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Abstract: The accurate prediction of tire and brake thermomechanical behavior is crucial for various
applications in the automotive industry, including vehicle dynamics analysis, racing performance
optimization, and driver assistance system development. The temperature of the brakes plays a
crucial role in determining the performance of rubber by altering its temperature. This change
impacts the rim and the air within the tire, leading to variations in temperature and tire pressure,
which consequently affect the vehicle’s overall performance. Traditionally, these components have
been modeled separately, neglecting the crucial thermal interaction between them, thereby losing a
lot of important information from the outside that influences the tire. This paper presents a novel
method that overcomes this limitation by coupling the thermomechanical models of the tire and
brake, enabling a more comprehensive understanding of their combined behavior. Therefore, the
present work could be an interesting starting point to understand how a control system can be
influenced by the thermodynamic of the wheel–brake system.
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1. Introduction

Within the automotive industry, particularly in the fiercely competitive world of racing,
the knowledge of the correct operating window of a tire is essential to achieve maximum grip,
performance, and safety [1–4]. Furthermore, along with the suspension system, it assumes
a main role in the vibrational field [5–9]. An accurate analysis of the tire can be performed
through multi-physics analysis or via CFD simulations [10–12], and the fundamental charac-
teristics to be included in the model can be obtained through various types of non-destructive
tests, including in the world of motorsport [13–18]. Furthermore, cutting-edge numerical
methodologies have paved the way for precise estimations, enabling real-time applications in
vehicle design and performance optimization [19–23]. The temperature range in which tires
operate is impacted by various elements, such as road conduction, internal air circulation,
external air movement, and frictional forces [24–26]. The heat produced from the friction
between the pads and brake disc generates a significant amount of heat, and the portion of this
heat that is not dissipated into the surroundings influences the temperature of the tire’s rim,
consequently warming the wheel’s internal air. This affects the pressure and subsequently
alters the thermal gradient of tire’s inner layer, which directly interacts with the tire internal
air [27,28]. This portion of heat therefore cannot be neglected and must be made so that it be-
comes an input of the thermal model concerning the tire [29,30]. Most of the literature reviews
study the brake and the tire thermal model separately. Guner et al. [31] developed a dynamic
model of braking system; they conducted thermal analysis on both disk and drum brakes. A
great number of authors have focused their studies on the modeling of the brake disk since it
is the most critical component of brake system. Bakar et al. [32] developed an FEM model
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of the brake disk considering its wear and how it affects its performance and the thermal
distribution between disk and pads. Concerning the tire thermal model, Clabrese et al. [33]
presented an interesting thermal model based on the diffusion law of Fourier coupled with a
structural MBD tire model and the MF formulation. The authors highlighted the importance
of considering the thermal behavior of the tire to improve the vehicle safety and performance.
The interest in the thermal behavior of tires to ensure safety is not limited to passenger or
sports vehicles but also to truck vehicles [34]; the paper shows that monitoring the temperature
of the side of the tires by thermal infrared images is an innovative and effective method to
evaluate in real time the load of trucks’ overload. This paper offers a more comprehensive
and accurate representation of the thermomechanical interaction between the tire and brake,
paving the way for improving vehicle dynamics analysis, performance optimization, and
safety-critical applications. An example of how performance and safety could be improved, by
considering the influence of the brake thermodynamics, could be found in a different behavior
of the control safety systems such as ABS and ECS [35,36]. The developed models incorpo-
rate various factors such as material properties, geometric configurations, and operational
conditions to predict the thermomechanical behavior accurately. The simulation results are
then validated through experimental tests using instrumented race vehicles equipped with
infrared (IR) sensors and thermocouples to measure temperature. The experimental setup
also includes the use of Tire Pressure Monitoring Systems (TPMSs) to capture the internal air
pressure, providing a comprehensive dataset for validation.

2. Tire and Brake Simulation Platform

Two models are integrated on this platform: the brakes thermal model and the tire
thermal model. Starting from the left side of the diagram in Figure 1, the input channels of
various sensors placed on the car are shown, which are useful to obtain information that
directs the subsequent phases of the analysis and are also important to have information
about brakes. The information extracted from the vehicle’s sensor during the initial esti-
mation serves as input to the tire model, which is a fundamental part of the integrated
platform. At this point, the thermal brake and the tire model work together, then output
the tire pressure and temperature distribution.

Figure 1. Integrated platform between the tire and brake thermal model.

2.1. Brake Thermal Model

The effectiveness of disc brakes, a critical safety component in vehicles, is influenced
by a multitude of factors, including the design, material characteristics, and operating
conditions [37,38]. A scheme of the brake system is shown in Figure 2. The developed brake
thermal model considers four factors that impact temperature, like the heat generation
through friction, the brake’s convection heating or cooling with the surrounding air, the



Vehicles 2024, 6 1639

radiation emitted from the wheel affecting the brake temperature, and the heat transfer
through conduction between the brake and the wheel.

Figure 2. Brake system.

To model the heat exchanges mentioned, it is essential to identify precise analytical
expressions for these heat exchange processes. This enables a detailed description of
thermal behavior associated with the brake system.

Regarding the brake friction power, it can be evaluated as follows:

Q f = Mbrake · nwheel , (1)

where

• Q f is the brake friction power;
• Mbrake is the brake torque measured by sensor defined in Section 3;
• nwheel is the wheel speed.

The brake torque Mbrake, in turn, can be computed as

Mbrake = pbrake · µbrake · Apistons · rdisc (2)

Equation (2) includes the following variables in order to evaluate the brake torque:
pbrake representing the brake pressure measured with the sensor, µbrake denoting the coef-
ficient of friction of the brakes, Apistons indicating the sum of the piston area of both the
inboard and outboard sides of a single front caliper, and rdisc, which is the effective radius
of the brake discs. The brake friction power, shown in Equation (1), is distributed between
the brake disc and the pad through the following heat partition coefficient:

η =
ξd · Sd

ξd · Sd + ξp · Sp
(3)

In this equation, Sd and Sp are the contact surface area of the disc and of the pad,
respectively, while ξ represents the thermal effusivity:

ξ =
√

k · ρ · cp (4)

where k is the thermal conductivity, and cp is the thermal capacity. Then, it is possible to
obtain the disc temperature increase:

cp · mdisc ·
dT
dt

= Qin − Qout (5)
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The heat input Qin is generated by the brake torque Mbrake:

Qin = η · Mbrake · nwheel (6)

The heat output Qout is represented by the amount of heat lost through convection
with the surrounding air and it can be computed as follows [39]:

Qout = Qconv = kconv(vair) · Adisc · (Tair − Tdisc). (7)

where Qconv represents the convective heat transfer power, kconv denotes the convective
coefficient, Adisc is the area of the disc brakes, encompassing both the frictional and side sur-
faces of the disc, Tair is the air temperature, and Tdisc is the brake disc temperature [40–42].
The rate of heat transfer is expressed as follows:

Qrad = σ ·
T4

wheel − T4
disc

kgeom
, (8)

where σ is the Boltzmann constant, and Twheel represents the wheel temperature. The
conductive heat transfer power of the brake can be assessed by considering the thermal
conductivity between the wheel and the brake, kcond, as presented in Equation (9):

Qcond = kcond · (Twheel − Tdisc). (9)

However, the formulas provided include coefficients and values that vary based on
the brake type, materials used, and geometries of the brake components, and to address
this, a series of tests were conducted in collaboration with our partners on diverse brake
systems. These systems encompass different types of calipers (both fixed and floating), as
well as vented and non-vented discs. In Figure 3, the temperatures of the disc, brake pad,
and caliper for three different brake system types can be seen.

Figure 3. Acquired temperatures of the disc, brake pad, and brake caliper.
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The test scenarios encompass a range of factors, including vehicle velocities, rotor con-
figurations, brake pad compositions, and external conditions [43,44]. These tests unveiled
different temperature profiles and gradient changes, especially after alterations to the brake
material. These results provide valuable insights for improving the model’s adaptability
and usefulness.

2.2. Tire Thermal Model

An important requirement to ensure traction in various driving conditions requires
that the vehicle’s tires operate at an ideal temperature so that the tire–road interaction
force is achieved as best as possible in this way. However, the accurate measurement and
control of the tire core temperature is a significant challenge, and thermoRIDE, a physical
analytical model, can be used to solve this particular problem. This model enables the
evaluation of tire pressure trends and provides insight into some mechanisms which affect
the tire thermal evolution. thermoRIDE studies the physical mechanisms of heat exchange
and heat production, such as heat generation in the tire structure from the tangential
interaction between the tire and the road, heat exchange with the external environment
from the thermal conductivity between the tire tread and the road, and surface and thermal
conductivity between the tire layers due to temperature gradient. When inspecting a tire,
the existence of its curvature and the shoulder and sidewall has to be taken into account
during this type of study. The lateral nodes are divided in ribs, typically three cars and up
to fifteen motorcycles. The model is fed from telemetry data, which are defined in Table 1:

Table 1. ThermoRIDE model inputs.

Quantity Description Unit

vWheelFLLong Tire Longitudinal Velocity m/s
nWheelFL Tire Rotation Frequency rad/s
FzTireFL Tire Vertical Load N
FxTireFL Tire Longitudinal Force N
FyTireFL Tire Lateral Force N
vSlidingSpeedFLLong Tire Longitudinal Sliding Speed m/s
vSlidingSpeedFLLat Tire Lateral Sliding Speed m/s
aCamberFL Tire Camber Angle rad
TDiscFL Tire Disc Temperature °C
TAirFL External Air Temperature °C
TTrackFL Road Temperature °C
TireFLcompoundThickness Tire Tread Thickness m

The model provides us with thermal data in the output, which are then compared
with the acquired temperature data. Concerning the mathematical tire model, it is based
on the use of the diffusion law of Fourier applied to a three-dimensional domain:

∂T
∂t

=
q̇G

ρCv
+

div(k∇T)
ρCv

. (10)

3. Experimental Tests

The experimental tests were conducted with the aim to calibrate the brake systems
correctly in the thermal model and the heat transfer between brakes and tires. This method
was selected to guarantee that the calibration aligns the internal surfaces and internal air
temperatures of the proposed models with the actual temperatures measured by the sensors
throughout all stages of operation. The main goal was to achieve a good level of agreement
between our modeled predictions and the experimental data collected by the sensors used
to acquire the brake temperature and set it in the brake system as can be seen in Figure 4.
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Figure 4. Thermocouples installed to acquire temperatures of disc and brake pad.

The original brake discs were substituted by the ones provided by the partner using
the same assembly procedure for each of them. For example, a torque wrench was used
to ensure the same tightening torque. Therefore, the same tire was used for each test,
starting from the same initial condition in terms of temperature and pressure. The value
of the ambient temperature was about 25 °C for each test. The test protocol defined the
first four laps of each run as warm-up laps to raise the tires to the operating temperature,
followed by 13 push laps to raise the tires to the maximum temperature and then pass
the initial transient, which differed from previous tests in [28] to calibrate the model
with blanking.

Tire and Vehicle Models Parameterization

The main goal of parameterizing models is to accurately replicate experimental data,
trying to minimize the gap between simulation results and sensor measurements. For the
current test session, the following sensors are employed. These sensors allow to obtain
the parameters that are used for the thermal model of wheel and brake, for example
vSlidingSpeed and the Fx, Fy and Fz forces on the wheel:

• S-Motion: A Correvit S-Motion Type 2055 A sensor is used for the measurement of
longitudinal and lateral velocity, sideslip angle, and run distance. It has a range of
400 km/h, a linear velocity measurement accuracy < |0.2%| and an angle resolution
<0.01°. The acquisition frequency is 100 Hz.

• IMU: The OXTS 3000 is an inertial platform which measures pitch, roll and yaw
rate. It presents the following specifications: accelerometer, bias stability 2 µg, Servo
technology, range 10 g, gyroscope, bias stability 2°/h, MEMS technology, and range
100°/s.

• Encoders: The Bosch HA-M is used to measure the wheel angular speed. It has a max
frequency of 4.2 kHz and an accuracy repeatability of the falling edge of tooth <4%.

• An infrared sensor is used to measure the tread surface temperature. The acquisition
frequency is 10 Hz.

• Internal powered pressure and IR temperature array sensor pressure accuracy <|10 mBar|
and temperature accuracy <|3◦ C|.

• Wheel force transducers: These are multi-axial measurement systems for use in the
development and testing of complete vehicle chassis and components. During mea-
surements, the WFT RoaDyn S6 replaces standard wheel and measures forces (Fx, Fy,
and Fz) and torque (Mx, My, and Mz) applied across the tire contact area in the three
directions of the wheel coordinate system.
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• Brake pressure sensors: AIM M10 0–160 bar comes with 719 black four pin male
connectors to fit all AIM loggers and dashboard displays/loggers.

The tires used during these tests are ToyoR16 Toyo Proxes R888R 195/50 R16 (Figure 5).

Figure 5. ToyoR16 Toyo Proxes R888R 195/50 R16 used during the tests.

These particular tires are chosen for two fundamental reasons. The first reason is that
they are high-performance wheels; their working range temperature is higher than that
of the passenger wheels that are usually mounted under the road car, and this allows to
bring the data to motorsport competitions in which the temperature is clearly higher than
for road cars, which can be seen in Figure 6, in which the peak is about 60 ºC. The other
reason is that slick tires in the road world are banned, and these Toyo are semi-slick because
they still have grooves and therefore can run on common roads. This allows to use these
acquisitions to validate the forces and slips that can be obtained in everyday passengers
car by driving the car differently, and thus help not only the brake manufacturers of the
motorsport world but also brake manufacturers for road cars in properly designing the
braking system according to the forces to which the tire is subject.

Figure 6. Diagram of µ by varying the tire temperature.
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The three different brake systems investigated differ in terms of the caliper type (fixed
or floating) and material. The general parameters for each are the following:

• Piston Area: 18.74 cm2 for brake 1 and 2, 17.62 for brake 3;
• Effective Radius: 134 mm for brake 1, 111 mm for brake 2 and 105 mm for brake 3;
• Pad dimensions: 280 × 22 mm for brake 1 and 2275 × 20 mm for brake 3;
• Friction material: the Ferodo 4209 for all brake systems evaluated;
• Disk material: cast iron for all brake systems evaluated.

4. Results Validation

To evaluate how it works together with the thermal model of the tire, simulations
were carried out to compare the wheel internal air pressure and the temperatures of the
layers. The pressure value was measured with the TPMS sensor in Figure 7.

Figure 7. TPMS sensor to measure pressure and temperature inside the tire.

Figure 8 presents the comparison between the simulated internal air pressure (solid
lines) and the acquisition values (dashed lines) for each braking system considered in a
specific circuit sector of relevant importance. Obviously, the experimental model includes
significantly higher frequencies of updates compared to the simulated model, which follows
a smoother trajectory. As highlighted in the figure, the first two brake systems show a
different behavior with respect to the other one in the final phase. The first reason for this
behavior may lie in the different dimensions of the braking systems. It is also possible to
observe that not all simulated curves are exactly positioned around the average value of
the data purchases throughout the time history. In fact, you can see how the curve that
resembles the second braking system in some sections is almost taken out of the acquired
one.This is due to the fact that there was a need to find a trade-off for all simulations, as the
tested tire was unique and, consequently, the parameters describing its thermodynamic
behavior had to remain constant for each simulation. It is evident that these systems
present a different pressure increase due to the diverse configurations. Furthermore, the
first system reaches higher values since its initial condition is different from the others. This
can be explained by the fact that the external environmental conditions were different.

Figure 9a,b show the comparison between the simulated and the acquired temper-
atures of tire surface and inner liner. It can be seen that the simulated data tend toward
the experimental ones. The results obtained are in agreement with the previous ones, as
the inner liner temperature of the second system is higher than the others, as is also noted
for the pressure. This is a fundamental aspect due to the fact that these two measures are
strictly connected.
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Figure 8. Comparison between the simulated and acquired pressure.

(a) Tire surface temperature. (b) Tire inner liner temperature.
Figure 9. Comparison between simulated and acquired surface (a) and inner liner (b) temperatures.

This result shows promise to be able to simulate the thermal trend of the brakes to
vary the forces acting on the wheels and the type of brake configuration. The results show
that different brakes can have a very different thermal trend depending on the material and
the design on the brake itself, and this can also greatly affect the internal air temperature of
the tire that leads to a great variation in terms of grip and vehicle performance.

5. Conclusions

In this paper, several braking systems provided by an industrial partner were com-
pared with the aim of calibrating the integrated tire–brake model and simulating different
thermal evolution examples with the aim of achieving maximum performance and safety.
The tests were performed on an instrumented race vehicle. The experimental temperatures
of the brakes were obtained through IR sensors. The temperature of the pads were installed
inside the braking system through thermocouples, and the caliper temperatures were in-
stalled through the oil temperature of the braking system. As for the tire, the temperatures
of the inner liner and the surface were obtained using IR sensors, and through the TPMS,
the internal air pressure was obtained. The results shown in this work show how it is
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possible, starting from the simulation of the temperature of the brakes, to influence in
a clear way the conditions of pressure and temperature of the tire, which affect the grip
available and the performance of the vehicle. As the temperature of the brake varies its
performance, it consequently can vary the control action to allow optimal braking under
the various conditions of use to ensure maximum safety. This study also provides the basis
for manufacturers to help design brake systems for the choice of design and materials.
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