of individual factors and interactions. A three-level analysis with

TABLE 1 — L27 Orthogonal Array.

Factor

1 2 3 4 5 6 7 8 9 10 11 12 13
ata number 1 1 1 1 1 1 1 1 1 1 1 1 1 1

2 1 1 1 1 2 2 2 2 2 2 2 2 2
3 1 1 1 1 3 3 3 3 3 3 3 3 3
4 1 2 2 2 1 1 1 2 2 2 3 3 3
5 1 2 2 2 2 2 2 3 3 3 1 1 1
6 1 2 2 2 3 3 3 1 1 1 2 2 2
7 1 3 3 3 1 1 1 3 3 3 2 2 2
8 1 3 3 3 2 2 2 1 1 1 3 3 3
9 1 3 3 3 3 3 3 2 2 2 1 1 1

10 2 1 2 3 1 2 3 1 2 3 1 2 3
11 2 1 2 3 2 3 1 2 3 1 2 3 1
12 2 1 2 3 3 1 2 3 1 2 3 1 2
13 2 2 3 1 1 2 3 2 3 1 3 1 2
14 2 2 3 1 2 3 1 3 1 2 1 2 3
15 2 2 3 1 3 1 2 1 2 3 2 3 1
16 2 3 1 2 1 2 3 3 1 2 2 3 1
17 2 3 1 2 2 3 1 1 2 3 3 1 2
18 2 3 1 2 3 1 2 2 3 1 1 2 3
19 3 1 3 2 1 3 2 1 3 2 1 3 2
20 3 1 3 2 2 1 3 2 1 3 2 1 3
21 3 1 3 2 3 2 1 3 2 1 3 2 1
22 3 2 1 3 1 3 2 2 1 3 3 2 1
23 3 2 1 3 2 1 3 3 2 1 1 3 2
24 3 2 1 3 3 2 1 1 3 2 2 1 3
25 3 3 2 1 1 3 2 3 2 1 2 1 3
26 3 3 2 1 2 1 3 1 3 2 3 2 1
27 3 3 2 1 3 2 1 2 1 3 1 3 2
nteractions can be used for the L27 array and response surface models can be
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TANAKA AND OHISHI ON UNIFIED APPROACH TO OPTIMIZATION 281
onstructed using the orthogonal array’s design points. The formulation of a
esponse surface can be defined using a second-order approximation function.
esign optimization can then be solved using the response surface models. In
eneral, optimization problems can be defined as

Minimize: f�x�
Subject to

gi�x� � 0 �i = 1,2, . . . ,k� ,

hj�x� � 0 �j = 1,2, . . . ,m� , �3�

here f�x� is an objective function, gi and hj are design constraint functions, x
s a design variable, and k and m are the number of inequality equations. When
pplied to a tire design problem, the objective function can be defined as the
ontact pressure variance, the stiffness, and so on, and the constraint condition
an be defined as the contact length ratio. The optimal solution can then be
btained using a sequential approximate optimization process, until conver-
ence occurs.

esults and Discussion

omputational Conditions
Table 2 shows the tire size and computational conditions. Figure 4 shows

he definition of the cross-sectional contour of the tires and the proposed design
ectors. These basic shapes were constructed in order to improve the contact
ressure. The effects of the tread pattern design are considered to extend across
he width of the sipe, the location of the tread block, and the width of the tread
lock.

Definitions of terms regarding numerical optimization are as follows:
Optimization method: DOE-based RSM
Orthogonal array: L27
Objective function: Minimize the contact pressure variance

TABLE 2 — Computational conditions of FEA.

Size 215/55R17
Pressure �kPa� 230

Vertical load �kN� 3.5
Lateral load �kN� 1.0
The objective function is defined by the following equation
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f�x� = �
i=1

N

� Si

�
j=1

N

Sj

�Pi − p̄�2	 , �4�

here Pi is the pressure of ith element, p̄ is the mean contact pressure, Si is the
ontact area of ith element, and N is the number of elements.

Design variables: the cross-sectional contour of tires and the weighting
actors

The ith shape design variable is defined as xi.
Interactions: Base. 1 and Base. 2, Base. 1 and R2, Base. 2 and R2
For DOE analysis, a three-level experiment with interactions can be used.

he L27 array provides for 27 data points. With thirteen columns, design vari-
bles can be assigned along with three interactions. The three interactions as-
igned in this paper are Base. 1-Base. 2, Base. 1-R2 and Base. 2-R2. Main
actors, Base. 1, Base. 2, Base. 3, R2 and NW2, can be assigned to the first,
econd, ninth, fifth, and tenth columns, respectively.

Constraint conditions: Table 3 lists these conditions. In this table, constraint

a) Cross-sectional contour b) Basis shapes

FIG. 4 — The schematic of design variables used for the optimization process.

TABLE 3 — Constraint conditions.

esign variable Row number Range of design variables
Base. 1 1 0.0
1.0
Base. 2 2 −0.7
0.7
Base. 3 9 0.0
1.2

R2 5 0.8
1.2
NW2 10 0.9
1.1
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TANAKA AND OHISHI ON UNIFIED APPROACH TO OPTIMIZATION 283
onditions are the weighting factors in Base. 1, Base. 2 and Base. 3. Other
onstraint conditions are the normalized values for each dimensional value of
he original tire.

omputational Results
Using the algorithm proposed above, a numerical solution could be solved

o reduce the contact pressure variance in comparison with the pressure variance
f the initial tire. Table 4 shows the computational results for each design
arameter. Figure 5 shows the comparison of the objective function. From this
esult, it can be seen that the objective function could be reduced by about 9%
n comparison with the initial tire design. Figure 6 shows a comparison of the
ontact pressure distributions. From this result, it can be seen that the contact
ressure at the center and outer regions could be reduced drastically. A notice-

TABLE 4 — Comparison of the computational results.

Initial design value Optimization value Significance
Base. 1 0.00 0.80 *
Base. 2 0.00 0.14 **
Base. 3 0.00 0.96 **

R2 1.00 1.13 **
NW2 1.00 0.91

ase. 1 * Base. 2 *
Base. 1 * R2
Base. 2 * R2 *
FIG. 5 — Comparison of the objective function.



a
b
A
c
i
t

c
b
c

o
c
w
p
o
u
h
T
p

1
d
t
a

C

284 TIRE SCIENCE AND TECHNOLOGY
ble feature of this solution for the tread pattern is that the center rib width has
een increased. On the other hand, the shoulder rib width has been reduced.
nother noticeable feature of this numerical solution for the cross-sectional

ontour of the tire is the level contour in the outer region. The contact pressure
n the center region of the initial tire is larger than the outer region. Therefore,
he optimized solution has converged to the wide block in the center region.

Based on this analysis, R2, Base. 2 and Base. 3 can be considered signifi-
ant variables at the 1% significance level whereas Base. 1, interaction with
oth Base. 1 and Base. 2 and interaction with both Base. 2 and R2 can be
onsidered significant variables at the 5% significance level.

If the contact pressure variance is reduced, the irregular wear and the loss
f grip in cornering conditions can be improved, as shown in Ref. �1�. If the tire
ontour is modified, the contact pressure variance can be reduced in comparison
ith the initial tire contour. So, evaluations of dry and wet handling at the
roving ground can both be improved by adoption of the optimum contour. The
ptimum contour also shows uniform wear because this contour has a more
niform pressure distribution. Consequently, evaluations of dry handling, wet
andling and wear are in good agreement with the contact pressure variance.
herefore, the proposed numerical method can be considered a valid means of
redicting the evaluation of these performance indicators.

In this paper, the interaction with both Base. 2 and R2 is significant at the
% significance level. If the value of R2 is changed, the effect of Base. 2 is
ifferent at each value of R2. Therefore, it is important to consider the interac-
ion between the tread pattern variables and the cross-sectional contour vari-
bles involved in the tire design.

onclusions

�1� The proposed algorithm for numerical optimization was constructed in

a) Initial tire b) Optimized tire

Contact Pressure
�105N/m2

FIG. 6 — Comparison of the contact pressure distributions.
order to define simultaneously the design variables of tread pattern and
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TANAKA AND OHISHI ON UNIFIED APPROACH TO OPTIMIZATION 285
the cross-sectional contour. The basis vector method was applied to
tread pattern optimization because it is a suitable means for defining
the shape of a tread pattern.

�2� The proposed algorithm was applied to a tire design problem, and a
numerical solution was obtained that could reduce the contact pressure
variance.

�3� This shows that it is important to consider the interaction between
tread pattern variables and the cross-sectional contour variables at the
tire design stage.
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