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ABSTRACT
To increase vehicle dynamics modelling accuracy in simulation environments, in this
work, we propose a model, where the mutual influence of the vehicle dynamics and
tyre wear is taken into account. In this context, simulation-oriented models aim at
representing the main features of the vehicle dynamics, while keeping the complexity
low, making them suitable for control-oriented analyses and design. The wear model
quantifies tyre wear as a tyre mass loss depending on the tyre-road interaction,
derived from the vehicle dynamics and kinematics; then, the outcome of this model
is consequently used to update the tyre friction characteristics, by modifying the
main parameters of the Pacejka’s magic formula. We also discuss the steps required
to use the model in two-wheeled vehicles, where the roll dynamics plays an important
role in the tyre wear. The main features of the developed model are discussed on a
motorcycle, as a simulation case-study.
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1. Introduction

The impact that tyres properties have on vehicle dynamics is a topic of unquestionable
importance; for this reason, tyre modelling is a subject widely addressed in the scien-
tific literature. Among the several topics of interest, one can find an understanding of
the mechanisms that cause the degradation of tyre properties. As reported in [1], tyre
degradation can be mainly related to two factors: the first one is the rubber abrasion
induced by the tyre-road frictional interaction, when the tyre is actually rolling. The
second cause is linked to the rubber oxidation caused by the interaction with the en-
vironment, and as such it could also arise when tyres are stored and left unused. This
paper focuses on the first kind of phenomenon, in the following referred to as tyre
wear, due to its tight two-way coupling with the vehicle dynamics, as will be detailed
and clarified in the following.

Tyre wear modelling is a consolidated subject in the scientific literature, where
the first relevant contributions date back to the mid-1900s. In most recent works,
the characterization of the tyre wear is tackled by means of experimental correlations
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between tyre wear and tyre performance or also analytical models, with a different
blending. Fully experimental and statistical correlations are proposed, for instance, in
[2,3]. In [4–6], a tyre wear phenomenological correlation is coupled with an analytical
lumped parameter brush model; in [7], a similar approach is applied to aeronautic
tyres. Finally, finite element models are proposed in [8–11]. These works focus on the
tyre wear modelling meant for evaluating the remaining tyre life or for tread wear
predictions. Moreover, recent works have shown the potential benefits of taking into
account tyre wear and vehicle dynamics interactions: for example, [12] presents the
advantages of a calibration of an aircraft anti-skid controller aiming at reducing tyre
wear, using a control-oriented tyre wear model.

Only a few works, to the best of the authors’ knowledge, explicitly account for the
tyre wear effects on the vehicle dynamics. In [13], test ring experiments are run on a
broad selection of tyres in order to quantitatively assess the effect of tyre wear on the
peak lateral force and overturning moment. A similar study is proposed in [14], where
the focus is set on the longitudinal friction force and tyre mechanical stiffness, with
respect to age and wear. Both works [13] and [14] show the impact of tyre wear on
tyre forces, but they do not discuss how these consequences on tyre forces affect the
tyre wear itself. Another approach is the one in [15] which proposes experimentally-
based black-box correlations between some of the Pacejka’s tyre parameters and tyre
wear, temperature and inflating pressure; still, it lacks of a proper mechanism for the
computation of such quantities (in particular, the tyre wear) and, as a matter of fact,
the proposed model is only useful to adapt the tyre characteristic with respect to those
parameters.

The above discussion shows that the literature lacks of an integrated modelling ap-
proach, where the vehicle dynamics affect the tyre wear and also, conversely, where the
tyre wear is capable of affecting the vehicle dynamics – degrading the tyre capability
of exerting forces. From a methodological perspective, the discussed works elaborate
the vehicle data in an open-loop fashion, i.e., as input variables to their proposed tyre
wear evaluation mechanism. In this way, the influence of vehicle dynamics and tyre
forces on the tyre wear is solely addressed; the opposite interaction - i.e., how the tyre
wear affects tyre forces and, as a consequence, the vehicle dynamics - is not considered.

The most complete approach to model the wear-tyre force interdependency is
certainly presented in [16] where a detailed physical model of the tyre-road interaction
accounts simultaneously for tyre temperature distribution, wear and resulting force
capabilities. Despite the completeness of such an approach, this model is very complex,
because it is based on finite elements. Recently, in [17], a simpler model to link tyre
wear and tyre performance has been proposed. In particular, the sole tyre grip value
was expressed as a function of the current tyre wear, quantified by an experimental
look-up table. Then, the resulting grip value was introduced in a simplified vehicle
model, used for the optimisation of a multi-lap strategy for racing cars.

In this work, we propose a simulation-oriented model, where the mutual influence of
the vehicle dynamics and tyre wear is taken into account. Simulation-oriented models
aim at keeping the model complexity low, but with sufficient accuracy to represent
the main effects of a phenomenon; hence, they can be also used in a control-oriented
perspective. Toward this aim, the model should be able to compute the mutual relation-
ship between tyre wear and tyre forces to be easily integrated into vehicle simulators,
which could also be run in real-time, i.e., for driving simulators or video-games. These
features are the reason why the model is also suitable for control-oriented purposes,
i.e., when the model is used to formulate and tune control strategies. For example, in
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Figure 1.: Block-diagram of the interaction between the developed tyre wear model

and the vehicle dynamics model.

this case, to control the tyre wear in real-time [12] or optimize the strategy in rac-
ing scenarios [17]. As a consequence, complex models, like [16], are not suitable for
simulation/control objectives.

The approach we propose quantifies tyre wear as a tyre mass loss depending on the
tyre-road interaction, derived from the vehicle dynamics and kinematics. Then, the
outcome of this model is consequently used to update the tyre friction characteristics;
in particular, the friction peak and the cornering stiffness of the tyre. In this way, the
followed approach merges the gap between the models for the tyre wear evaluation
and the tyre forces model, integrating these two kinds of model. In particular, in order
to keep the model complexity low – required by the control and dynamic simulation
purposes – the wear model is based on first-principle and classic experimental corre-
lations, and its influence on the vehicle dynamics is achieved by suitably adapting the
Pacejka’s tyre model parameters: this solution allows for a simple integration of the
proposed model into existing multi-body vehicle dynamics simulators, which typically
rely on the Pacejka’s model to describe the tyre. A graphical block-diagram of the
model interactions is shown in Figure 1.

The proposed approach is initially developed for a classic four-wheeled vehicle. Then,
it is also extended to the dynamics of two-wheeled vehicles. As a matter of fact, the
role of the vehicle roll angle – which is a distinguishing feature of two-wheelers – has
to be explicitly taken into account in the tyre wear model. Indeed, the roll dynamics
not only is highly significant in motorcycles but also generates non-uniform wear on
the tyre, e.g., wear could differ between the right and left shoulder of the tyre.

Finally, in order to highlight the features of the tyre wear model, the proposed
approach is integrated into a commercial motorcycle simulator, and a simulation case
study is discussed.

The main contribution of our work are: 1) the integration of classical models for
tyre wear and tyre forces, to simulate the mutual influence between wear and forces
in tyres; 2) the extension of wear models to motorcycles, also considering a differ-
ent level of tyre wear, and so performance, depending on the contact region of the tyre.

The paper is organized as follows: in Section 2, a first-principle tyre wear model,
based on scientific literature suggestions, is recalled and described. Then, the effects
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of tyre wear on frictional forces are discussed in Section 3. In Section 4, the model is
tweaked so as to suit motorcycle tyres and eventually tested in a simulation environ-
ment in Section 5.

2. Tyre wear model

Wear is defined, see [8], as the material removal from a surface – in this case, the
tyre one – subject to a frictional interaction with another surface – the road – and
it arises when they are sliding with respect to each other. This definition highlights
the two main aspects to be considered in the development of a tyre wear model: 1)
the description of the frictional interaction between the tyre and the road; 2) the
quantification of the amount of tyre wear, eventually related to the tyre mass loss.

In the following, after discussing the several possibilities disclosed in the scientific
literature, we present the one employed in this work. It will also serve as the basis to
understand the modifications proposed to handle the two-wheeled case.

2.1. Computation of the frictional interaction

There is a common agreement within the scientific literature that tyre wear is mostly
correlated to the frictional energy dissipated in the tyre-road interaction. Indeed, a
typical approach to model tyre wear is based on the computation of the frictional
power, which is then explicitly taken into account in the tyre wear model, e.g., [4,5,7,
9,11]. The main difference among the mentioned approaches lies in the level of details
used to model and then compute the frictional power and the corresponding tyre wear.
Microscopic – based on Finite Elements Methods (FEM) – and lumped parameters
models approach the frictional power computation from a local perspective, modelling
the tyre as a set of dynamic elements interacting among themselves and with the road;
the frictional power is the result of each local interaction, integrated over the overall
tyre. Finite elements are particularly preferred for detailed analysis: to mention a few
examples, in [11], the wear distribution across the tyre profile is computed and in [9]
the focus is set on comparing different complicated tread patterns in terms of tyre
wear. Lumped parameter models – see e.g., [4,5,7] – aim at similar goals but are more
suitable for experimental validations and analyses, as the parameters of the lumped
models are easier to be identified.

In a control-oriented vehicle dynamics perspective, the use of the discussed models is
unnecessary, as they provide a level of detail which is not controllable with the available
vehicle dynamics actuators, operating at a macroscopic level. In addition, even for
simple simulation-oriented purposes the complexity of these models, typically FEM
ones [18], could be detrimental. In vehicle dynamics applications, the local tyre-road
frictional interactions are commonly summarized at a macroscopic scale, describing
the longitudinal Fx and lateral Fy tyre forces as functions of the wheel longitudinal λ
and lateral α slip. These quantities, firstly introduced from the analysis of a simple tyre
brush model, summarize the local tyre compliance and its relative motion with respect
to the road, using two macroscopic variables that can be easily calculated from the
tyre kinematics, when considered as a whole rigid body [19]. Indeed, the longitudinal
and lateral slip are computed as follows:

λ =
vx −Rwω

vx
and α = atan

(
vy
vx

)
, (1)
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Figure 2.: A qualitative example of the tyre friction forces. The effects of vertical

load variation are highlighted for increasing and decreasing loads.

where vx and vy are the longitudinal and lateral components of the vehicle linear
speed v; Rw is the wheel radius and ω is the angular wheel speed. A suitable model
for the frictional forces is given by the Pacejka’s magic formula (MF) [19], which is an
empirical parametric model able to describe the static and dynamic properties of tyre
forces [20]. The simplest version of the Pacejka’s equations is given by the following
equations:

Fx = µλFz sin(cλatan(bλλ)) and Fy = µαFz sin(cαatan(bαα)), (2)

where Fz is the vertical load and µ, c, b are experimental coefficients, possibly function
of multiple factors. A qualitative example of a Pacejka’s tyre force model is depicted
in Figure 2, it shows the longitudinal and lateral forces as functions of sliding speed
and how they are linked with the vertical load, that acts as a scaling factor as a
first approximation. The two principal parameters that describe such curves are the
cornering stiffness (Cλ and Cα), that is the slope of the force curve in the linear region
around the origin, and the maximum force values, usually normalized with respect to
the actual load (µλ and µα).

Starting from the only longitudinal dynamics of a single corner model (Figure 3a),
the longitudinal force balance and the torque balance at the wheel are{

Mvv̇ = Fx

Jwω̇ = −FxRw + Tmot − Tbrake
, (3)

where Mv is the single corner vehicle mass, Jw the wheel inertia and Tmot, Tbrake are
the traction and braking torque at the wheel respectively. From (3), it is possible to
obtain the total power balance in (4) by summing the two equations, multiplied for v
and ω respectively:

Mvv̇v + Jwω̇ω︸ ︷︷ ︸
power related to
kinetic energy

= Fx (v −Rwω)︸ ︷︷ ︸
frictional
power

+ Tmotω − Tbrakeω︸ ︷︷ ︸
motor/brake

power

.
(4)
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(a) Longitudinal wheel dynamics. (b) Longitudinal and lateral dynamics.

Figure 3.: Graphical description of the variables involved in longitudinal and lateral

tyre dynamics.

Highlighting the easily recognizable terms related to kinetic energy and motor or brake
power, the frictional power in the longitudinal case can be written as:

W = Fx (v −Rwω)︸ ︷︷ ︸
sliding
speed

= Fxvλ, (5)

where v − Rwω represents the longitudinal sliding speed of the wheel contact point.
From (5), two considerations can be done: 1) the frictional power is always negative,
because Fx and λ have always the opposite sign (Figure 2a); 2) the dissipated power
increases with λ: therefore, as common experience suggests, wheel locking or skidding
are situations of extreme tyre wear

Moreover, considering the linear region of the longitudinal forces, the frictional
power computation becomes easier, resulting in a proportional relationship to the
vehicle speed and with the slip squared:

W = Cλvλ
2. (6)

The computation of the frictional power can be generalized to the scalar product
between the frictional force and the sliding velocity of the contact point. Therefore,
when also the lateral dynamics is considered (Figure 3b) the following equation [5,6]
holds:

W = Fxvx,sliding + Fyvy,sliding = Fx (v cosα−Rwω)︸ ︷︷ ︸
longitudinal

sliding
speed

+ Fy v sinα︸ ︷︷ ︸
lateral
sliding
speed

.

(7)

Also for the longitudinal and lateral vehicle dynamics, linearising (7), the friction
power grows proportionally to vehicle speed and the square of the longitudinal and

6



side slip:

W = Cλvλ
2 + Cαvα

2. (8)

In conclusion, in a vehicle dynamics oriented simulation, (7) provides a simple, yet
effective, way to compute the frictional power.

2.2. Computation of the tyre mass loss

In order to quantify the tyre wear, the tyre mass loss is a suitable quantity. As already
discussed when presenting tyre force models, for our purposes, detailed finite elements
approaches for the tyre mass loss induced by wear – see e.g., [9–11] – are oversized. In
order to characterize the wear in a simpler way, we introduce the experimental law in
[8], that directly links the mass loss rate with the frictional power. In the case of tyres,
the contact with the ground is not localized in a single point, but it is distributed over
an area, therefore the mass loss rate and the frictional power are usually normalized
with respect to the contact area ac [2] and they are related by an experimental function
M:

dm

dt
= M(W ) = K1

(
|W |
ac

)K2

, (9)

where m = Mloss

ac
is the mass loss Mloss per contact area ac and K1, K2 are two positive

model parameters, characteristic of the considered tyre. From (9), the time evolution
of the overall tyre mass loss is:

Mloss(t) =

∫ t

t0

acM(W )dt. (10)

2.3. Discussion on tyre wear model features

The tyre wear model can be derived combining equations (7) and (10):{
W = Fx (v cosα−Rwω) + Fyv sinα

Mloss(t) =
∫ t
t0
acM(W )dt

. (11)

The considered model (11) relates the tyre wear to its first-order impact sources [21]:
the sliding speed and the vertical load, as visible in the Pacejka’s MF in (2) and in
Figure 2. It is well-known, see [21], that other factors impact the tyre wear; among the
several, one can mention the tread core temperature, the tyre inflation pressure, the
rubber viscoelasticity, the tyre geometry and road specific properties, like its roughness.
The presented modelling approach assumes that all the mentioned factors contribute
to the tyre wear through the definition of the Pacejka’s magic formula parameters and
the parameters K1 and K2, appearing in (9).

Nonetheless, specific influences can be accounted for in the employed tyre wear
model. In the following, we present possible modifications of (11), which are able to
include the effect of these variables. We categorize these modifications as direct and
indirect: the former refers to mechanisms that have an immediate impact on the mass
loss computation (10); the latter refers to changes in the tyre force relationships, which
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eventually have an impact in the frictional power quantification (7). In both cases, as
will be clear in the following, explicit correlations must be available, either based on
analytical or empirical evidence. Given that these correlations are available for the
tread core temperature T and tyre inflation pressure P , these two will be addressed
in the following. However, to further improve the model, the presented rationale can
be applied to other effects.

2.3.1. Second-order indirect effects

Tyre forces are influenced by different variables [22]; among them, pressure and tem-
perature play an important role. They can be explicitly included as additional inputs
of the tyre wear model, so that (7) becomes:

W = W (T, P ) = Fx(T, P ) (v cosα−Rwω) + Fy(T, P )v sinα. (12)

Commonly, e.g., [23], the normalized displacement with respect to the reference
value ξ0:

δξ =
ξ − ξ0
ξ0

, ξ = {T, P}, (13)

is used as input of polynomial scaling factors of MF parameters Ξ:

Ξ = Ξ0

(
1 + θξ,1δξ + θξ,2δξ

2 + ...
)
, (14)

so that, when the variable ξ is equal to the reference one ξ0, the parameter Ξ coincides
with the reference value Ξ0.

In the case of pressure, coefficients θP can be fitted on the main parameters of the
Pacejka’s magic formula: the cornering stiffness and the friction peak [24,25] using
data obtained at the disk ring for different levels of pressure. Similar correlations
are available in [26] when road roughness is concerned. To include the effect of the
tyre surface temperature on friction curves, the variation of the Pacejka’s parameters
can be studied as well, see [27]. In real-time simulation environments, moreover, a tyre
thermal model (see e.g., [17,28,29]) is frequently employed, to account for temperature
variations during the operation of the tyre.

2.3.2. Second-order direct effects

The direct effect of pressure in the mass loss rate in (9) is visible in how it influences
the shape of the contact area [25]:

ac = ac(P ), (15)

that increases at lower pressure levels. A correlation, based on experimental laws,
between the tyre pressure and the contact area has been already introduced in more
recent and improved versions of the Pacejka’s MF [24].

Temperature affects the chemical properties of the tyre during the abrasion process,
increasing the mass loss rate [21], therefore an additional temperature-dependant pa-
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rameter can be introduced in (9):

M(W,T ) = K1K
T−T0

t

(
|W |
ac

)K2

, (16)

where T0 is the reference temperature used to define K1 and Kt is a positive parameter
grater than one.

Additional tyre wear is generated if the tyre is overstressed, and so typically in
racing vehicles, when the temperature differs from the nominal one. This phenomenon
– known as graining, at cold temperatures, and blistering, at hot temperatures – can
be also included in the mass rate computation [17,29]:

M(W,T ) = K1K
T−T0

t

(
|W |
ac

)K2

+Kg,1max(Tt − T, 0))Kg,2+

+Kb,1max(T − Tt, 0))
Kb,2 ,

(17)

where Tt is the transition temperature between graining and blistering, and Kg and
Kb are positive parameters, related to graining and blistering wear, respectively.

2.4. Tyre thermal model

In the proposed tyre wear model, temperature affects the tyre wear model in two ways.
First of all, it modifies the tyre contact forces, given that Pacejka’s model is written as
a function of the temperature, as shown in (12). Then, temperature changes also the
properties of tyres; therefore, the tyre wear rate is a direct function of the temperature,
as visible in (16) and (17).
However, to consider the tyre temperature variability while driving the vehicle, a
subsequent thermal model is necessary. In the current literature, similarly to tyre
wear models, thermal models range from lumped models, to complex distributed ones
based on finite elements, some examples of the two approaches are in [16,17,28–30].
To maintain the same paradigm of the tyre wear framework discussed in this paper,
we propose to use a simpler version of the lumped model shown in [17,29]:

dT

dt
= α0W − αamb(T − Tamb)− αroad(T − Troad), (18)

where Tamb and Troad are the ambient and road temperature, respectively; and they
can be considered input signals of the model. Then, α0, αamb and αroad are model
parameters.
Referring to (18), it is interesting to see the mutual influence between the tyre fric-
tional power and the temperature itself, given that a portion of the frictional power
is dissipated through an increase in the tyre temperature. Finally, higher accuracy
and complexity thermal models can be derived by finding experimental correlations
between the thermal parameters and tyre wear itself. Indeed, as mentioned in [16], the
thermal inertia of the tyre reduces when tyre mass and tread are consumed due to
wear itself.
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3. Tyre wear effects on friction forces

Tyre wear arises as a loss of tyre performance, visible as a degradation of the tyre
capability of exerting forces and, it can be practically quantified as a reduction of
cornering stiffness and force peak in longitudinal and lateral forces. This implies that
on worn tyres: 1) the maximum transmittable force is lower; 2) to generate forces, a
higher longitudinal slip or sideslip has to be reached, with respect to the same tyre
when new. These aspects are discussed in [15] or [16], and experimentally verified on a
SUV in [14]. The consequences of tyre wear are also experienced in everyday situations.
They are clearly visible in racing scenarios, where lap-time performance reduces on
worn tires [17]; and also in common driving, when braking phases become longer and
possibly unsafe when tyres are worn [31].

In this section, an experimental approach to link tyre wear and this loss of perfor-
mance in the tyre forces is discussed. Following the same rationale used to make the
MF parameters dependent on some additional variables, as in (14), first of all, a tyre
wear index is defined, then it is used to update the main parameters of the friction
forces, correlating tyre wear and tyre characteristics.

3.1. Tyre wear index definition

The tyre wear model can be summarized defining a tyre wear index. Typically, it is
defined as the ratio between the current tread thickness and the nominal one, e.g.,
[14,17]. However, to have a direct correlation between the tyre index and the tyre
wear model, we employed an index Im, defined as the ratio between the current tyre
mass and the original one when new M0:

Im(t) =
M0 −Mloss(t)

M0
. (19)

Indeed,Mloss is a function ofM. To implement the model in a simulation environment,
the tyre wear index evolution is computed turning (19) into its discrete-time form:

Im(t) = Im(t− 1)− τ
M(t)

M0
, (20)

where τ is the sampling time of the simulation.
This index has two important properties: 1) it is a non-dimensional number that

represents the percentage of current tyre mass with respect to the original one; 2) it
always decreases in time, given that the mass loss rate (9) is always positive.

3.2. Tyre wear index and tyre forces relationship

Applying the same rationale of (14), the tyre wear index has the same structure of δξ
variables, defined in (13), and so it can be used to scale the parameters of the Pacejka’s
magic formula. In particular, the main ones affected by tyre wear: the maximum grip
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Figure 4.: A qualitative example of the tyre friction forces evolution as functions of

the wear level.

and the cornering stiffness, [5,16]. Therefore, the following equations are introduced:

Cλ = C0
λ ·

(
1 + θCλ,1δIm + θCλ,2δI

2
m + ...

)
µλ = µ0

λ ·
(
1 + θµλ,1δIm + θµλ,2δI

2
m + ...

)
Cα = C0

α ·
(
1 + θCα,1δIm + θCα,2δI

2
m + ...

)
µα = µ0

α ·
(
1 + θµα,1δIm + θµα,2δI

2
m + ...

) , (21)

where the superscript 0 refers to the parameter value when the tyre is new and θ is
the set of parameters.
If possible, the parameters θ could be found with some fitting procedure on experimen-
tal data collected during different levels of wear. Given that these data are typically
hard to obtain, (21) can be simplified by introducing a heuristic link between Im and
the forces, derived from the experimental data collected in [14]:

Cλ = C0
λ · Im

µλ = µ0
λ · Im

Cα = C0
α · Im

µα = µ0
α · Im

. (22)

The effects of this model on the friction model are shown in Figure 4, while more
general consequences on the vehicle dynamics are discussed in the case study in Section
5.

4. Tyre wear model for motorcycles

The tyre wear model discussed in the previous sections cannot be immediately used in
two-wheeled vehicles, mainly due to the significant differences in the roll dynamics and
the related tyre forces. Indeed, car tyres are subject to a small and constant camber
angle, named γ in Figure 5, defined as the angle between the tyre vertical axis and the
axis normal to the ground. On the other hand, in motorcycles, the camber angle varies
widely over time when the motorcycle is rolling – so that it is also called roll angle –
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reaching up to 60 deg, in particular in racing ones. As consequence on the tyre wear
model, significant and varying camber angles not only affect the tyre forces generation
mechanism but also the portion of tyre patch that is in contact with the ground.

In the following of the section, it will be shown how to deal with these two aspects
in the previously proposed model.

Figure 5.: Graphical description of the variables involved in the lateral wheel

dynamics in rolling conditions.

4.1. Longitudinal and lateral slip

In the presence of a camber angle, the definition of longitudinal and lateral slip should
consider some specific aspects [32,33]. First of all, the camber angle makes the sliding
speed of the contact point differs from the one at the centre of the wheel. Therefore,
in the slip computation in (1), vx and vy refer to speeds at the contact point of the
wheel. Secondly, the computation of the longitudinal slip λ, and so of the frictional
power, is corrected by considering the equivalent radius of the tyre. Assuming that
the tyre has a circular profile with radius Rtyre, it can be computed as:

Rw,eq = Rw −Rtyre(1− cos γ). (23)

4.2. Lateral force generation mechanism

High camber angles in motorcycle tyres make a deeper analysis of the force mechanism
generation in tyres necessary. Indeed, when the camber angle is null, the force compo-
nent induced by the elasticity of the tyre is mainly vertical, having a small impact on
lateral and longitudinal tyre forces. On the other hand, when a motorcycle is rolling,
the elastic force impacts the lateral force component [34,35], which can be seen as the
sum of two different contributions [25,33]: the frictional one generated when the tyre
is sliding Fy,α and the elastic one Fy,γ :

Fy = Fy(α, γ) = Fy,α︸︷︷︸
frictional

force

+ Fy,γ︸︷︷︸
elastic
force

. (24)
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When considering small side slip angles, the model in (24) can be linearised:

Fy = Cαα+ Cγγ, (25)

where Cγ is the camber stiffness. The linear model is particularly useful to show
an important property of (24): in motorcycles, lateral forces can be generated by
increasing the slip value or, alternatively, by increasing rolling [36].

To model this kind of phenomena in the tyre forces generation, the Pacejka’s magic
formula has been modified, as shown in [32], exploiting the two forces contributions,
becoming more accurate for two-wheeled vehicles. The shape of the lateral forces is
qualitatively reported in Figure 6.

 negative

 positive

Figure 6.: Total lateral force function of side slip angle at different camber angles,

highlighting the characteristic at zero camber angle, that is the one passing through

the origin of the axis.

Finally, as a consequence in the tyre wear model, it should be taken into account that
the force generated by camber Fy,γ is an elastic force. It follows that the computation
of the frictional power in (7) is extended to have the lateral power contribution as a
function of the sole lateral forces generated by friction Fy,α:

W = Fx (v cosα−Rw,eqω) + Fy,αv sinα. (26)

It can be noticed that (26) is equivalent to (7) when the motorcycle is not rolling;
indeed, Fy,α = Fy and Rw,eq = Rw when γ = 0.

4.3. Tyre wear index for motorcycles

Considering that, when a motorcycle is rolling, the contact area laterally slides on the
tyre profile. the wear could be differently distributed on the tyre. In general, three
main zones of wearing arise: the central region, and the right and left shoulders, as
shown in Figure 7.

It follows that a single tyre wear index, as (19), has an insufficient level of modelling
detail, because it assumes a uniform wear on the tyre. Therefore, three independent
tyre wear indexes are constructed, evolving only when the contact area is actually in
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Figure 7.: Three main zones of wearing in motorcycle tyres.

one’s region:

Im,left(t) = Im,left(t− 1) − σleft(γ)τ
M(t)
M0

Im,centre(t) = Im,centre(t− 1) − σcentre(γ)τ
M(t)
M0

Im,right(t) = Im,right(t− 1) − σright(γ)τ
M(t)
M0

, (27)

where σ are boolean variables defined as follows:

σleft = 1 ⇔ γ ∈
[
−γmax, −1

3γmax

]
σcentre = 1 ⇔ γ ∈

[
−1

3γmax,
1
3γmax

]
σright = 1 ⇔ γ ∈

[
1
3γmax, γmax

] . (28)

The parameter γmax can be chosen in order to exploit the maximum range of camber
angles reached. For example, in racing riding styles, the rider rolls up to 60 deg; while
for standard riders, 45 deg of camber angle are usually reached.

Finally, a continuous index Im(γ, t) with respect to the roll angle is defined by
linearly interpolating the centre of the three regions previously discussed. A graphical
interpretation is in Figure 8.

Figure 8.: Interpolated tyre wear index function of roll angle at a fixed time instant.

To increase the model accuracy, this approach is generalized to an arbitrary number
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of sectors Nsect. In this case, the detection of the active sectors needs to be deeper
analysed, because the number of active sectors Na depends on how many sectors are
simultaneously in contact with the ground. Hence, the activation function of the i-th
sector σi depends not only on the camber angle γ, but also on the width wc of tyre
contact area, as graphically depicted in Figure 9.

The tyre contact area width is computed in the Pacejka’s magic formula framework,
as discussed in [24], and possibly even pressure-variant.

Figure 9.: Graphical interpretation of the number of active set computation.

It follows that the tyre wear index of the i-th sector is defined as:

Im,i(t) = Im,i(t− 1)− σi(γ,wc)τ
M(t)

M0
, i = 1, ..., Nsect. (29)

To compute σi(γ,wc), the knowledge of which sectors are active is necessary. The first
step is the computation of Na, that – according to Figure 9 – is the ceil approximation
of the ratio between wc the length of tyre profile per sector L:

Na(wc) =
⌈wc

L

⌉
. (30)

L can be found using the circular approximation of the tyre:

L = Rtyreγsect = Rtyre
2γmax

Nsect
. (31)

Once having found the number of active sectors, the range of active sectors is composed
by the Na sectors centred in the current camber angle γ. It follows that, the activation
function of the i-th sector σi is defined as:

σi(γ,wc) = 1 ⇔ γ − Na

2
γsect ≤ −γmax +

(
i− 1

2

)
γsect ≤ γ +

Na

2
γsect. (32)

5. Tyre wear model features: A simulation case study

In order to highlight the features of the proposed tyre wear model, it has been im-
plemented in MotorcycleMaker1, a commercial multi-body simulator for motorcycle

1MotorcycleMaker, IPG Automotive, Karlsruhe, Germany.
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dynamics and rider behaviour, interacting with Simulink2 environment. The consid-
ered motorcycle is a default Honda-CBR600 and the main Pacejka’s magic formula
parameters are listed in Table 1. Finally, inflation pressure and temperature are set
constant to the nominal value.

Table 1.: Tyre Nominal Parameters

Rear Front
model 180/55/R17 120/70/R17
µ0
λ 1.279 1.122 -

C0
λ 127.34 85.68 kN

µ0
α 1.17 1.104 -

C0
α 469.5 460.46 N/deg

C0
γ 15.31 25.49 N/deg

M0 6.2 4.1 Kg

The simulations will take place at the Hockenheimring short track, where a single
lap is 2.4 km long and characterized by a higher number of right turns.

The tyre wear model properties are discussed performing different sensitivity anal-
yses, in particular, neglecting the thermal tyre dynamics, the tyre wear evolution is
analysed as a function of: 1) the tyre parameters K1 and K2; 2) the riding style; 3)
the number of sectors Nsect.

5.1. Sensitivity w.r.t. the tyre wear parameters

This section aims at presenting the evolution of the tyre wear index, varying the
parameters K1 and K2, in order to show the effects on the vehicle dynamics that
the wear implies. In this analysis, the number of sectors is 3 and they are related to
the centre and the two tyre shoulders. In Figure 10, the behaviour of the rear centre
index for four different couples of values is shown. It is clear that wear increases with
higher values; in particular, it is more sensible to the value K2, because it acts in an
exponential way on the rate, as shown in (9). Therefore, the model can easily represent
a wide range of tyres, just shaping the two parameters: low values can model the
behaviour of standard tyres whose nominal life is in the order of hundreds of thousand
kilometres; high values are able to model sport tyres that run out after a low number
of circuit laps.

Considering the highest wear rate case (K1 = 200e-10 and K1 = 1.5), the capability
of modelling different levels of wear on each tyre sector is shown in Figure 11. In
particular, it is visible that wear results to be higher in the central portion of the tyre.
Indeed, traction and braking phases occur at small roll angles, where the frictional
power is higher, because of the increasing of tyre longitudinal forces and slip. Then,
wear is much higher on the right side than the left one, in fact, the considered circuit
is characterized by a higher number of right turns.
The consequences of tyre wear on the vehicle dynamics are visible in Figure 12. It
shows the loss of performance of the tyre due to wear: in particular, it is visible that
the same force is returned with a higher slip value when the tyres are worn. Coherently
with the tyre wear indexes in Figure 11, the highest effects of wear are visible on the
front tyre, particularly in the longitudinal force on the front, indeed braking phases

2Simulink, Mathworks, Natick, MA, USA.
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Figure 10.: Sensitivity analysis with respect to parameters K1 and K2, resulting in a

faster wearing for higher parameters values.

occurring at small roll angles, are associated with the highest wear index sector (the
front centre one).

5.2. Sensitivity w.r.t. the riding style

Riding style has a significant impact on tyre wear [37], indeed the more aggressive
the driving style is, the more demanding the tyre forces and slips request is. To verify
the capability of the model to show this, two different riding styles are considered; in
particular, a normal and a cautious rider are compared. To model the riding style,
different limits on the gg-plot (see e.g., [38,39]) are imposed in the simulation envi-
ronment, as visible in Figure 13b. In Figure 13a, the wear indexes evolution for two
different styles are reported, showing a slower evolution for the indexes associated with
a more cautious riding style, as expected.

5.3. Sensitivity w.r.t. the number of sectors

In this last sensitivity analysis, the possible advantages of using a higher number of
sectors are discussed. To this aim, the focus is given on the tyre wear index profile,
that is the value assumed by the index for each roll angle. In particular, the 3-sector
model is compared with a 27-sector one. Figure 14a show the coherence between the
two, highlighting the capability of better reproducing wear shapes when the sectors
increase.

Recalling the expression in (30), the contact patch width plays an important role
in the model with more than 3 sectors. Therefore, two additional simulations have
been run, modifying the default MF parameters in order to have a wider and narrow
contact area, typically derived from incorrect pressure levels [25]. Figure 14 shows how
the 27-sector model is sensible to these changes, while the 3-sector one returns always
the same profile, independent of the width. In particular, a narrow contact induced
higher wear in the centre of the tyre and a wide one in the region between the centre
and the two shoulders [40], because it is in contact both at small and high roll angles.

In conclusion, the 3-sector model is able to reproduce the principal characteristic
of the tyre wear profile, while increasing the number of sectors achieves a finer repre-
sentation level of the wear on the tyre, making the model more sensible to changes in
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(a) Rear. (b) Front.

Figure 11.: Time evolution of the tyre wear index associated with each sector for

front and rear tyre, associated to the frictional power roll distribution.

increasing wear

increasing wear

(a) Rear.

increasing wear

increasing wear

(b) Front.

Figure 12.: Longitudinal (top) and lateral (bottom) frictional forces associated to the

first laps (darker) and last laps (lighter).
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normal rider

cautious rider

(a) Rear tyre wear indexes. (b) gg-plot for the two different riding styles.

Figure 13.: Tyre wear index is sensible to riding style showing lower wear for a more

cautious riding style.

the parameters.

6. Conclusions

A simulation-oriented model for tyre wear quantification associated with the effect on
longitudinal and lateral tyre forces has been developed, exploiting the aspects needed
to make it suitable for motorcycles. The proposed model advantages are the capability
of producing the main effect of the tyre wear on the vehicle dynamics and its easy
integration with real-time simulation environments. Another important feature of the
model is its scalability, indeed second-order effects, due to pressure or temperature
variations, can be included with just a few more steps. The user can also choose the
number of sectors that divides the tyre profile with respect to roll angle, in order to
increase the model accuracy. Moreover, no particular difficulties arise when the wear
effects on the forces of a specific tyre want to be taken into account by accurately
identifying the relation between the tyre wear index and the Pacejka’s magic formula
parameters.
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