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Abstract: One of the most used tyre models is the so-called Magic Formula, which provides the
contact forces and moments as a function of the tyre slips and normal load. Among the slip inputs,
there is the spin-slip, which is defined as the combination of a camber component and a path-
curvature component. The two components are related to each other by the camber reduction
factor, for which only a few data have been reported in the literature. In addition, these data
are often obtained from indirect measurements. In this work, an experimental procedure for the
direct measurement of the camber reduction factor was devised, and applied to six specimens of
motorcycle tyres (three front and three rear). The approach employs a rotating-disk machine, where
the tyre is intrinsically subjected to path curvature. A specific aligning procedure to mitigate sideslip
disturbances is introduced and employed during testing. The three specimens of the rear tyres tested
showed a camber reduction factor that was close to zero, which is the typical result suggested by the
literature. On the contrary, the three specimens of front tyres showed slightly negative values, i.e.,
the camber component increased with respect to the curvature component. The results suggest that
the classic assumption of a zero camber reduction factor does not hold valid for all motorcycle tyres.

Keywords: tyres; magic formula; camber; spin slip; turn slip

1. Introduction

Several models have been developed over the years for the simulation of the re-
sponse of tyres, including analytical/physical models such as the Brush models [1-4],
semi-empirical models such as the so-called Magic Formula models [5-9] and complex
finite-element models such as FTire and CDTyre [10,11].

The Magic Formula models are among the most used, and their inputs consist of the
normal load and tyre slips, namely sideslip (or lateral slip), slip ratio (or longitudinal slip)
and spin-slip. The latter is defined as the ratio between the component of the angular
velocity normal to the road plane w; and the forward speed v [12]. Both the yaw rate i and
spin () of the tyre contribute to w,. As a consequence, the spin-slip ¢s can be divided in
two components

Wz P n Qsinvy

g = —— =
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)
where 7 represents the camber angle. Theoretically, the same spin-slip can be equivalently
generated using either the first term (called turn slip ¢;) or the second term (related to
camber). However, it has been found that the effect of the two spin-slip components on
the tyre response may not be the same. The practical solution is to introduce a camber

reduction factor €, in (1), obtaining [7]

Qsinvy
— 2
: @

When ¢, = 0, the two components of the spin—slip are equivalent, whereas when ¢, = 1,
the camber has no effect on the spin-slip. The practical implication is that, when &, > 0, the
camber angle that is employed by the tyre-response model to generate spin-slip forces and
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moments is attenuated. On the contrary, when ¢, < 0, the camber angle that is employed
by the tyre-response model to generate spin-slip forces and moments is amplified.

The reason for the camber reduction factor has been theorised by several explanations,
both physical and analytical. In [12], it was associated with the flattening of a loaded
tyre while cambered against a frictionless surface. In this case, the belt is distorted and
the curvature of the peripheral line may reduce. As a consequence, the lateral distortion
generated while rolling (in the cambered and loaded configuration) on a road is also
reduced, hence the need for a camber reduction factor in the camber component of the
spin-slip. The analogy between camber and spin is analytically supported in [13] in the
case of small slips, i.e., large curvature radii. In [4,14] the two-dimensional field of velocity
and stress that arises in the contact patch is analytically derived, supporting the idea that
the two components of the spin—slip are related, although not exactly equivalent.

Regardless of the very nature of the reduction factor ¢,, very few data have been
reported in the literature for such factor. The relationship between turn slip and camber
forces with different tyre carcass shapes, namely toroidal (motorcycles) and cylindrical
(cars and trucks) was discussed in [12]. An experimental procedure for the determination
of tyre response to turn slip and camber is presented. As the tyre tests carried out on a flat
track, a direct measurement of turn slip response is not possible. Therefore, the transient
response to a turn slip impulse, i.e., a yaw angle step, is used to derive the steady-state
response to a turn slip step. The following procedure is employed: the tyre, with no camber
neither sideslip, is lowered on the ground of the tyre test machine with a given negative
yaw angle and is then loaded with the vertical force. Then, a positive yaw step is given
in order to restore tyre yaw alignment. After the rolling motion starts, the tyre shows a
transient lateral force response. By integration, the transient response to a turn slip step is
derived from the measured data. Finally, the steady-state response to a turn slip step is the
horizontal asymptote of the integration result. The results for a car tyre are shown, finding
a camber reduction factor &, = 0.54, which is obtained from the ratio between turn slip
and camber forces. A slightly lower camber reduction factor e, = 0.43 obtained from the
moment response is also presented; however, the e, obtained from forces is thought to be
more representative, and the moment is less important.

The camber reduction factor that may be expected for a motorcycle tyre should be very
different from that shown in [12] for a cylindrical tyre which, as when its belt curvature
is distorted when cambered and loaded, it typically shows a reduced camber stiffness
when compared against a toroidal tyre. According to [12], a camber reduction factor
g, ~ 0 is expected to represent the spin—slip behaviour of motorcycle tyres, however, no
experimental results regarding motorcycle tyre camber reduction factor were found in the
literature. On the MF-62 manual [7], which is one of the most used versions of the Magic
Formula, some guidelines related to the camber reduction factors are given: on truck tyres,
£, may become slightly greater than 1, on car tyre ¢, may reach values up to 0.7, while on
motorcycle tyres, it is close to zero. Basically, the same guidelines are also suggested in [1].

The first contribution of this work is to devise an experimental method to directly
measure the camber reduction factor of tyres on rotating-disk machines. The procedure
is explained and the most relevant issues to reduce measurement errors are highlighted.
The second contribution is the application of the method to six specimens of motorcycle
tyres, which serves two purposes. The first is to demonstrate the practical application of
the proposed method. The second purpose is to provide experimental evidence to the
literature which is currently lacking such data for motorcycle tyres.

The paper is organised as follows. The test rig employed is described in Section 2,
together with the methods for minimising tyre misalignments. Section 3 discusses the pro-
cedure for the experimental estimation of the camber reduction factor. Section 4 illustrates
the findings, while Section 5 remarks some keypoints of the procedure involved.
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2. Tyre Testing Machine

The properties of tyres under test are measured with the tyre test rig [15-17] of
the University of Padova; Figure 1. This consists of a rotating disk with a diameter of
approximately 3 m and a high-friction ring-like cover (sandpaper P120). The rotation,
around the vertical axis, is driven by an electric motor. The free-rolling wheel is held in
position with an articulated arm which, by means of two servomotors, allows to set the
camber and sideslip angles. By means of three loadcells, the tyre lateral force, yaw moments
and rolling resistance moment are acquired. The vertical load is set by adding weights to
the structure.

| _ L, .
! ‘steering
J  axis

‘h 7 rotating disk

Figure 1. Tyre test rig layout. The tyre rolls freely on the rotating disk and is held in position by
an articulated structure. The whole structure can camber with respect to the ground. The front
assembly—which holds the wheel in place—can steer with respect to the cambered structure. Steel
disks sets the vertical load.

Due to the path curvature, the tyre under test constantly exhibits a turn slip-related
force that superimposes over camber-related and sideslip-related forces. This means that
the raw generalised force measured by the machine Fy;(a,y) at a given sideslip « and
camber 7 angles is the sum of the tyre response to those angles F(«, 7v) and the tyre response
to the turn slip F(¢;). During a standard measurement of tyre response to camber and
sideslip angles, the turn slip force is therefore managed as a parasitic force that is identified
and removed by means of a specific testing procedure. This is possible thanks to a symmetry
assumption of tyre response. While the turn slip related force is always directed outwards
from the disk centre, opposite camber and sideslip angles result in opposite forces

F(a,v) = —F(—a,—7). 3)

Therefore, doubling the measurement of tyre response over symmetric angles, the
response to camber and sideslip angles can be extracted through

me 7 _Fraw_/_
Fla,y) = (2, 7) . (—a,—7) @
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which leads to the decomposition of the measured response in its camber/sideslip and turn
slip contributions.

While the path curvature of a rotating-disk test rig introduces these complications into
the measurement procedure, when focusing on tyre turn slip behaviour, it is convenient
because it allows to perform a direct measurement of turn slip force, simply measuring the
tyre force response while rolling with no camber or sideslip angles:

F(¢t) = Fraw(a = 0,77 =0) @)

2.1. Sideslip and Camber Response Measurements

The most standard tests performed on the machine are pure sideslip and pure camber
tests, that are the measurements of the tyre’s response to sideslip only F(a,y = 0) or to
camber only F(« = 0, ), in terms of side force F, and yaw moment M,.

In practice, in a pure sideslip test (see e.g., Figure 2), the raw steady-state tyre response
measurement Frq;, () is repeated for a vector of sideslip angles « and its opposite —« while
maintaining a camber angle equal to zero. Each point of the raw curve Fy4,(«) is obtained
by a time average of a large number of samples (typically, a 60 s < 120 s time window
is involved, which corresponds to several tyre rotations and allows to exclude from the
time averaging the transient part of the response). Finally, the tyre response curve to pure
sideslip F(«) is obtained from the raw curve by removing the turn slip force through the
application of (4). The same applies for a pure camber test, with the only difference of
measuring the tyre’s response F(7y) to different camber angles [y, —] while maintaining a
sideslip angle « = 0 equal to zero.

A sideslip/camber coupled test could also be performed. In practice, the cross in-
fluence of the superimposition of these two quantities is analysed by observing the tyre
response F(«,y = §) to sideslip at a fixed camber §. The test is similar to a pure sideslip
test, i.e., measuring the tyre response over a sideslip angle vector [«, —«|, but at a given
camber angle v = 4. However, for the turn slip component removal, in according to (4), for
every measurement point (&, §), its opposite (—&, —) is also needed. The measurement is
therefore repeated, imposing an opposite camber angle v = —4. Once the whole dataset
Frow([&, —&], [, —]) is obtained, with the application of (4), the desired tyre response
curve F(a,y = 4) is computed.

2.2. Alignment

A critical aspect regarding these measurement is tyre alignment, i.e., correctly setting
the machine reference zero position for both axes a and <. This is not a complex task
when aligning the camber axis. The criterion is indeed the orthogonality between the
wheel symmetry plane and rotating disk plane. The camber axis alignment is therefore
straightforward. Furthermore, a fraction of degree as a residual misalignment would not
be effective in compromising the measurements since it would be small if compared to the
camber angles imposed during tests (up to 60 degrees for motorcycle tyres).

On the contrary, the sideslip axis is more demanding. The criterion is now the intersec-
tion between the wheel and rotating disk spin axes. This is a far more complex geometrical
relation when compared to camber alignment and its practical realisation could lead to
bigger errors. Furthermore, the tyre response in terms of F, and M; are very sensitive to
sideslip angles and 0.5° misalignment in the slip axis would completely compromise the
results. However, when using the geometry of the machine itself for the slip axis alignment,
some tenths of a degree of error in the alignment process are in any case possible. For this
purpose, a different alignment criterion is adopted, based on the tyre response. Instead of
the input of the system (sideslip angle), the output (sideslip force) is used for the alignment
since the system exhibits great gain between the input and output and the latter could be
managed with smaller relative error.
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Figure 2. Example of a pure sideslip measurement. The dotted green curve is the raw tyre lateral
force, the red solid line is the sideslip-related force obtained with the application of (4), while the
blue dashed line is the turn slip force obtained as the difference between raw force and sideslip force.
Note that, at zero sideslip, the dotted green and dashed blue curves coincide, as expressed by (5).

The criterion was called “forwards—backwards aligning technique” since it consists of

the comparison of the raw tyre side force Pf, raw that arises when free rolling in the standard

(forward) direction versus the raw tyre force Fﬁmw that arises when free rolling backwards.
The rolling direction change allows to uncover the sideslip-alignment status. Indeed, the
turn slip force is always pointing outwards from the rotating disk, regardless of the rolling
direction. Therefore, as the path curvature remains the same, the force magnitude also
remains the same. On the contrary, the sideslip force changes its sign with the rolling
direction. As a consequence, if there is a nonzero sideslip angle, the tyre exhibits a different
side force when switching the rolling direction. Furthermore, these properties enable the
extraction of the turn slip component as the mean of the two measurements

F ;raw +F ;

y,raw

I8 Y,Qr — 2 7 (6)
and the sideslip component as the deviation from the average
Fya = Fj raw — Fy g1 7)

In other words, a tyre is assumed in a zero sideslip condition when the lateral force
remains the same while rolling forwards or backwards. This behaviour leads to an iterative
process that converges in the zeroing of the sideslip axis.

In practice, this process can be reduced to two iterations (i.e., two measurements of the
lateral forces in forward and backward motion) as explained below. Firstly, the sideslip axis
is geometrically aligned, with an estimated residual error of some tenth of a degree. Then,

the first of the two measurements is performed, obtaining the lateral force FyF, ,(alu), in forward

motion and the lateral force F£ rgu), in the backward motion. The test rig steering axis is now

rotated in order to correct the sideslip and reduce the sideslip lateral force. A root-solving
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algorithm is therefore employed in order to calculate the requested rotation. In the first
iteration, the sideslip offset is computed with a guess of the cornering stiffness using

(1)

F,

Aat) = —L('{x), 8)
Ca

where Fy(l,x) is the sideslip lateral force obtained with (7) from the first iteration measure-

ments, Cﬂ(tl) is the guess of the tyre cornering stiffness based on the tyre vertical load and on
the typical normalised cornering stiffness of motorcycle tyres (a guess cornering stiffness

per unit normal load of cﬁ” = 10rad~! was employed in these tests), while Aa(!) is the
sideslip correction to be applied at the first iteration.

After the application of the AaD) offset, the second iteration measurements F; r(azzi and

FyB, r(ﬂ%g are taken and the second iteration sideslip force Fy(z,x) is computed. The cornering

stiffness guess is now corrected with the experimental data by using

(2) )
C(z) _ Fy"" — Fyr‘" 9)
* Ax(D)

The forwards-backwards aligning procedure ends with the application of the second
iteration sideslip offset
£
Ax® = — C‘J’é"). (10)
o
At this point, the tyre was considered aligned. Indeed, the curve F,(«) is usually linear
for small sideslip angles, and thus the process ideally provides the exact solution.

3. Method

In the case of a free rolling tyre with zero sideslip, the expression in (2) becomes

1 1—¢
fPs:*§+ 1

Py sin vy, (11)

where R is the path-curvature radius of the tyre trajectory and r. is the effective radius

(also called rolling radius), where % = % In the case of small camber angles, (11) is further
simplified to

o1 1—¢

Ps~ g T

- (12

For small angles, the spin-slip force can thus be rewritten with the spin-slip stiffness Cy,

Fyo. = Cops

(12) 1 T1—ey
C ) 1
¢s< R Te 7) ( 3)

when the tyre is subjected to turn slip only, the spin-slip force (13) can be rewritten as
Fy o, = Cp,pt = Cy, 1, with ¢y = — %, and therefore, the spin—slip stiffness coincides with
the turn slip stiffness:

Cp, = Cy,. (14)

when the tyre is subjected to camber only, the spin—slip force (13) can be rewritten as

1—e¢,

Fyo, = Cg, Y
e

= C. (15)
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and therefore by substituting (14) into (15), the camber stiffness becomes

Te
Finally, making the camber reduction factor explicit, the following equation is obtained:

cl
87 = 1 - TeiF. (17)

y
Co,

The camber reduction factor can therefore be determined by three measurements, namely

the tyre effective radius 7., the camber stiffness C? , and the turn slip stiffness ngt The
methods involved in the derivation of these quantities are discussed below.

The tyre effective radius 7, is measured through the tyre angular displacement after
its free rolling over a path of known length. The latter is chosen to be a full test rig disk
rotation, which coincides with the circumference associated to the path curvature radius R.
The measurement process begins by lowering to the ground and loading with vertical force
the tyre with no sideslip or camber angles. Reference notches on disk, machine structure
and tyre rim set the reference initial positions for the rolling test. The disk is then moved
until a full circumference has been exploited by the tyre, and thus its rotation is stopped
when the disk/machine reference notches match again. The tyre angular displacement
A% = 07 — 9; that has been exploited during the test is traced counting the number of
full revolutions and measuring the tyre’s notch initial and final angular positions with an

inclinometer. The ratio
AL

AY
provides the effective radius, where AL is the effective linear travel of the tyre. This quantity
is not exactly equal to the circumference associated with the path curvature C = 27R since
the initial and final rotating disk positions” misalignments may occur. The travelled distance
then becomes AL = C; + 2R + Cy where C; and Cy are, respectively, the initial and final
misalignment of the disk’s reference notches. These are nominally equal to zero C; = Cf = 0.
However, due to visual alignment, an uncertainty of approximately one millimetre is
attributed to them: uc,, uc ;= Flmm. Similarly, the tyre angular measurements ¢, and 9;
are subjected to uncertainty of approximately one degree ug,, us, = £1°

The nominal turning radius R of the tyre test rig is fixed and known, however for
the current study, a precise measure is mandatory. The measured distance extends from
the disk shaft axis to the tyre’s contact patch centre, whose location is defined as the point
equidistant from the left and right sidewalls. A concatenation of four single measures
(shaft diameter, abrasive path diameter from shaft diameter, right sidewall from abrasive
path diameter, and left sidewall from abrasive path diameter) are carried out in order to
derive R. Following the measurement scheme in Figure 3, the path-curvature radius is
obtained from

re (18)

Dy Lc+Lp
R= -2 4pp+ 70
> + Lp+ 5

where each of the four arguments are defined in Figure 3 and are physically measured with
an uncertainty of u; = =1 mm.

The camber force stiffness computation is straightforward once a pure camber test is
carried out. This value is computed as the slope of the force curve F, , () around the camber is
equal to zero y = 0. Due to tyre symmetry assumption, the camber-stiffness is obtained from

(19)

(20)

where 71 = 15° is the angle used.
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The turn slip-related side force F,q, is expressed in terms of turn slip ¢y = —¢/v
which, for a free-rolling tyre, becomes equal to the path curvature ¢; = —1/R. The turn slip
force stiffness is the initial slope of the force curve. On a rotating-disk test rig, this quantity
may be estimated as the ratio between the pure turn slip force and the path curvature. As
already explained in (5), being a pure-turn slip condition coincident with the a = ¢ = 0
condition, the turn slip force stiffness may be computed from

F Fy,mw([“, 'Y] = 0)
b —-1/R

C = —Fyraw([e, 7] = 0)R, (21)
where R is the path curvature. Again, a pure camber test is enough since the requested
quantity coincides with the raw force measurement at v = 0.

Note that the accuracy and precision in the F, », measurement is critical to obtain
an accurate and precise estimation of the camber reduction factor. This is evident when
applying the error propagation formula [18]

I
u(y)= ). % ui(%;) (22)

i=1 i

to (17) which relates the camber reduction factor to the test rig measurements. In fact,

assuming typical values for the equation quantities (R = 1.4m, C? = 2000N/rad,
re = 0.3m, ¢, = 0), an uncertainty of approximately u,, = +0.1 on the camber re-
duction factor is obtained with a uncertainty on the turn slip force of approximately only
Fyp, = +43N.

Figure 3. Top view of the tyre test rig. The path-curvature radius R is calculated through four
measures, namely the rotating disk shaft diameter ® 4, the radial distance of the ring-shaped annular
path from disk’s shaft Lp and the radial positions Lc and Lp of the inner and outer sidewall of the
tyre, respectively.

For this reason, particular attention should be devoted to the measurement of F, ,,,
which may be affected by several disturbances. Firstly, F, 4, is affected by camber and
sideslip axes residual misalignments, as already discussed in Section 2. The camber mis-
alignment is thought to be less than ¢ < 0.5° while the residual forwards—ackwards delta
force is less than AF, < 50 N.

Secondly, since the measure of the turn slip force is an absolute (note that every
standard « and v tyre response measurement consists of a relative force measurement)
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force measurement, the loadcell offset value Fy,O may also introduce uncertainties in the
result. In fact, before every measurement, after the tyre is lowered to the ground and loaded
with the vertical force (i.e., in a condition where no lateral deformations occur), a reset
in the loadcells is performed. This is necessary in order to set the reference input value
that corresponds to zero forces and moments to the acquisition system. However, if some
unwanted lateral deformations are present on tyre tread during the loadcell reset process,
a loadcell offset disturbance is introduced in the measurement chain. An investigation
provides an estimated loadcell offset uncertainty of approximately up , = £10N.
Another disturbance on Fy, ¢, is introduced by the sideslip axis actuation system. The
sideslip axis servomotor is connected to the front assembly through a linkage in series to
a planetary gearbox. Although the gearbox is of a reduced backlash type, at a M, torque
inversion, Awy, follows. The tyre could therefore assume a sideslip angle that is different
from zero and generates the related sideslip force. However, there is no possibility to
identify this disturbance with a force measurement. The backlash disturbance is therefore
analysed, measured and treated as a deterministic event in order to remove it in the
aftermath from the measurement chain. Since the mechanism compliance makes the
backlash a torque-dependent phenomenon, the measurement involves the application to
the wheel of a torque of a typical magnitude (M, ~ 3 Nm) that is generated by the wheel
during free rolling on the rotating disk curved path. A centesimal comparator is used to
measure the tangential displacement of the front assembly tangential displacement. The
wheel backlash is finally estimated to be Aa;, = 0.17°. Note that this quantity coincides
with the sideslip angle variation when rolling forwards vs. backwards and does not
compromise the forwards/backwards aligning procedure since it has the effect of equally
reducing the F, in both the rolling direction. After the alignment process, the tyre has
a nominally zero sideslip angle. However, when rolling, the M, torque makes the tyre
assume a £Ax; /2 = £0.085° sideslip angle. In particular, when rolling forwards, the sign
of the turn slip torque makes the tyre assume a a;, = —0.085° backlash-induced sideslip
angle. Thanks to the availability of sideslip test measurements, the cornering stiffness is

known and the backlash-induced parasite force is finally estimated as F, ;, = C,fy Xp.

Finally, the turn slip force F,y, = Fyrqw(a = 0,7 =0) — Fyp is obtained with the re-
moval of the backlash disturbance from the measured raw force. The residual uncertainties
over this measurement are therefore related to the camber and sideslip angle alignment
uncertainties and to loadcell offset uncertainty. The uncertainty behind the backlash force
is not considered since its effect is small when compared to the others.

4. Results

The camber reduction factor is evaluated with the use of (17) and the measurement
uncertainty is evaluated with the use of the error propagation Formula (22).

The raw measured lateral force Fy q is the sum of different contributes, namely
the turn slip force Fy,p,, the loadcell offset force Fy o, the misalignment-related camber
force Fy,, = C? 70, the misalignment-related sideslip force Fy 4, which is known in terms
of force after the forwards—ackwards aligning procedure and the backlash-related force

Fup= C,fy . The difference
F, F,
Fy,(pf = Fy,mw - Fy,O - ny Yo — Fy,zxo — Cayﬂéb (23)

. . . F . .
allows to estimate the turn slip force, where the camber stiffness C,” and cornering stiffness

F . s
C,’ are known, respectively, from pure camber and pure sideslip measurements. Loadcell
offset, camber misalignment angle and sideslip misalignment force are nominally zero

Fy,() = Y0 = Py,lxo =0.
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With the application of the error propagation formula to (23), the turn slip force
uncertainty is estimated as

— ]2 F, 2, F 2
UF, o, = \/qu,O + (Cyfu%) + UE, 0 + (C“yu,xb) (24)

where up , = +10N is the typical loadcell offset uncertainty, u,, = +0.5° is the typi-
cal camber angle misalignment uncertainty, ur,, = £25N is the typical sideslip force
misalignment uncertainty (since the typical residual misalignment forwards-backwards
aligning procedure explained in Section 2 is AF, < 50 N when switching rolling direction,
the residual misalignment-related sideslip force during standard force measurements is

. . . . F
AF,/2). As explained previously, the backlash angle uncertainty is zero as the term C," iy,
is small when compared to other sources of uncertainty. The estimation of the turn slip
force and its related uncertainty for the six tyres under test is shown exposed in Table 1.

Table 1. Turn slip force estimation. Note that the force values are reported as absolute values: the
tyre testing machine curvature direction generates negative turn slip forces.

Tyre Code Fyp, (N) ug,,, (N)
Front n°1 385.7 +314
Front n°2 373.5 +31.6
Front n°3 340.6 +31.2
Rear n°1 493.7 +32.2
Rear n°2 454.8 +31.7
Rear n°3 488.5 +32.1

The path curvature estimation provides a turning radius of R = 1323 mm with a
measurement uncertainty of approximately ug = +1.8 mm.

The final estimation of the camber reduction factor is obtained with the substitu-
tion into (17) of a list of indirect measurements. First, the rolling radius computation
Equation (18) also requires the information of the turning radius R. Secondly, the camber
side force stiffness estimated from pure camber measurements with the ratio of (20). Fi-
nally, the turn slip stiffness, estimated as in (21) with the product between turn slip force
and turning radius R. Note that, as already discussed, in order to improve the accuracy
and precision of the result, the force as estimated in Table 1 is used instead of the direct
Fyraw([a, 7] = 0) measurement.

The measurement error propagation on the computation of (17) is applied as with (22).
The results are summarised in Table 2 and Figure 4. The three front tyres are all 120/70-17,
however, they are different in construction. Similarly, the rear tyres are all 190/55-17, with
different specifications from one another. The camber reduction factor values obtained
for the rear tyres (last three rows) are in a band across £, = 0 and are thus in agreement
with the literature, which indeed suggests that motorcycle tyres should have a factor of
almost zero. One the contrary, front tyres (first three rows of Table 2) exhibit different values
of camber reduction factor, whose band extends towards negative values. The lowest
obtained value is ¢, = —0.19 and its confidence band is #e, = £0.11. The confidence band
is narrow enough to confirm the nonzero camber reduction factor. A negative factor means
an amplification of the camber component over the turn slip component. In this specific
case, the amplification is up to 20%.
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Table 2. Camber reduction factor estimation.

Tyre Code gy (—) e, (—)
Front n°1 —0.0609 +0.0863
Front n°2 —0.1245 +0.0951
Front n°3 —0.1870 +0.1089
Rear n°1 0.0174 +0.0642
Rear n°2 —0.0064 +0.0702
Rear n°3 0.0178 +0.0646

It is worth stressing that these results are not to claim that all rear motorcycle tyres
are with a zero camber reduction factor, and all front motorcycle tyres are with a negative
factor. However, the experimental evidence suggests that the classic assumption of a zero
camber reduction factor does not apply to all motorcycle tyres.

0.1

0.05 -

—0.05
a
-0.1
—0.15

-0.2

Camber reduction factor e, [-]

—0.25

O Results
Confidence interval

7(]'3 1 1 |
Front 1 Front 2 Front 3 Rear 1 Rear 2 Rear 3

Tire code

Figure 4. Camber reduction factor for the tested tyres.

5. Remarks

The importance of the forwards-backwards aligning procedure is discussed herein.
If a sideslip misalignment as occurs, the forces and moments measured by the test rig
at a nominal sideslip ay are instead generated by a tyre operating at « = an + aps. The
general effect on the obtained curve Fyq (2 ) is therefore a translation over the abscissa
axis by a quantity equal to the misalignment a5s. When a similar misalignment occurs in a
straight-path tyre testing machine, the sideslip offset can be easily handled. For example, in
a MF-6.2 fitting perspective, the offset would not compromise the result and would be taken
into account by the shift coefficients (PHY1, PHY?2 [7]). However, in a rotating-disk test rig,
due to the necessity of a symmetry hypothesis in order to remove the turn slip component
as exposed in Section 2, a misalignment a4 is not allowed in the raw experimental curve.

In Figure 5, the effect of a misalignment wp; = —1° is shown. The measured curve Fyqq ()
(green-dotted-starred line), i.e., the curve with the misalignment, is translated rightward (i.e.,
towards the positive direction of the sideslip axis) with respect to the real tyre characteristics
Fraw(an) (green dotted-circled line). The tyre sideslip characteristics (red curves) are obtained
with the application of (4) to the raw curve, while the turn slip characteristics are obtained
through the difference between the raw curve and the sideslip curve

Fg,(2) = Fraw (&) — Fu(a). (25)
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The difference between the circled and starred turn slip force (blue) and sideslip force (red)
curves reveals the effect of the misalignment.

Firstly, the turn slip force, when evaluated as in (5), is quite far from the actual value.
In this example, a Fp, = —671 N is measured, instead of a real turn slip force F,, = —300N.
Secondly, the turn slip force curve obtained with the misalignment does not assume constant
values, which is the expected behaviour, as the path curvature is constant during the test.
Thirdly, the sideslip force curve is scaled. The misaligned curve (starred) shows smaller
absolute values, and the cornering stiffness value (numerical derivative of the curve around
« = 0) decreases by 5%.

The effect of the misalignment in the camber reduction factor estimation is now dis-
cussed. The case study is a tyre with a rolling radius r. = 0.3 m that shows the curves
in Figure 5 and is characterised by a camber reduction factor e, = 0 when computed
with the correct turn slip force (i.e., without any misalignments), that is Fp, = —300N.
If a slip axis misalignment of a); = —1° occurs in the experimental tests, the estimated
camber-reduction factor would be approximately &, = 0.53. A misalignment ap; = 1° in
the opposite direction would be an even worse scenario because, giving a positive turn slip
force of about Fy, = 71N, the resulting camber reduction factor would be approximately
£, = 9.12. When a misalignment of approximately ap; = —0.5° occurs, which is a realistic
situation when not applying the forwards-backwards aligning procedure and aligning the
slip axis only with a geometrically-based approach, a camber reduction factor of approx-
imately e, = 0.36 would result from the computation, while the opposite misalignment
ap = 0.5° would result in a camber reduction factor of approximately e, = —1.31. The
two examples discussed highlight the importance of a fine slip axis alignment procedure in
order to properly estimate the camber reduction factor.

1500 T T
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—o- Fw(aN)
1000 | —e— F, (cuy)
me(a)
- %= F@t(a)
500 | s Fa(a) 4
£
&
&< - O0—— 06— —6 — —9——&——0-—-—90——96——9¢
- Sk e
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— — g — k— A*
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—1500 1 1 1 I I I
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Figure 5. Effect of slip axis misalignment. Circled lines identify the tyre characteristics, and starred
lines identify the same characteristics obtained with a misalignment.

6. Conclusions

The camber reduction factor of a motorcycle tyre, usually assumed to be approxi-
mately zero in the literature, was experimentally investigated and measured in this work.
The rotating-disk tyre test rig employed was described, together with the methods and
procedures used to experimentally extract the tyre characteristics. The measurement and
derivation of each parameter belonging to the camber reduction factor equation were dis-
cussed, and the sources of disturbances and uncertainty were evaluated. The results of the
study include an experimental procedure for the direct assessment of the camber reduction
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factors, together with the values and confidence band of six specimens of motorcycle tyres.
The experimental tests were carried out for two main reasons. The first was to demonstrate
a practical application of the proposed procedure. The second was to provide experimental
data related to motorcycle tyres, which are rarely considered in the literature. Nevertheless,
the method is equally applicable to car tyres. The values of the camber reduction factor
obtained are close to zero for the three rear tyres under test, as suggested by the literature.
However, the same parameter assumes negative values for the three front tyres under test,
where the farthest value stands at £, ~ —0.2. The uncertainty band around this result is
narrow enough to confirm that, for these tyres, the camber reduction factor is nonzero. This
means that the contribution of the camber component may increase with respect to that of
the curvature component in some motorcycle tyres, and that the camber reduction factor is
not necessarily zero, as is often assumed.
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