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Abstract: In this paper, we present a method of calculating cornering stiffness for different camber
angles. The method removes the need for measurement data at different camber angles. The camber
angle is regarded as equivalent to a local shift of load in the contact patch from one half-side to the
other. A simple model is presented to describe the load shift. The cornering stiffness from each side,
accounting for their loads, is then assumed to contribute to the total stiffness. The load shift model
is validated through two finite element models. Cornering stiffnesses given by the model for two
different tires are then compared to the measurements. To show the universality of the method, its
application to interpolated measurement data is shown. The proposed method shows promising
results for moderate camber angles.
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1. Introduction

Cornering stiffness is a critical tire parameter, which has a significant impact on vehicle
handling performance [1-4]. It depends on many things, such as tire size, type, ply, tread
design, etc. For a given tire, load and inflation pressure are the two primary entities
that influence its cornering stiffness. There is also the camber angle, which has shown a
noticeable effect [5-7].

Cornering stiffness description with different camber angles has been realized in many
tire models, among which Magic Formula (MF) put forward by Pacejka is extensively used
in vehicle simulation. Cornering stiffness in MF is expressed considering the influences
of load and camber angle [8]. The influence of inflation pressure is also expressed [9]. As
a semi-physical model, MF shows high precision in cornering stiffness expression, but a
set of parameters are used. The determination of these parameters requires numerous test
data: side slip test data under different loads and camber angles are needed. These tests can
be done on an indoor tire test rig or outdoor tire test trailer [10,11]. Purchasing or hiring
this kind of equipment is very expensive, which makes tire testing a costly task. Different
combinations of slip angle, camber angle and load generate a huge workload and long
working time. Furthermore, test results under complex input conditions may lead to tire
wear, which can influence test accuracy.

UniTire was put forward by Konghui Guo in 1986, and is also a semi-physical
model [12,13]. It has been successfully applied to the expression of many tire mechanical
characteristics. Cornering stiffness in UniTire is also expressed considering the influences
of load and camber angle. In a recent work, inflation pressure and temperature influences
were included [14,15]. Similarly to MF, cornering stiffness parameterization of UniTire
also needs side slip data under different loads and camber angles. Therefore, the same
drawbacks exist as for MF.

The finite element (FE) method has been applied to tire mechanical characteristics
research along with the development of computer technique. Since the 1970s, researchers
have used the FE model to analyze tire mechanical characteristics. Kaga worked in Yoko-
hama to analyze strain energy density change on each part of the belt layer caused by the
drum test rig radius [16]. Kennedy studied the influence of tire belt structure parameters
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on the stress distribution [17]. After the 1990s, FE analysis software, such as ABAQUS and
ANSYS, made tire FE analysis more popular. Tire steady-state and transient simulation,
stress and strain distribution analysis can all be carried out through the FE model [18-21].
The FE model can also express tire material and structural details, which means a vast
amount of calculation. When simulating cornering stiffness for different camber angles,
either a high performance computer or a long calculating time is needed. Furthermore,
mesh elements may experience convergence problems in large deformation situations [22].
Thus, the load, slip angle and camber angle coupling are limited.

In view of the aforesaid problems, it would be time- and resource-saving to remove
the need for measurements at different camber angles. This paper proposes a method for
obtaining cornering stiffness with varying camber angles based on nothing more than pure
side slip characteristics and tire size information. We explore the idea of regarding camber
as an equivalence of the load shift in the contact patch.

2. Method Description

For a given tire, the cornering stiffness is dictated by the contact patch geometric
characteristics and the contact pressure distribution. Here, the assumption is made that
the change in contact pressure distribution due to camber can be simplified as a load shift
between the left and right half of the tire, and this load shift will be enough to approximately
model the corresponding change in cornering stiffness. In this way, the half tire cornering
stiffness could be obtained based on the whole tire cornering stiffness, since the left and
right half of the tire are ideally the same in physics. An error may be imported because of
the lack of load change description within the half-tire. According to the validation results,
this error is acceptable. In this section, we will introduce a method for estimating the load
shift due to the camber and use this load to calculate the cornering stiffness at different
camber angles.

As is shown in Figure 1, if the tire is divided into two parts along its width’s central
plane, loads acting on both parts are essentially equal under free rolling conditions. A
camber angle will induce a load shift from one part to the other. Since cornering stiffness
is strongly dependent on load, the cornering stiffness contribution from each part will
also change. Hence, by treating the camber as a load shift, a model of how cornering
stiffness changes with camber angle can be obtained as the sum of the cornering stiffness
contributions of each part, so that we can write

{Fz:le+FZZ 1)
Ky = Ky + Ky

where F; and K are the load and cornering stiffness of the whole tire, respectively, while
F,;,i=1,2 and Ky,', i =1,2 are the corresponding half-tire results.
2.1. Local Load Calculations

In this section, we assume that the tire is isotropic. To simplify calculations, the tire
is also assumed to be shaped like a slice of a sphere, i.e., the tread radius of curvature
is equal to the tire unloaded radius (refer to Figure 2a). Two methods for calculating
the camber-induced load distribution are proposed: the tilting method and the rotating
method.

2.1.1. The Tilting Method

The author put forward the tilting method inspired by the geometric relationship
between the tire and the road. The intersection of the undeformed tire and the road is used
for indicating the tire’s vertical deformation. Deformation without camber angle is shown
in Figure 2a. By tilting the tire, Figure 2b shows the deformation change. In Figure 2b, the
deformation volume boundaries of two tire parts are perpendicular to the road, because
the load is perpendicular to the road.
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Figure 1. Diagrammatic view of the proposed calculation method.

()

Figure 2. Cross-section diagrammatic drawing of deformation caused by the load. (a) Deformation at
zero camber angle. w is the contact patch width of each part, d is the radial deformation of the tire, Ry
is the loaded radius. (b) Deformation at non-zero camber angle y. d’ is the radial deformation of the
cambered tire. R} is the loaded radius. Points A, B and C are the deformation boundary projections
on Y-axis. Point O is the rim centre projection on Y-axis. The green dotted line L is located y away
from point B. (c) The lateral view of the plane where the green dotted line L is located in Figure 2b.
Ry and dy, are the radius and vertical deformation of this plane, respectively. 0y is half of the central
angle corresponding to the contact length of this plane. (d) The boundary conditions used in the
calculations. wy is half the width of the tire. dj is the maximum thickness of the tread.
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In Figure 2, the deformation volume shown in red is proportional to the load on the
left part, while that shown in yellow is proportional to the load on the right part. Taking
the point O as the origin of the integral coordinate system in Figure 2b, we have:

dyp=Ro—/R3 —w} )

J=d — wytan(y), )
\/R2 R’ -cos( ))2 — R} sin(y), J—dop <0 @
(J- do) sin(y) + CO;"O J—do>0 '

where Ry is the tire unloaded radius. | is used to determine the position of point A and
choosing the formula of AB (] —dp < 0, point A is on the tread. | — dg > 0, and point A
reaches its maximum, as is shown in Figure 2b).

BO = Ry sin(y), )

M =d' +wo-tan(y), ©)

\/R2 (R}, -cos( ))2 M —dy <0 )
cos('y) (M do)- Sin(')/) - R/L' Sin(’)’),M —dop >0 ’

where M is used to determine the position of C and choose the formula of OC (M —dy <0,
point C is on the tread. M — dy > 0, point C reaches its maximum, as is shown in Figure 2b).
Here the point C is assumed to be to the right of O, which requires v < arcsin(wg/Rp).

dy =4/R 5 —y? — Rp-cos(7), (8)

Ry, = R} -cos(y) +dy )

0y = arccos (Ricgys(’y)) (10)

Vi = /_ (i;m) R2. (ey - Si"(zzeY)>dy, (11)
Vo= OBZ R2. (ey - W)dy, (12)
Fa = Ryt 13)

Fa= Ry (14)

V.1 and V;, are the deformation volumes of the left and right parts of the tire. F; is the
total load on the tire. F,; and F,, are the local loads on the left and the right parts of the tire,
respectively. For negative -, swap loads on both sides.

This method is easy to think of, but it fails to capture the half-tire contact patch width
change caused by camber on a rolling tire. Hence, we present a slightly different method
for estimating the load shift.
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2.1.2. The Rotating Method

A tire under the camber will show two important characteristics compared to a non-
cambered tire. One is the load transfer between the two sides, and the other is the contact
patch width change. The tilting method only shows the load transfer. To cover the contact
patch width change, the author put forward the rotating method.

The FE simulation results in Figure 3 show the contact patch changing with increasing
camber angle for a rolling tire (details of FE simulation are presented in the Results section
below). Ignoring the contact patch shape sharpness change for different camber angles, the
shape of the contact patch is only shifted in the lateral direction. Based on this observation
we assume that the contact patch always keeps the same shape as the non-cambered tire.
Keeping the centre of the tire fixed, as well as the contact patch area, rotating the tire
according to an applied camber angle will shift the contact patch laterally with respect to
the tire tread. The tire shoulders will limit the contact shape to expand beyond its width. A
schematic drawing in Figure 3 illustrates the idea.

Camber 0° Camber 2° Camber 4° Camber 6° Camber 8°

Figure 3. Rotating method diagrammatic drawing and contact patch shapes under different
camber angles.

The load on the outer half of the contact will decrease and the contact patch will shift
away from the shoulder of the tire. Rotating the tire will shift the contact patch from the
outer half to the inner, leading to a decreased volume for the outer half. We can regard the
inner side as the remaining part of the volume (colored yellow in Figure 3). We illustrate
this as a volume outside the width of the tire and ignore that the real volume has a different
shape on the inner side.

According to Figure 3, we have:

e = Ry -tan(v). (15)

Taking the point of intersection of the Y-axis and R as the origin of the integral

coordinate system, we have:
dy =\/R3—y2— Ry (16)

R
8y = arccos (L) (18)
Ry

w(x) = \/RZ — R12,w < wy, (19)
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Vi = / R2. (ey - (ZY)>dy 20)
—w
w sin (20
Vo = / R2. (ey - (ZY)>dy 1)
—e
Va
Fy—F—t 2
z1 4 Vzl T+ Vz2 ( )
VZZ
Fp=F—t 23
z2 z Vﬂ i sz ( )

where dy, is the radial deformation of an arbitrary point along the width of the contact patch.
8y is half of the central angle corresponding to the chord length of contact patch length on
this point.

2.2. Cornering Stiffness

For small wheel loads, the cornering stiffness is generally close to linear with respect to
wheel load, and thus the effect from the load shift due to small camber angles is expected to
be negligible. For higher wheel loads, the cornering stiffness is non-linear and the camber
angle influence should be noticeable already at small angles [23]. For large camber angles,
most of the load will be transferred to one of the sides leading to a saturation of the effect
on cornering stiffness in this model.

From pure side slip measurements, we can parameterize the function between the
cornering stiffness and the load:

Ky = f(Fp1p2---pi) (24)

where f represents the function. Ky is the cornering stiffness and F; is the load. p1,p2 ... p;
are model parameters. With the assumption of symmetry of the tire, each part shares the
total load equally. Meanwhile, the corresponding cornering stiffness is also half of the
whole value. For each half-tire, we have:

K, . E
- =fG s p) (25)

We can obtain the cornering stiffness dependence with the load of the two parts from
(24) and (25). This is inspired by Pacejka’s similarity method described in [9]. We will now
illustrate this on two typical tire models: the MF and the UniTire.

2.2.1. Magic Formula

The load dependence for the cornering stiffness, under pure side slip conditions, is
given below. The quantities p; and p, are model parameters.

Ky, = p1- sin(2arctan(§z)). (26)
2

According to Formulas (25) and (26), we have:

F .
Ky = %sin <2arctan (;;) ) ,i=1,2, (27)
2

where Ky; is the cornering stiffness of the half-tire. F;; is the corresponding load.
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2.2.2. UniTire

The cornering stiffness dependence of load, under pure side slip conditions, is given
below. F is the tire’s reference load. s11, 512 and sq3 are model parameters.

K, = s11-F;-sech| s E 2+S E (28)
y = S11°fz 2| £, BE )

According to Formulas (25) and (28), we have:

Ei\? Ei\ .
Kyi = s11-Fj-sech | 2%:s15- (Zl> + 2513 = |,i=1,2. (29)
FZO FZO

3. Results

In this section, the method application results are shown. As previously stated, the
proposed method is based on calculations of the local load shift and cornering stiffness.
These two calculations are validated separately.

3.1. Load Distribution Validation Based on FE Model

Testing equipment capable of measuring the three forces and moments is commonly
available. Indoor tire test rigs and outdoor tire test trailers are widely applied in engineering
practice [24-27]. However, measuring the load distribution of the contact patch for a tire in
combined side slip and camber angle is hard. There are commercially available techniques
to measure the contact patch, for example, the High-Speed TireScan System provided by
Tekscan [28]. This technique measures the pressure distribution while in motion. In the case
of a direct measurement of the local pressure in the contact patch, it is hard to determine the
position of the two parts. This problem originates from the fact that the carcass is compliant
and will result in a phenomenon referred to as a carcass camber [29]. Hence, FE models
will be used here to verify the load calculation method.

3.1.1. FE Modeling

For this study, two FE models are used. Table 1 shows their basic information.

Table 1. FE models basic information.

No. Tire Size Reference Load
FE 1# 205-55R16 6566 N
FE 2# 235-55R18 8820 N

The FE modeling technology is very mature [30]. As is shown in Figure 4, this
modeling could be described in four steps:

(1) Geometry section preparation. This step is carried out in AutoCAD [31]. By cutting
the too long lines and extending the too short lines, we obtain the closed surface
region for meshing.

(2) Section meshing. This step is carried out in Hypermesh [32]. CGAX4H and CGAX3H
meshes are used for the two-dimensional (2D) element, and SEMGAX1 mesh is used
for the one-dimensional (1D) element.

(3 2D modeling. This step is carried out in ABAQUS. This process is to define the
material characteristics and fit the tire onto the rim.

(4) Three-dimensional (3D) tire modeling. The 3D model is obtained by rotating the 2D
model through the tire rotation axis.
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Step 1 Step 2 Step 3 Step 4

Step 1 Step 2 Step 3 Step 4
(b)
Figure 4. The FE modeling process. (a) FE 1#; (b) FE 2#.

3.1.2. FE Model Validation

The accuracy of the FE models is confirmed by comparisons to test data. According
to the proposed method in the second section, load distribution is symmetric for positive
and negative camber angles. Here, we take the positive camber angle result as an example.
The corresponding tire test for FE 1# is done on the MTS Flat-Trac® Tire Force & Moment
Measurement Systems [24], while the FE 2# tire is tested on the Flat Test Rig in the State
Key Laboratory of Automobile Simulation and Control, Jilin University, see Figure 5. Some
technical specifications of the Jilin University test rig are given in Table 2.

(b)

Figure 5. The tire test rigs for FE models’ validation. (a) MTS Flat-Trac; (b) Flat Test Rig in Jilin
University.
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Table 2. Jilin University Flat Test Rig specifications.

Force Ranges Slip Angle Range Camber Angle Range
Fx: —20~20 kN

Fy: —20~20 kN

Fz: 0~30 kN _D5°..D5° —69°~12°

Mx: —7.5~7.5 kN-m
My: —3~3 kN-m
Mz: —1.3~1.3 kN-m

Ideally, the tire load distribution at different camber angles should be measured
directly using the test rigs. For a rolling tire, such a measurement would require the test
rig to be equipped with force sensors on the road contact. In addition, the tire carcass
camber should also be measured to determine the boundary of the two tire parts. These
kinds of measurements are rare and hard to realize for most tire test rigs, and hence we
use simulations. We had access to the pure side slip and pure camber lateral force test data
for these tires. Since the camber thrust should be fairly independent of friction levels, and
instead be dictated by the structural properties of the tread and carcass, it is chosen as a
suitable property for verifying the FE models.

The FE models are simulated under the same conditions as in the test, and the excellent
agreement with measurement is shown in Figure 6 for both tires. Therefore, the FE models
could be used in the following load distribution validation.

0

S
8
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o
S

E -400 |-~ E
= © -400
3 e
- -600 )
o L -600 : :
® 1 o Fz=3300 test [ o Fz=3200 test
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20N ——Fz=6600 FE [T % , ——F2z=6400 FE
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camber angle (°) Camber Angle (°)
(a) (b)

Figure 6. Pure camber lateral force results of test data and FE simulation. (a) FE 1#; (b) FE 2#.

3.1.3. Load Distribution Validation

The basic geometry of the tire was obtained from the tire dimension, with Ry = 315.95 mm,
wop = 102.5 mm for FE 1#, and Ry = 357.85 mm, wy = 117.5 mm for FE 2#.

For the tilting method, the radial deformation of the cambered tire d’ is obtained
through the unchanged deformation volume expression before and after cambering. For the
rotating method, the loaded radius R; is obtained from zero camber angle FE simulations.
Those results are shown in Table 3.

Table 3. Cambered tire d’ and R at zero camber angle.

d’ (mm)
Tire Load (N) Ry (mm)
Camber 0 Camber 2 Camber 4 Camber 6 Camber 8
3200 13.400 13.216 12.684 11.879 10.84 302.527
FE 1# 6400 26.842 26.793 26.642 26.371 25.953 289.108
7900 31.979 31.949 26.371 31.701 31.468 283.971
3200 10.916 10.689 10.053 8.996 7.592 346.934
FE 2# 6400 21.173 20.847 20.407 19.714 18.800 336.677
9600 30.652 30.361 30.180 29.850 29.352 327.198
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The load distribution according to tilting and rotating methods are compared with the
FE simulations, as is shown in Figure 7. The rotating method results are in good agreement
with the FE simulations for both high loads and camber angles, and will thus be used in
further modelling.

Left Part Right Part
8000 T T 8000
O Complete load=3200 FE
7000 Complete load=3200 tilting 7000
s Complete load=3200 rotating
6000 O Complete load=6400 FE 6000

Complete load=6400 tilting
---------- Complete load=6400 rotating

5000 v Complete load=7900 FE

@
S
S
1S}

Complete load=7900 tilting
«weeees Complete load=7900 rotating

Half-tyre load (N)
Half-tyre load (N)

Camber angle (°) Camber angle (°)

(a)
Left Part Right Part
8000 - - : 8000 .
© Complete load=3200 FE
7000 Complete load=3200 tilting ||
----- Complete load=3200 rotating
o Complete load=6400 FE
6000 Complete load=6400 tilting
Z | e Complete load=6400 rotating
< 5000 v Complete load=9600 FE
o Complete l0ad=9600 tilting
S Complete l0ad=9600 rotating
> 4000 1
e
2
« 3000
©
T
2000
1000
0
0 2 4 6 8
Camber Angle (°)

Figure 7. Load distribution comparison of calculation and simulation methods. (a) FE 1#; (b) FE 2#.

3.2. Method Applied to Tire Model

In this section, both the Magic Formula and the UniTire models are used.

The tires’ sizes are 235-75R15 (tire 1#) and P265-70R17 (tire 2#). Their rated loads
are 7110 N and 8200 N, respectively. These are different from the tires used in FE model
validation because of the lack of measured data for combined side slip and camber. We can
obtain the load distribution (F,; and F;,) through the rotating method, and use R}, (loaded
radius) values obtained from pure side slip measurements.

3.2.1. Magic Formula

By parameterizing side slip data with different loads through Formula (26), we can
obtain p; and p,. The parameterizing result is shown in Figure 8. Inputting p1, p», Fx1
and F;; into Formula (27), we can obtain Ky; and Ky,. Their sum (Kysun) is the predicted
cornering stiffness.

The cornering stiffness dependence on load and camber angle in the Magic Formula
tire model is shown in Formula (30). The variables p;, p2 and p3 are model parameters.

K, = p1~sin<2arctan (?))(1 —p3- 7)) (30)
2

By parameterizing side slip data with different loads and camber angles directly
through Formula (30), we can obtain Ky,. Figure 9 shows the comparisons of Kys,» and K.
It is known that the influence of camber angle on cornering stiffness is not large. The zero-
camber case (K ypure) is also plotted for reference, to illustrate that the proposed method is
more accurate than neglecting the camber effect.
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Figure 9. Result comparisons. (a) Tire 1#; (b) Tire 2#.

3.2.2. UniTire
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By parameterizing side slip data with different loads through Formula (28), we can
obtain 511, 512 and s13. The parameterizing result is shown in Figure 10.

o x10
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Figure 10. Side slip data with different loads parameterizing result through Formula (28).

The cornering stiffness dependence of load and camber angle for the UniTire is shown
in Formula (31). The variables s11, 512, 513 and s14 are model parameters. Figure 11 shows

the comparisons.

Ky = Sll'Pz'SeCh(Slz-(

F;

FZ>2
0

FZO

2)-(1 - s14:(7)?)

(31)
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Figure 11. Result comparisons. (a) Tire 1#; (b) Tire 2#.

From the above result, we can see that the method expresses the influence tendency of
camber on cornering stiffness and produces accurate results compared to the full param-
eterization. Most cases along the curve have accuracies higher than 95%. Neglecting the
camber effect values has lower accuracy and fails in expressing the decreasing cornering
stiffness. In the MF or UniTire parameterizing expression, the proposed method could be a
replacement with high accuracy and low consumption.

3.3. Method Application Validation Based on Test Data

The proposed method does not rely on a particular tire model. In this comparison, the
proposed method will be applied to measurement data that is interpolated.

The same tire test data used in 2.2 is also used here. Tire cornering stiffness is obtained
through numerical differentiation and uses the lateral force at a slip angle of positive and
negative 1 degree. This is further referred to as Kypest.

Considering the load range on each half-tire, only cornering stiffness with middle load
and small camber angle could be obtained from pure side slip test data with a wide load
range (see Table 4).

Table 4. Load and camber angle range obtained from test data.

Tire 1# Tire 2#
Load (N) Camber Angle (°) Load (N) Camber Angle (°)
4680 —8~8 4950 —8~8
7800 —8~8 8250 —-12~12
10,140 —2~2 11,550 —4~4

According to side slip test data without camber angle, we can obtain cornering stiffness
versus load curves of the complete tire and half-tire (see Figure 12).

The interpolation method is used to calculate half-tire cornering stiffness based on
known data in Figure 12. Results are shown in Figure 13.

We can see that the proposed method captures the cornering stiffness change tendency
with camber. The expression also shows high accuracy (most results are higher than 90%).
Based on the interpolated measurement data, the method shows universality, which could
be used as cornering stiffness prediction guidance using different tire models.

3.4. Comparison between Test Data and Model Parameterizing Result

When comparing the MF cornering stiffness (K, MF) and UniTire cornering stiffness
(KyUT) parameterizing results with the test result, we notice that they do not match very
well with the measurement, as shown in Figure 14.
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Figure 14. Result comparisons. (a) Tire 1#; (b) Tire 2#.

The difference between K, MF and K,UT is caused by the different expressions in
Formulas (30) and (31). MF and UniTire are both semi-physical models. They use different
formulas to show the decreasing cornering stiffness with increasing camber.

For the data used here, we can observe that the effect of camber on the cornering
stiffness seems to saturate for high angles for tire #1. Cornering stiffness is relatively
constant after camber angles larger than 2°. This phenomenon might be explained based
on Figure 12.

Taking tire 1# with 4680 N complete tire load as an example, the half-tire load changes
from 610 N to 4071 N, where the curve of cornering stiffness varying with load is close to
linear. A 42.5% change in load results in less than 1.2% change in cornering stiffness. This
is why, in Figure 14a, the Ky test — load = 4680 N does not change noticeably after camber
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angles larger than 2°. When it comes to tire 2# with 4950 N complete tire load, the half-tire
load changes from 413 N to 4540 N, where the curve of cornering stiffness varying with
load is far from linear. A 45.4% change in load results in up to 20% change in cornering
stiffness. This brings up the Ky test — load = 4950 N result in Figure 14b.

The curves in Figure 12 are different for different tires, and consequently also for the
test results in Figure 14. The MF and UniTire expressions fail to capture the camber and
cornering stiffness relationship in some cases, especially for some larger camber angles.
However, for this paper, the proposed method works well on both the empirical models
and the measurement data.

4. Discussion

The method proposed for obtaining cornering stiffness with varying camber angles is
time- and resource-saving. It requires tire dimension and only pure side slip characteristics.
Compared with the common techniques, i.e., based on combined slip and camber data,
the camber angle input is removed. Table 5 shows the number of measurements for the
example data above. A 91% saving in measurements could be made using the proposed
method.

Table 5. Measurements number of tire 1# (tire 2#) data.

Measurements Number

Load Slip Angle Camber Angle S Savin
Method oa pang 8 o 8
common method 5 3 or more (when sweeping) 12 180 \
proposed method 5 3 or more (when sweeping) 0 15 165

This method does have some limitations:

I.  based on the symmetry assumption, this method does not show the effects of ply steer
and conicity [33].

II.  considering the load range on each half-tire, only cornering stiffness with middle load
and small camber angle could be obtained from pure side slip test data with a wide
load range when not using a tire model.

II.  cornering versus load curves of the half-tire is obtained from the non-cambered tire
with nearly uniform load distribution along the width, but it is used in the cambered
half-tire with various load distribution along the width, which could cause errors.

The effects of ply steer and conicity are usually small. Hence, point I does not con-
tribute largely to the error of the method. The application of the tire model makes possible
prediction of half-tire results beyond the corresponding complete tire load range, which
avoids limitation II. In the proposed method, the tire is divided into two parts. The tire can
also be divided into more parts along the tire width. In this way, the error described in III
could also be reduced.

In the proposed method, the influence of camber angle is treated as load distribution.
Currently, this is only used in the prediction of cornering stiffness. The approach could be
extended to large side slips and lateral force generation, but requires further inquiry.

5. Conclusions

The work presented in this paper proposes a method to obtain cornering stiffness
for different camber angles based on characteristics from pure side slip. The method can
capture the general trend of cornering stiffness for different camber angles and performs
better than neglecting the camber effect. It reduces the need for measurements in combined
camber and side slip conditions.

The camber is expressed as an equivalence of the load shift in the contact patch. This
reduces one variable of the problem and makes possible the omission of sideslip data with
different camber angles.
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The whole tire is divided into two parts. With the assumption of symmetry of the tire,
each part shares the total load and contributes to the cornering stiffness equally at zero
camber, making it possible to obtain the half tire cornering stiffness from the whole tire
result.

Two load distribution methods are proposed. The tilting method shows the right
tendency but has lower accuracy. Thus, the rotating method is needed, which shows both
the load transfer and the contact patch width change for a cambered tire. Two FE models
are built for the load distribution calculation validation. The rotating method has good
agreement with the FE result, and is used in prediction method validation.

The prediction results are compared to those obtained by parameterizing measurement
data using MF and UniTire, as well as directly towards measurement data. The comparisons
show promising results, indicating that the method could be applicable in conditions where
the dependence of camber angle is of some importance, and cost reduction in model
parameterization is central.

A comparison between test data and model parameterizing result is done. The dif-
ferent effect of camber on the cornering stiffness is explained by the relationship between
cornering stiffness and load. This further illustrates the rationality of expressing camber as
an equivalence of the load shift.
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