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Abstract: A brake disc decelerates the vehicle through friction with the brake pads. When the
brake system is overheated, brake fade can occur, in which the friction coefficient drops significantly.
Additionally, an over-heated brake system may cause vapor lock, in which the brake hydraulic fluid
is vaporized. These phenomena can lead to the loss of braking power and cause a fatal accident.
Therefore, brake systems must have stable braking and heat dissipation performance. Having through-
holes and slits on the friction surface of the rotor has been adopted to improve the heat dissipation
performance, but the holes become stress points and potentially cause cracks. Therefore, brake
systems should be designed to have structural stability as well as good heat dissipation. In this study,
finite element (FE) modeling was developed to analyze the structural stability and heat dissipation
performance of a brake system, and structural and thermal simulations were performed in ANSYS, a
CAE software package. In addition, to minimize concentrated stress and temperature, optimal design
of the shape and pattern of holes and slits was carried out using PIAnO, an integrated optimal design
software package. The first step of design optimization was performed while considering the shape
and pattern of the disc holes and slits as design factors. Among the design factors, those with the
largest effects on the objective functions were found and set as new design factors to perform the
second step. The designs were compared to existing discs. Through the optimization presented in
this paper, it is expected that the performance of the braking system will improve and the life of the
brake parts will be increased.

Keywords: disc brake; design optimization; finite elements analysis; stress; temperature distribution;
ventilated brake disc; vent structure

1. Introduction

A disc brake is a braking system composed of a brake rotor, brake pads, and calipers.
The brake rotor rotates with the wheel, and the brake pads are mounted on the brake
calipers, which clamp the rotor to stop or slow the wheel. The brake pads generate
frictional heat by converting kinetic energy into thermal energy to reduce the kinetic energy
of the vehicle. Consequently, due to the thermal energy generated during the braking
process, the disc temperature rises on the friction part and fatigue accumulates, causing
cracks that decrease the life of the disc.

There is a trade-off relationship between the cooling performance and structural
stability of a brake disc [1,2]. Ventilated discs are generally used to improve the heat
dissipation performance. A ventilated disc has the form of a general disc with added
ventilation blades that help dissipate heat. As it is cooled with air circulation by the
ventilation blades, when it rotates at a higher speed, high centrifugal force facilitates heat
dissipation. In addition, the temperature rise can be suppressed even at medium and low
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speeds with small centrifugal force through holes on the outer surface, and the cooling
performance can be maximized by interlocking with the ventilation blades.

The holes and slits have advantages of improving the braking performance by im-
proving the frictional force, heat dissipation, dust and gas emission, disc deformation and
fading, and weight reduction. However, thermal stress is concentrated around the holes [3].
Previous studies have shown that concentrated stress is related to the starting points of
crack growth [4]. Therefore, it can be estimated that the possibility of crack growth due to
concentrated stress increases around the holes and slits.

Studies in structural and thermal characteristics and their correlations with stability
and lifespan using finite element analysis have been conducted [5–8]. There have also
been studies on the shape of the disc, but the number of disc samples that were tested or
analyzed was limited [9–12]. In this study, in order to understand structural stability and
thermal characteristics when designing a brake disc, ANSYS and PIAnO software were
utilized to optimally design a brake disc. Stress and temperature were set as objective
functions, and hole shapes of the disc, arrangement patterns, and ventilation blades were
set as design variables.

Through optimal design formulation, results were derived using the design of experi-
ments (DOE). In addition, factors that have the largest effect on the objective functions were
used to carry out the second optimal design. Through this study, a brake disc shape model
with improved structural stability and cooling performance compared to conventional
discs is presented.

2. Brake Disc Analysis and Optimal Design Procedure

The procedure for the optimal design is shown in Figure 1. Before the analysis, the
initial state of the target vehicle was determined to establish the boundary conditions.
Table 1 shows the initial state. It was assumed that the input pressure of the pad forms a
pressure distribution in the portions of the disc and the pad in contact with each other, and
that all the kinetic energy of the running vehicle is converted into thermal energy by friction
between the brake disc and the pad during braking. Structural and thermal analyses were
performed in the initial state.
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Table 1. Vehicle data and initial state.

Parameters Values

Mass of the vehicle, M 1500 kg
Initial velocity, v 40 m/s

Time to stop, t 60 s
Effective rotor radius, Rrotor 123 mm

Radius of the wheel, Rtire 406 mm
Surface area of the pad, Ac 68 mm
The coefficient of friction, µ 0.2

The boundary conditions in the structural analysis were set by calculating the rotation
speed and pressure based on Table 1. The value of the heat flux is an input condition for
the thermal analysis and was set through calculation. The data provided by the ANSYS
program were used for the convective heat transfer coefficient of air [13]. Objective func-
tions and design factors were selected for the optimal design. To analyze the problem of
crack formation due to stress, stress and temperature minimizations were set as objective
functions. The hole shapes and the arrangement patterns are the elements which have the
largest effects on the objective functions and were therefore determined as design factors to
formulate the optimal design.

The optimal design was carried out with an orthogonal arrangement that enables
efficient design and analysis with only a small number of experiments by using the design
of experiment methods. In the case of the orthogonal arrangement, it was judged that
there is a possibility that there could be more improved design points in the design area
because only minimal experiments were conducted for design efficiency. Therefore, an
additional experiment was planned with the design factors that had the largest effects
on the minimization of the objective functions. Finally, an improved brake disc model
compared to the existing disc was derived.

3. Finite Element Simulation
3.1. Analysis Model

The brake disc in this study is a ventilated disc, and the structure is shown in Figure 2.
A ventilated disc is a structure composed of two solid discs and ventilation blades between
the solid discs [14]. Most vehicle brakes are made of cast iron. The material property values
are described in Table 2. As the rotor and blade shapes were designed, the diameters and
thicknesses of the models were drawn using the CATIA tool. As shown in Figure 3, the
total height is 57 mm, the disc thickness is 15 mm, the outer diameter is 250 mm, and the
inner diameter is 90 mm.
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Table 2. Material Properties of Ventilated Disc.

Density 7200 kg/m3

Young’s Modulus 1.1 × 1011 Pa
Poisson’s Ratio 0.28

Coefficient of Thermal Expansion 1.1 × 10−5 K−1
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3.2. Analysis Conditions

Figure 4 shows the mesh model of the brake disc for finite element analysis. The
following mesh generation form was applied because it is effective for accuracy and time
efficiency [15]. The mesh size of the disc surface and the inner surface of the ventilation
blade set to 5 mm, the mesh method was set to hex dominant, and face sizing was set to
quad/tri. Two different analyses were conducted: structural analysis and thermal analysis.
The structural analysis was carried out to identify the stress distribution on the surface of
the brake disc due to the pressure of the pad, and the thermal analysis was carried out to
identify the temperature of the surface of the brake disc in the process through which the
heat generated after braking is dissipated.
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3.3. Structural Analysis

Immediately after braking, the disc brake is the most vulnerable. Therefore, the
moment immediately after the braking was selected as the time zone for static analysis. The
part of the brake that comes into contact with the brake pad was set as the area where the
pressure acts, and it was assumed that the pressure of the pad acts on the corresponding
area of the disc rotor. The area where the wheel and hub meet with each other was fixed
through a fixed support.
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Referring to Table 1, the rotational speed of the disc and the pressure of the brake
pad were calculated through Equations (1)–(3), and the results were set as boundary
conditions [16]. The rotation speed ω is shown in Equation (1).

ω =
v

Rtire
(1)

where v is the initial speed (m/s) and Rtire is the radius of the vehicle wheel (m). The force
Fdisc that acts on the brake disc is shown in Equation (2).

Fdisc =
0.5Mv2·(30%)

2 Rrotor
Rtire

(
vt − 0.5

( v
t
)
t2
) (2)

where M, t, and Rrotor are the weight of the vehicle (kg), the stopping time (s), and the
effective rotor radius (m), respectively.

The external pressure P between the disc and the pad was calculated with the force
applied to the disc and is shown in Equation (3).

P =
Fdisc
Ac·µ

(3)

where Fdisc is the force (N) acting on the disc, Ac is the surface of the pad in contact with the
disc (m2), and µ is the coefficient of friction. The boundary conditions are found in Figure 5
and Table 3.
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Table 3. Boundary condition.

Rotational Velocity, ω 98.5 rad/s
Pressure, P 0.65 MPa

The stress of the disc was derived through the finite element-based structural analysis.
Figure 6. shows the distribution of the von Mises stress in the disc. It was confirmed that
the stress distribution mainly appeared around the holes and the ventilation blades. The
degree of stress concentration differed depending on the location of the hole, concentrated
stress appeared around the holes in the rotor, and the highest stress occurred in parts of the
ventilation blades. High stress causes cracks and decreases the life of the disc, and if it is
repeated continuously, the disc can rupture [17].
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3.4. Thermal Analysis

The same conditions as in the previous structural analysis were used in the next
analysis. Identical pressure of the pad was applied as in the structural analysis, and it
was assumed that the pressure would be applied continuously over time. The boundary
conditions are found in Figure 7.
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In order to check the process through which the heat of the disc is dissipated over
time, the heat flux was set as a function of time through calculation [18]. In addition, with
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regard to the heat flux, it was assumed that all the kinetic energy of the running vehicle
would be converted into thermal energy due to the friction between the brake disc and the
pad during braking. The area of the heat flux was set to the area where the disc rotor is
compressed by the pad so that frictional heat is generated. The kinetic energy generated
during running and the heat flux due to friction were calculated with Equations (4) and (5)
and Table 1. The derived values are as follows [19]:

KE =
1
2

Mv2 (4)

q =
Q

tAc
(5)

where M is the weight of the vehicle (kg), and v is the initial speed (m/s). Q is the thermal
energy, t is the stopping time (s), and Ac is the surface of the pad that comes into contact
with the disc (m2).

The distribution of the braking torque between the front and rear axles was assumed
to be 7:3, and the heat flux of each front axle is shown in Equation (6) below [20].

q f ront =
0.7q

2
. (6)

The initial temperature of the disc was 20 ◦C, and the convective heat transfer coef-
ficient of air was applied to all contact areas between the disc and air using the stagnant
air-simplified case data provided by the ANSYS program.

The derived temperature distribution of the brake disc is shown in Figure 8. Due
to the cooling effect of the ventilation blades, the temperature around the ventilation
blades was lower than that of the surroundings, and distributions of higher temperatures
can be identified in areas closer to the outside of the disc. As the temperature rises, the
durability of the disc decreases rapidly. Therefore, the ventilation performance should be
improved because high temperatures can cause fatal thermal problems such as permanent
disc deformation and changes in the friction coefficient.
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4. Design Optimization
4.1. Formulation of Design Problems

The larger the numbers of holes and ventilation blades, the better the heat dissipation
performance is. However, as the heat dissipation area increases due to the holes and
ventilation blades, various problems occur such as concentrated stresses and, consequently,
crack formation. Optimization was aided to design a shape and pattern of the holes and
ventilation blades leading to the minimum concentrated stress and disc temperature.

Four design elements in the shape of the brake disc that affect the objective function
were the shape of the holes, the number of holes, the diameter of the holes, and the
diameter of the ventilation blades. The optimal design problem can be formulated as
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shown in Equation (7) below. In addition, there are three shapes of apertures: holes, slits,
and a mixture of holes and slits, as shown in Table 4. The values of three variables (except
for the hole types) were defined in the form of continuous variables with lower and upper
limit values. After the formulation was carried out, the brake disc model was transformed
by dimension within the ranges of design variables to carry out brake-disc modeling
and analysis.

Find Hole-Shape, Number, Diameter,
Ventilation Blade-Diameter

To minimize Stress, Temperature
Shape = {Holes, Slits, and Holes and Slits}

10 ≤ Number of Hole ≤ 30
4 mm ≤ Diameter of Hole ≤ 8 mm

4 mm ≤ Diameter of Ventilation Blade ≤ 8 mm

(7)

Table 4. Patterns of holes and slits.

Type 0
Holes

Type 1
Slits

Type 2
Holes and Slits
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4.2. Results of Optimal Design and Verification

For efficient design, the design of experiments (DOE) was used. A meta-model was
created first to explore the design area, which requires a large number of analyses, and
to proceed with an optimal design. In order to create a meta-model with PIAnO, which
is integrated optimal design software, an orthogonal array enables efficient design and
analysis with only a small number of experiments among various experimental design
methods. As shown in Table 5, the design variables were defined as three factors related
to the holes in the rotor and one ventilation blade that helps improve the internal heat
dissipation performance (shape of holes, number of holes, diameter of holes, and diameter
of ventilation blades), and each design variable was defined to have three levels.

min
[
(ndv + 1)(ndv + 2)

2
, 100ndv

]
+ [5ndv] < number o f data (8)

Table 5. Design variables and levels.

Shape of holes Holes, Slits, Holes and Slits
Number of holes 10, 20, 30
Diameter of holes 4 mm, 6 mm, 8 mm
Diameter of ventilation blade 4 mm, 6 mm, 8 mm

ndv is the number of design factors.

min[total o f data ·10%, 10ndv] (9)

The test points to be used in the meta-model were derived through the standards
provided in PIAnO [21]. The standard for use of the test points is shown in Equation (8),
and the selection of the number of test points is shown in Equation (9). The number of data
(81) and the number of design variables (4) were substituted into Equation (8) to calculate
the number of design factors, and the smallest value was selected among the resulting
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values. As the selected value was identified to be smaller than the number of data, the test
points can be used. Thus, eight test points were created. The initial finite element model
was modified to fit the design variables, and structural and thermal analyses were carried
out in ANSYS. It was also repeated to derive the stress and temperature.

For orthogonal arrangement, a minimal experiment was conducted for design effi-
ciency. As shown in Figures 9 and 10, the effects of the design variables were identified on
the sensitivity plot through the analysis of the sensitivity of major design variables that
affect the objective functions in optimization. The factor which has the largest effect on the
stress obtained through structural analysis is the diameter of the ventilation blades. Other
factors have little effect. The factor that has the largest effect on the temperature obtained
through thermal analysis is the hole type, followed by the hole size and ventilation blade.
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The design variables and objective functions were defined to minimize stress and
temperature through the Hybrid Metaheuristic Algorithm (HMA) to formulate the optimal
design problem and derive the results. It was identified that the stress decreased by
18.19 MPa, from the initial value of 64.04 MPa to 45.85 MPa, and the temperature decreased
by 6.57 ◦C, from 45.90 ◦C to 39.33 ◦C, compared to the plain solid disc. In addition, it was
identified that the optimal values of the design variables were 30 holes, a diameter of holes
of 4 mm, slit-shaped holes, and a diameter of the ventilation blades of 8 mm. The optimal
values of the design variables are shown in Table 6.

Table 6. Optimal values of the design variables.

Design Variables Optimal

Hole
Shape Slits

Number 30
Diameter 4 mm

Ventilation Blade Diameter 8 mm

In the design of orthogonal arrangement, there is a high possibility that there may be
design points that can be further improved in the design area, because only the minimum
experiment was conducted with only three levels in the design area for design efficiency.
Therefore, additional optimizations were performed to consider only the ventilation blade,
which is the variable that has the largest effect on stress. The ranges of design variables in
the additional optimizations were set as shown in Equation (10). The shape of the blade is
shown in Table 7. The values of three variables other than the blades were defined in the
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form of continuous variables with lower and upper limit values. The optimizations were
conducted with an orthogonal arrangement identically to the earlier experiments, and each
design variable was defined to have three levels.

Find Vane-Shape, Number, Diameter, Length
To minimize Stress, Temperature
Shape = {Radial, Curved, Pin-Fin}

5 ≤ Number of Ventilation Blade ≤ 30
2 mm ≤ Diameter of Ventilation Blade ≤ 6 mm
18 mm ≤ Length of Ventilation Blade ≤ 58 mm

(10)

Table 7. Ventilation Blade patterns.

Type 0
Radial

Type 1
Curved

Type 2
Pin-Fin
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Eight test points were created, and the model was constructed with the design variables
of the test points of the ventilation blade in consideration of the optimal value of the
holes derived from the previous design variables. Individual structural and thermal
analyses were then carried out. The design variables and objective functions were defined
to minimize stress and temperature through the optimal plan to formulate the optimal
design problem. When the values of the objective functions according to the weights were
compared after the optimization work, it was judged to be important to consider both
objective functions that had large changes compared to the initial values.

Therefore, the second optimal design was carried out, and it was identified that the
stress decreased by 14.8 MPa, from 64.04 MPa to 49.20 MPa, and the temperature decreased
by 10.77 ◦C, from 45.89 ◦C to 35.12 ◦C compared to the plain solid disc. The optimum
values of the ventilation blades were found as follows: diameter of 4 mm, length of 58 mm,
curved shape, and 30 blades. The optimum values are shown in Table 8.

Table 8. Optimal values of design variables.

Design Variables Optimal

Shape Curved
Number 30
Diameter 4 mm
Length 58 mm

5. Conclusions

In this study, finite element modeling was developed to analyze the structural stabil-
ity and heat dissipation performance of a vehicle brake system. Model-based numerical
simulations were performed to seek the optimal design of the brake disc, which minimizes
concentrated stress and simultaneously improves cooling performance. The design op-
timization presented in this study took two steps. The first step was to find the optimal
pattern of hole/slit, number of holes, hole diameter, and ventilation blade diameter. The
second was to further optimize the brake disc by identifying the design factors that had the
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largest effects on the objective functions from Step 1 and setting them as new design factors.
The findings from the design optimizations and simulations are summarized as follows:

1. Through the primary optimization, the stress decreased by 28.4% compared to the
initial model (solid disc), from 64.04 MPa to 45.85 MPa; the temperature decreased by
6.57 ◦C, from 45.90 ◦C to 39.33 ◦C.

2. In order to further maximize the improvement, the second optimal design was per-
formed in consideration of the ventilation blade design variable, which was identified
as the design factor with the greatest influence on the objective function. Compared
to the initial model, the stress was decreased by 23.2%, from 64.04 MPa to 49.20 MPa,
and the temperature was decreased by 10.77 ◦C, from 45.89 ◦C to 35.12 ◦C, resulting
in a further decreased temperature.

3. The optimal shape of the final brake disc hole and the slit is identified as a “slit type”
with 30 holes, with a diameter of 4 mm in shape at the rotor; the optimal ventilation
blade shape at the protrusion is identified as a blade type with a length of 58 mm
curved shape with a diameter of 4 mm.
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