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Abstract: The coefficient of friction (COF) is an important parameter when evaluating brake system
performance. It is complex to predict friction due to its dependence on parameters, such as sliding
velocity, contact pressure, temperature, and friction material mixtures. The aim of this work is to
evaluate the macroscopic COF of a disc brake system under specific braking conditions by a meso-
scale approach, using a cellular automaton simulation where the friction material mixture is modelled
starting from its basic components. The influence of the local components in contact is taken into
account. Simulated COF values are in line with the experimental values.

Keywords: cellular automaton; friction coefficient; simulation; brake performance

1. Introduction

The coefficient of friction (COF) is one of the core parameters to describe a brake system
performance. A mechanical brake system transforms the kinetic energy of the vehicle into
frictional heat. This is done by pushing two pads against a rotating disc by one or more
pistons through brake fluids. In this way, the frictional force is generated, and the vehicle
slows down. The braking force depends on the COF, which is strongly affected by the
pads-to-disc contact interface situation in terms of local contact pressure, sliding velocity,
temperature [1–7], and friction material local ingredient in contact [8]. Kumar and Bijwe
conducted a COF analysis of sensitivity to operating variables for a Non–Asbestos Organic
(NAO) friction material. Its mixture included brass, copper, and iron fibres which resulted
in different COF values under the same loads. Tests were conducted with three different
velocities under three different pressures, resulting in a matrix of nine total conditions.
Due to the difference in terms of COF response due to different reinforcing fibres, it is
important to simulate the effect of fibre type on the COF. In this way, the estimation of the
macroscopic COF of a disc brake system will be more accurate considering its dependence
on the ingredients in contact. The local contact pressure depends on how the pad-to-
disc interface is set, which is in turn influenced by calliper and disc displacements, their
geometric mesoscopic features, and wear. The local sliding velocities are directly related to
the disc rotational speed.

Several authors [9–13] have experimentally studied the pads-to-disc contact in order
to explain the main physical phenomena behind the measured COF. Eriksson et al. [9]
explained the wear process, on a mesoscopic scale, that takes place in pads-to-disc contact
interface. In the friction material mixture, there are metal fibres and/or hard particles which
carry the majority of the load and form stable primary plateaus. Wear particles, originating
from both the pad and disc debris, can flow in the gaps between primary plateaus and stack
up against the primary plateaus, creating secondary plateaus. This formation process of the
secondary plateau has a large influence on the contact area [10]. The increasing secondary
plateaus will decrease the contact pressure and affect the COF [11]. Österle et al. [12]
investigated the chemical and structural changes on the pad surface after testing from
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nanoscopic point of view, mainly by scanning and transmission electron microscopy and
surface analytical techniques. They observed the presence of a third body, which is a mix of
all constituents from the pad and iron oxides from the disc. Primary contact areas are made
of quartz crystals, whilst the major wear comes from the delamination of filler particles
and the local degradation of phenolic resin during asperity heating. Ostermeyer [13] also
demonstrates that there are primary plateaus in the pads-to-disc contact area and the wear
is determined by an equilibrium of flow of growing and destruction of hard patches on
the contact surface. These patches and microscopic processes have an influence on the
macroscopic friction and wear behaviour of the brake system.

Several disc brake simulations based on different theoretical approaches have been
developed in order to investigate different phenomena. Focusing on cooling, a Computa-
tional Fluid Dynamics (CFD) approach is used [14–16]. In order to study the macroscopic
tribology performance of disc brakes, a Finite Element Analysis (FEA) approach is com-
monly used to evaluate the contact pressure distribution and wear [17–20], to estimate
the global COF [11] and the airborne particle emissions [20–22]. However, a conventional
FEA approach is unable to investigate the detailed phenomena in the pad-to-disc contact
interface because the destruction and formation of plateaus usually occur in a size scale of
50 µm–500 µm [23]. For this reason, Cellular Automaton (CA) approaches could be used to
evaluate the mesoscopic contact distribution [24–30]. To better understand the particle flow,
the plateau dynamics, the tribo-film, and third body formation, nano-scale simulations
based on a moving cellular automaton approach (MCA) have been developed by different
authors [31–34].

Focusing on the CA approach, with the experimental observations in mind, Müller
and Ostermeyer [24] developed a two-dimensional CA model of the boundary layer and
extended it to describe the topography in three dimensions. Recently, Ostermeyer et al. [30]
expanded the standard CA approach into an abstract cellular automaton model that takes
into account the system’s load history to model the patch coverage state of the entire brake
pad surface. Multi-body techniques are combined with the classical grid-base CA and
integrated into realistic three-dimensional brake models, where the dynamics of the brake
system are considered together with a confirmed wear debris output model. In line with
idea exposed in [24], Wahlström et al. [27–29] have developed a mesoscopic scale approach
using CA theory, which is able to simulate and predict macroscopic COF, wear, and particle
emissions for a certain number of braking. Simulation results have shown a promising cor-
relation with the inertia dynamometer bench experimental measurements. Wahlström [29]
also investigated the brake pad properties on the friction and wear emissions, using a
full factorial design through a simplified version of his CA approach. The disc has been
regarded as a rigid body and the temperatures of the pad and the disc have been neglected.
These simplifications are needed to study how the COF and wear emissions vary depend-
ing on different factors in a large number of braking. The results of the simulation show
that a stable mean COF is due to a stable third body, a high specific wear, and a relatively
high amount of metal fibres. Riva et al. [35] developed a multi-scale simulation approach
combining CA, FEA, and Thermal-CFD approaches with outputs from inertia brake dyno
bench tests to investigate the effect of changing copper fibres into steel fibres on the local
contact temperature. Ricciardi et al. [36], starting from a semi-empirical model based on
the work of Ostermeyer [37], developed a simulation methodology, parametrized and
tested for three different brake systems, in which every parameter needs to be calibrated
according to the experimental tests. In this model, CA theory and artificial neural networks
are presented. The model showed a good representation of the experimental COF.

The pad friction material commonly used in passenger cars is a composite material. In
its formulation four macro material families can be recognized: binder, reinforcing fibres,
fillers, and frictional additives [38]. The binder is a polymer-based resin and binds the
ingredients of the brake pad together. The reinforcing fibres (e.g., brass, steel, copper,
ceramic) carry most of the load and act as a support for the formation of plateau from
wear debris. Fillers are used to reduce costs and to modify some pad properties, whilst
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frictional additives affect the wear and COF. Because the copper wear debris generated
from brake events is toxic to the environment, Environmental Protection Agency (EPA) and
automotive industries have started the Copper-Free Brake Initiative [39] with the aim to
eliminate the presence of copper in friction materials. In this way, a new category of friction
pad named “Cu-Free” or “Eco-friendly” has been developed [40–47]. Menapace et al. [48]
showed that using barite in the friction pad mixture to replace copper, a stable friction layer
can be equally obtained.

It is known from the literature [49–51] that the pad friction material mixture has
an impact on the COF. Any changes in a single component in the pad material mixture
in terms of type or amount can result in completely different friction behaviour [49–51].
The influence of different pad material mixtures on the COF is usually evaluated with
experiments [49–51] where real brake pads must be produced, which is relatively time-
consuming and costly. There is a lack of simulation approaches in the literature regarding
the pad friction material mixture. A simulation tool able to predict COF behaviour under
certain braking cycles and takes into account the friction material composition could be
useful in the brake industries in order to avoid production of friction pad prototypes,
satisfying the need for greener and more sustainable production.

The aim of this work is to evaluate the macroscopic COF of a disc brake system under
certain braking cycles by a meso-scale approach where the friction material mixture is
modelled taking into account the raw materials in varied formulation. This is done by
starting from a friction material characterization derived from literature data. A CA based
simulation is able to consider the influence of the local components in contact and to predict
the COF of a disc brake system. The simulated COF values are compared with inertia dyno
bench tests to investigate the validity of the simulation approach.

2. Simulation Approach

The main idea of the simulation approach is to develop a CA methodology to predict
the macroscopic COF during braking based on friction pv-maps for the metal fibres in
friction mixtures. Friction pv-maps are the core input of the simulation approach since they
define the frictional behaviour of the pad fibre materials. Friction pv-maps for different
metal fibres and pressure–velocity (pv) conditions can be created from the output of
tribometer tests. An overview of the simulation approach is presented in Figure 1. First,
tribometer tests are run to define friction pv-maps of metal fibres and inert filler (box-1).
The output of a tribometer study presented in literature [8] focusing on the influence of the
amount of metal fibres, contact pressure, and sliding speed on the friction is used as fibres
and inert filler friction pv-maps in the present work. Second, fibres friction pv-maps are
implemented in a CA simulation tool that is setup using experimental inputs and boundary
conditions. Then, simulated and experimental results are compared (box-2). When this
is done, the calibrated CA simulation tool is used to estimate the macroscopic friction
for two commercial pad friction materials with different metal fibres composition (box-3).
Finally, the macroscopic simulated friction for the two types of pads is compared with
measurements from inertia dyno bench tests (box-4). Each step in the simulation approach
is explained in detail in the following sub-sections.
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Figure 1. An overview of the simulation methodology.

2.1. Input Friction Maps

The result presented by Kumar et al. [8] is used as input friction maps in the present
work. Kumar et al. [8] experimentally investigated the influence of three metallic fibres
(brass, copper, steel) and an inert filler (barite) on the measured COF. They used a NAO
friction material as a base formulation. A summary of the four test samples used by
Kumar et al. [8] and their materials composition is shown in Table 1.

Table 1. Test samples composition as presented by Kumar et al. [8].

Samples’ Name Samples’ Composition

(1) Ref. 10 wt.% barite + 90% of original NAO material composition

(2) CP 10 wt.% copper fibre + 90% of original NAO material composition

(3) BP 10 wt.% brass fibre + 90% of original NAO material composition

(4) IP 10 wt.% iron fibre + 90% of original NAO material composition

The different samples containing barite, copper, brass, and steel powders are named
Ref., CP (Copper Powder), BP (Brass Powder), and IP (Iron Powder), respectively. The
samples were tested using a reduced-scale prototype setup as described in [8,52]. They
run the tests at three constant disc rotational speeds and three constant nominal contact
pressures as presented in Table 2.

Table 2. Test sliding velocities and nominal contact pressure as presented by Kumar et al. [8].

Sliding
Speed

Contact
Pressure

Sliding
Speed

Contact
Pressure

Sliding
Speed

Contact
Pressure

10.2 m/s 2 MPa 12.6 m/s 2 MPa 12.6 m/s 2 MPa

3 MPa 3 MPa 3 MPa

4 MPa 4 MPa 4 MPa
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The most important test result was the average COF of a certain number of brake
applications during one test. Four friction pv-maps (see Figure 2) were built for the
four friction formulations based on the results presented by Kumar et al. [8]. Note that
the Ref. friction map shows lower COF values than CP, BP, and IP. This is due to the
metal powders, which are hard and abrasive, being added instead of barite, resulting in a
relatively higher COF.
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2.2. CA Simulation Tool

An overview of the CA simulation tool used in the present study is presented in
Figure 3. The aim of this approach is to simulate the plateau dynamics in a simple way by
using CA. The different blocks of the approach are summarized in the following subsections.
A more detailed description of the approach can be found in the literature (see [21–28]).



Lubricants 2022, 10, 34 6 of 18Lubricants 2022, 10, x FOR PEER REVIEW 6 of 18 
 

 

 

Figure 3. CA simulation approach. 

2.2.1. Pre-Process 

In order to define the simulation domain, it is necessary to discretize the pad and the 

disc surfaces with 2D-meshes, setting up the number of the nodes in 𝜃 direction, which 

represents the angular coordinate, and the number of the nodes in r direction, which rep-

resents the radial coordinate. The simulation works in a cylindrical coordinate system (r, 

𝜃). This domain is subdivided into n sub-domains in order to reduce the computational 

time of the simulation. This number influences the time step Δt of the simulation and 

needs to be chosen carefully. The time step of the simulation is calculated as follows 

Δt = nΔθ/ω, (1) 

where n is the number of cells in each sub-domains, Δθ the angular distance between the 

cells, and ω the rotational velocity. 

It is also necessary to set up the material properties, general fibres properties, the 

normal load acting on the pad and the disc angular velocity at the effective radius of the 

braking system. Initial plateau status for each cell needs to be specified. Initial conditions 

are: 

• Disc material and pad fibres: primary plateau status; 

• Pad resin: none status; 

• Secondary plateaus on the pad and disc: secondary plateau status. 

2.2.2. Contact Modelling 

An elastic foundation model as described in [53] is used to determine the local contact 

pressure distribution between pad and disc surfaces. In this simulation, the disc is consid-

ered as flat and rigid and only the pad surface has been taken into account. It is possible 

Figure 3. CA simulation approach.

2.2.1. Pre-Process

In order to define the simulation domain, it is necessary to discretize the pad and the
disc surfaces with 2D-meshes, setting up the number of the nodes in θ direction, which
represents the angular coordinate, and the number of the nodes in r direction, which
represents the radial coordinate. The simulation works in a cylindrical coordinate system
(r, θ). This domain is subdivided into n sub-domains in order to reduce the computational
time of the simulation. This number influences the time step ∆t of the simulation and needs
to be chosen carefully. The time step of the simulation is calculated as follows

∆t = n∆θ/ω, (1)

where n is the number of cells in each sub-domains, ∆θ the angular distance between the
cells, andω the rotational velocity.

It is also necessary to set up the material properties, general fibres properties, the nor-
mal load acting on the pad and the disc angular velocity at the effective radius of the braking
system. Initial plateau status for each cell needs to be specified. Initial conditions are:

• Disc material and pad fibres: primary plateau status;
• Pad resin: none status;
• Secondary plateaus on the pad and disc: secondary plateau status.

2.2.2. Contact Modelling

An elastic foundation model as described in [53] is used to determine the local contact
pressure distribution between pad and disc surfaces. In this simulation, the disc is consid-
ered as flat and rigid and only the pad surface has been taken into account. It is possible to



Lubricants 2022, 10, 34 7 of 18

define the contact pressure (p) in agreement with the laws of elasticity, where the material
properties of pads and disc are taken into account.

2.2.3. Wear Modelling

The local wear is calculated via numerical integration of Archard’s wear law [54] in
the form proposed by Podra and Andersson [55]:

dh/dθ = kpr, (2)

where h is the surface depth, k the specific wear rate, p the contact pressure, and r represents
the radial coordinate. The assumption is that the variation of the contact pressure in a
short time step is not significant during the rotation dθ. It is important to remark that the
wear time step is determined by the time it takes for a point of the disc surface to pass one
sub-domain on the pad. In this time interval, it is possible to consider the contact pressure
as a constant. This expression is valid for primary and secondary plateau cell status while,
focusing on the matrix material, its wear has a different behaviour compared to the primary
and secondary plateaus one. It is reasonable to think that the resin wears out immediately
as soon as it comes into contact with the disc. If there is no contact, a cell does not wear
because there is no pressure.

2.2.4. Plateau Dynamics Modelling

Plateau dynamics is a complex phenomenon regarding the formation, growth and
destruction of the plateaus on the pad and disc surfaces. A simple way to simulate the
plateau dynamics is using CA. In this way, plateau dynamics can be modelled defining
logical rules based on Von Neumann neighbourhood. Each cell can take a plateau status
depending on the plateau status of the neighbourhood cells and on the calculated amount
of wear escaping from each sub-domain. Eight rules have been formulated to logically
describe the plateau dynamics mathematically based on experiments (e.g., [56,57]). The
rules dealing with the formation of secondary plateaus can be enounced as follows. If a
cell, standing in the other way to the disc rotation

1. has one neighbourhood cell having plateau status to east, or
2. has one neighbourhood cell having plateau status to east, one to north-east or south-

east, or
3. has one neighbourhood cell having plateau status to east, one to north-east and one to

south-east, and there is a sufficient amount of wear to fill the gap between pad and
disc, it reaches the secondary plateau status.

Rules dealing with the secondary plateaus destruction are the following. If a cell
having secondary plateau status

1. has no eastern neighbourhood cells
2. wears down, it changes to none status
3. there is no applied load on it.

Rules handling with the primary plateaus can be enounced as follows. If a cell having
a primary plateau status

1. has its height less than the minimum distance between pad and disc
2. wears down, it changes to none status.

2.2.5. Post-Process

The main output of the meso-scale simulation is the macroscopic COF of a disc brake
system, but other important outputs, such as the local contact pressure, contact area, and
the initial and final pad patches and surfaces, can be evaluated.
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2.3. Calibration of CA Tool

A simulation is setup with experimental inputs and boundary conditions as described
by Kumar et al. [8]. The experiment concerning the inert filler (barite) is not investigated
as an independent case. Instead, the experimental data for the barite test are used as the
homogeneous matrix material in the simulation of the brass, iron, and copper fibres. A
friction material for each type of fibre (brass, iron, and copper) is generated. One simulation
is run for each velocity and pressure condition given in Table 2. In the present paper, the
influence of temperature is neglected since the disc temperature is below 80 ◦C at the
beginning of all brake applications [8].

The nominal contact pressures presented in Figure 2 are calculated with the nominal
contact area of the pad. In the present work, the real contact area and resulting contact
pressure are computed with the CA simulation. The ratio between the simulated real and
nominal contact area is defined as the number of cells with non-zero pressures divided by
the total number of cells of the model. The friction maps are updated in each simulation
time step by dividing their nominal contact pressures by the aforementioned ratio to obtain
the real contact pressure values. The simulation queries one of the four maps (see Figure 2)
depending on the pad raw materials in contact with the disc. The barite friction map is used
to describe the tribological behaviour of the homogeneous material that is not a metal fibre.
The COF value for a secondary plateau is based on the assumption that it is made of 50%
of raw materials and 50% of matrix material. The COF of the raw materials is a weighted
average of every single raw material at the simulated pressure–velocity condition.

Comparisons between the simulated and measured COFs are shown in Figure 4 and
the relative errors between the simulated and measured COFs are presented in Table 3. As
seen in Figure 4, the graphs show that the simulated COF values have the same decreasing
trend compared to the experimental ones although there are differences between each
simulated and experimental point. The maximum relative error is 6.5%. The fibres order
in terms of high to low value of COF is well replicated except for the second of the three
graphs (title COF 12.6 m/s) where the simulated Fe fibre COF has a slightly higher value
than the simulated Copper fibre COF, whilst in the experimental tests the opposite is noted.

Table 3. Relative errors for each simulated and experimental points reported in Figure 4.

Fibre (Pressure) Sliding Velocity
10.2 m/s

Sliding Velocity
12.6 m/s

Sliding Velocity
15 m/s

Brass (2 MPa) −3.5% −2.8% 2.4%
Brass (3 MPa) −6.5% −2.4% 3%
Brass (4 MPa) −5.5% −3.8% 1.7%

Fe (2 MPa) −3.5% −3.5% 1.8%
Fe (3 MPa) −6.4% −5.1% 2.5%
Fe (4 MPa) −4.7% −1.7% 2.4%
Cu (2 MPa) −3% −4.5% 0.8%
Cu (3 MPa) −6.5% −3.1% 2.5%
Cu (4 MPa) −3.8% −4.1% 0.7%
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3. Simulation Case Study
3.1. Material and Wear Parameters

As the simulated results showed a good correlation with the experimental ones (see
Section 2.3), two low steel (LS) friction materials with different mixture formulations
(named as LS1 and LS2) are investigated. It is assumed that the NAO characterization
results could be used to characterize two LS formulations. There are steel, brass, copper,
and aramid fibres in both the NAO and LS formulation. Aramid fibres are neglected in the
present study due to their low percentage of mass in the total mixture. The homogeneous
material is supposed to have the properties of the barite. Fibre length values are obtained
from material data sheets. Specific wear rate values (k) of the pads are considered constant
during the simulation. The weight losses of the pads during experimental cycles are known,
making it possible to estimate k from Equation (2). All material properties and specific
wear rates are summarized in Table 4.
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Table 4. Fibres properties and specific wear rates of the two commercial low steel friction materials.

Friction Material Mixture Composition (wt.%) Max Fibre Length (mm) Specific Wear Rate (Pa-1)

LS1 LS2 LS1 LS2 LS1 LS2
Steel 7 14.5 0.5 0.5 6.79 × 10−15 1.09 × 10−14

Cu 7 4 0.5 0.5 6.79 × 10−15 1.09 × 10−14

Brass 7 0 0.425 0 6.79 × 10−15 1.09 × 10−14

Aramid 3 1.5 1.15 1.15 6.79 × 10−15 1.09 × 10−14

Homogeneous
76 74 5 × 10−6 5 × 10−6

Material

3.2. Geometry and Load Parameters

The disc is assumed to be flat and rigid to reduce computational time and temperature
has not been taken into account. The fibres were randomly distributed on the pad surfaces
for both the LS1 and LS2 materials, as shown in Figure 5.
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The discretization of the simulated domain of the pad friction material and the com-
putational time are reported in Table 5. A brake event from 15 m/s to 10.2 m/s with a
duration of 2 s and a normal load of 2.64 MPa are used in the simulation.

Table 5. Discretization of the simulated domain and computational time.

Parameter Value

Radial distance between cells, d_rp 100 µm
Tangential distance between cells, d_fp 100 µm

Depth distance between cells, d_zp 100 µm
Number of cells in r-direction, n_rp 240

Number of cells in Φ-direction, n_fip 240
Number of cells in z-direction, n_zp 2

Number of sub-domains, n_m 12
Young’s modulus primary plateaus, E1H 1 × 109 [Pa]

Young’s modulus secondary plateaus, E1S 1× 105 [Pa]
Young’s modulus homogeneous material, E2 7.8 × 1010 [Pa]

Poisson’s ratio primary plateaus, ny1H 0.28
Poisson’s ratio secondary plateaus, ny1S 0.28

Poisson’s ratio homogeneous material, ny2 0.28
Simulation time, t 2 s

Height of foundation, h 50 µm
Computational time 5 min
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4. Inertia Dyno Bench Tests

Low steel materials behaviour in terms of COF is evaluated by dyno bench tests under
a braking from 15 m/s to 10.2 m/s, brake cylinder pressure 40 bar, and 2 s duration. The
inertia dyno bench has the following setup: the brake system is assembled on a rotating
shaft that moves the brake disc. An actuator controls the brake cylinder pressure and,
in order to have a constant braking torque, torque feedback is necessary to regulate the
pressure. The cooling of the brake system is obtained by the air coming from an inlet pipe
that ensures a proper ventilation in the dyno bench structure together with an outlet pipe.
The inertia dyno bench and its 3D model are presented in Figure 6. The test is executed with
an inertia of 122 kgm2. To experimentally evaluate pad wear, its weight is measured before
and after testing by a Sartorius balance MSE14202S (repeatability ± 0.01 g). Tests have been
executed with a brake system used in a D-segment car. The most relevant characteristics
of the brake system and the car are shown in Table 6. The specific wear rates for the two
commercial friction material pads have been previously reported in Table 4.
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Table 6. Car and front brake disc data.

Parameter Value

Wheel radius 361 mm
Rotor outer radius 171 mm
Rotor inner radius 92.2 mm

Rotor effective radius 136 mm
Pad surface area 7507 mm2

Cylinder diameters 4 × 44 mm

5. Results

In Figure 7, the final pad patches of the two low steel materials are reported. The
material with the higher value of specific wear rate (LS2) is able to generate more secondary
plateaus than the one with the lower value (LS1). In Figure 8, the final pad surface
topography of the two LS materials is reported. The final pad surface topography of
LS2 material is smoother than the one of LS1 material. In Figure 9, the contact pressure
distribution on the pad surface is shown for both LS materials. LS2 material has lower
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contact pressure values than LS1 material. The same order of magnitude in contact pressure
is in line with the results presented by Wahlström [28].
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The results of the simulated and measured COFs for the two LS materials are presented
in Figure 10. These results show that the friction material with higher specific wear rate
value has higher COF values compared to the material with lower specific wear rate value.
In addition, LS1 friction material has higher contact pressure values than LS2. Simulated
results are qualitatively in line with the experimental ones. Moreover, the mean COF values
for the whole brake events (from 0 to 2 s) are reported in Table 7.
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Friction Materials.

Table 7. Mean COF values for the whole brake events.

COF vs. Time Curve Mean COF Value [-]

Sim-LowSteel-1 0.3910
Exp-LowSteel-1 0.3824
Sim-LowSteel-2 0.4186
Exp-LowSteel-2 0.4135

6. Discussion

A CA simulation tool is used to predict the macroscopic COF of a brake system during
a braking cycle starting from the characterization of the raw materials of which the pad
friction material is made. Two LS materials with different friction mixture and different
specific wear rates have been studied. The characteristics of the basic components, i.e., the
two friction materials, are referred to the experimental data presented by Kumar et al. [8].
In their study, metallic fibres (copper, brass and iron) and an inert filler (barite) have
been characterized in terms of COF as a function of pressure and velocity. These kinds
of metallic fibres are also present in the two LS material mixtures investigated in the
present study. The barite characterization has been used to simulate the behaviour of
the homogeneous material of the LS materials. The results show (Figure 10) that the
simulated LS2 material has higher COF values than LS1 material, which is in line with the
experimental tests conducted in an inertia dyno bench. It should be noted that there is
a slight difference between the simulated COF and experimental COF. The relative error
between the simulated and experimental mean COF values are 2.2% for LS1 material
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and 1.2% for LS2 material. Wahlström et al. [21] used a CA approach that considers the
temperature and obtained a simulated COF close to experimental one. However, they
did not study the influence of the material of the single fibre. Riva et al. [11] proposed a
comparison between simulated and experimental COF using a FEA approach, showing
a perfect correlation in the in-stop COF phase, although a positive offset that affects the
simulation accuracy is seen. A drawback with the FEA approach is that it is not possible to
use it in the early design phase of a new pad friction material mixture.

It can be noted from the amount of pad patches (Figure 7), pad surface topography
(Figure 8), and contact pressure (Figure 9) results that all of them strongly depend on
the specific wear rate. In this study, the specific wear rate has been estimated based
on the pad weight loss after experimental testing. LS2 material has a value of specific
wear rate higher than LS1 one, which means that a larger amount of wear can be created.
Wear particles are able to stack up against the primary plateaus, in this way creating the
secondary plateaus ([9–12]). It can be seen that the simulation replicates the build-up
of secondary plateaus since the LS material with higher specific wear rate forms more
secondary plateaus (Figure 7), resulting in the increase of contact area. For this reason, as
shown in Figure 9, the contact pressure decreases. This is in line with the results presented
by Wahlström [28] where the contact pressure evolution during the simulation has been
reported. Comparing these results with the ones coming from the present simulation, the
same order of magnitude for the contact pressure result is noted. Moreover, in [28], a
CA model is used to study the contact situation between pad and disc surfaces and it is
reported how contact pressure can influence friction, particle emissions, and wear. The
assumption was that only steel fibre contributes to form primary plateaus and no other
reinforcing fibres are considered. In the present study, the aim is to take into account all the
metal fibres existing in the commercial friction material pads. It is important to remark that
LS1 friction material shows higher contact pressure values than LS2 friction material, whilst
its COF values are lower than the latter. Riva et al. [10] also investigated this phenomenon,
which was discussed by Österle et al. [34], attributing to the thick nano-sized tribofilm
created on both the contacting pad and disc surfaces. Furthermore, the higher the contact
pressure, the lower the COF, since the tribofilm will be easier to shear.

In the present work, the COF values are higher for LS2 friction material, which has a
smoother surface (Figure 8) than LS1 friction material. It is important to note that it is hard
to observe the real contact area during experiments and therefore simulations are important.
Since the measured and simulated COFs presented in Figure 10 are similar, the simulated
contact area seems to be close to the real one. This also indicates that the resulting contact
pressure is similar to the real one. There are other ways to verify the simulated contact
pressure. It could be estimated by using a pressure sensor film [58] without rotation of the
disc or indirectly by estimating the real contact area and thereafter calculating the resulting
contact pressure given the normal load. One way is to use a glass disc and record the
evolution of the contact area with a camera, as done Eriksson et al. [56] and Gramstadt [57].
Another way to estimate the contact area is to study the contact surface topography after
testing and compare this to the simulated results.

It can be noted in Figure 10 that the simulated result for LS2 material shows an
increasing trend and that the opposite can be noted for the experimental results, starting
around 0.4 s. A possible explanation is that the temperature is not included in the simulation
and that the real friction pad could have been affected by a local “thermal fading” during the
experimental test. Another possible reason for the difference in simulated and experimental
COF can be found in the evolution of the contact surface roughness during sliding. Further
analysis based on more comparisons between experimental and simulated results can be
useful to better investigate this behaviour.

The Winkler elastic foundation model [53] is used to estimate the contact pressure and
resulting contact area in the present work. In this model, it is assumed that the conformal
contact can be seen as a set of elastic bars which deform independently of each other
and between which shear forces can be neglected. This approach has shown to be useful



Lubricants 2022, 10, 34 15 of 18

when studying dry sliding disc brake contacts on mesoscopic size scales in the past (see
e.g., [21]). One way of improving this contact model is to include the stiffness dependence
of surrounding elements in a similar way as presented by Müller and G.-P. Ostermeyer [24].
Furthermore, it is necessary to have a better description of the local structural properties of
the contacting bodies. Input data from nanoindentation can be used to better describe the
stiffness of individual fibres and the height of the foundation, which could improve the
contact model in the future. In addition, the influence of local temperature on the contact
stiffness can be included in the future to study thermoelastic effects [59].

Archard’s wear law is used to model the local wear of the contact surfaces. Different
specific wear rates are used for the metal fibres and homogeneous material of the pad to
take into account the heterogeneity of the friction material. Individual specific wear rates
of the main ingredients of the friction pad mixture obtained by tribological testing can be
used to improve the wear modelling in the future.

It is necessary to know the material properties of the contacting bodies to accurately
simulate the complex physical phenomena occurring in the contact interfaces between the
pads and disc. It is necessary to conduct several experimental tests. The contact between
pad and disc is modelled with the elastic foundation model that does not take into account
shear forces and with the assumption that every bar deforms independently from each
other, having in this way no mutual influence between bars. In order to have good results
with this simplified description of the contact situation, a calibration of parameters, such as
the height of the elastic foundation, has been conducted with experimental tests.

To summarize, the results here proposed for the two LS materials seem to be promising,
although they were obtained using a NAO material characterization. Aramid fibres, which
are present in the two LS materials with low percentage, have been neglected. The next
step will be to replicate the simulation using the two LS material characterizations as
input. CA simulation can be very useful if raw materials of the friction pad mixture have
been previously characterized and a database with their properties has been built. In
this way, it is possible to simulate the behaviour of a very large number of friction pad
mixtures without producing their prototypes. This can satisfy two important demands: the
possibility to have information on the pad friction material in a very early design phase
and more sustainable production.

7. Conclusions

This paper presents a meso-scale simulation approach to predict the macroscopic
COF of a disc brake system under certain braking conditions, taking into account the basic
components of a friction material. The simulated COF values for two different low steel
pad materials have been compared with measurements performed on an inertia brake dyno
bench. Major conclusions from the current study can be drawn as follows:

• The simulated COF curve during the entire brake event is similar to the experimentally
measured COF curve.

• The mean value of simulated COF curve is similar to the mean value of experimental
COF curve.

• There is a difference between the COF values of the two friction materials due to
the different amount of primary and secondary contact plateaus as well as different
contact pressures. The developed CA approach could simulate the COF difference
very well.

• The simulated COF of the friction material having the lowest contact pressure values is
higher than the one of the friction material having the highest contact pressure value.

It is important to remark that in this study 2D (speed + pressure) friction maps have
been used that do not take into account the influence of temperature. Hence, the next
step will be the development of 3D friction maps together with the implementation of
the temperature variable in the simulation in order to enable the simulation to predict the
macroscopic COF of a disc brake system under high temperature braking.
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