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The investigation probed the structure of the material of the brake shoe, the 
roughness of the surface, and wear behavior to understand its influence on system 
efficiency. Regression analysis and Design of Experiments (DOE) were utilized to 

examine dependencies of variables. The findings indicate that Al₂O₃ significantly 
improves thermal stability and wear in wedge-type and disc brakes. In addition, the 
optimal choice of sliding velocity, normal load, and temperature can produce better 
braking and reduced wear. These results are important in developing more efficient 
and durable brake systems for automotive, aerospace, and industrial applications. 
The study also emphasizes the importance of the design and material composition 
of brake shoes for obtaining ultimate brake performance under several operating 
conditions.   

 

INTRODUCTION 
Vehicle ride comfort is a critical aspect of car 

design as it directly affects the driving experience 
and customer satisfaction. A smooth and stable ride, 
apart from reducing driver fatigue during long-
distance driving, enhances vehicle handling and 
safety. Brake systems are one of the components 
that constitute ride comfort, whose function is two-
fold to ensure safety and smooth deceleration. 
Advanced brake systems such as anti-lock brake 
systems (ABS) and electronic brakeforce 
distribution (EBD) help prevent vehicle instability 
when mitigating jolts, thereby making them 
important to a comfortable and safe ride (Faisal et 
al, 2022; Sinha & Thapa, 2020).  

The electronic wedge brake is an advanced 
brake system meant to replace conventional 
hydraulic and drum brakes with an 
electromechanical setup of compact dimensions. It 
is based on the concept of an independent wedge 
mechanism used for the conversion of disc rotary 
motion to axial force and thereby supplying 
increased brake pressure without requiring heavy 
electric input. A benefit is that it can perform 
extremely well on a standard 12V system, and 

costly high-voltage systems need not be employed. 
Siemens VDO demonstrated one on a car it took in 
the brake and, under normal driving conditions, 
delivered firm brake response with automatic pad 
wear compensation and safety features of self-
release. It is also performed under ABS and 
electronic stability control. The EWB provides 
quicker response rates and stable control even in 
fluctuating friction or partial failure. With fewer 
parts in motion, it's lighter and simpler, and thus 
more energy efficient. The EWB as a system is not 
merely an improvement. It’s a platform upon which 
future intelligent brake systems on contemporary 
vehicles will be built (Haris et al, 2021; Zhang & 
Li, 2021). 

A technology upgrade from the EWB, Cone-
Wedge Based Electronic Wedge Brake (CW-EWB), 
is developed by researchers in the form of an 
electric motor-powered set of male-female cones 
with a built-in roller screw mechanism. The design 
enhances the self-amplification ability of the wedge 
so that the system can generate high torque from 
normal actuator force. The mechanism was 
experimented with and tested under a PID controller 
to ensure real-time precision of torque response. 
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Sensor bench testing validated model projections 
with under 5% experiment-simulation divergence 
(Ahdy et al., 2021). CW-EWB yielded better brake 
performance and stability across many operational 
conditions, and it is extremely compatible with 
autonomous braking as well as emergency braking. 
Its mechanical efficiency also finds expression in 
less energy consumption and smoother torque even 
in small systems. The research placed in context 
how the wedge formation process and integration 
control algorithms would be of great significance in 
optimizing electromechanical brake systems and 
safety (Ahdy et al, 2021; Zheng et al, 2023). 

To meet the requirements of modern vehicles, 
designers attempted to create wedge brakes in 
smaller yet effective sizes. The innovation was 
triangular teeth that lock together on the wedge, 
minimizing moving parts yet maximizing power 
transfer. This also lowers system weight, ease of 
assembly, and manufacturing cost (Ahmad et al, 
2017; Raghav et al, 2021). It is powered by a typical 
12V supply, and the new brakes performed at their 
best at high speeds. Lab tests confirmed that they 
would stop cars in shorter distances than drum or 
hydraulic brakes. It is less complicated in design 
and therefore there is less to maintain and fewer 
failing points, so it is a consideration for 
commercial and passenger cars alike. Mechanically, 
the design of the system translates its benefit to road 
safety through increased stability and response time 
and reduction in the incidence of accidents. It saves 
energy and goes green in industry, rendering it 
intelligent with car solutions (Ali & Makrahy, 2024; 
Awe, 2019; Baig et al, 2021).  

Wedge and abutment should be used the effect 
of real environmental conditions on the functioning 
of wedge brakes in delivering safety and reliability. 
In comparison to traditional disc brakes, wedge 
brakes were subjected to water, oil, and dust dirt. 
Water provided a minimal increase in friction at low 
levels of force to make it more effective. Oil 
lowered friction dramatically to provide an 
enormous drop in performance (Barigozzi et al, 
2002). Dust had minimal impact but was utilized as 
a lubricant when slowdown was used. Wedge 
brakes were more stable and more efficient for light 
forces and less actuator sensitive. However, since 
wedge systems rely on friction to gain amplification 
brake, even minor changes in surface conditions 
will affect the performance. It is thus also desirable 

to design adaptive control systems that can 
counteract such environmental influences. It may be 
used to stiffen and harden wedge brakes, especially 
in suspicious or 'dirty' conditions (Bawane et al, 
2022; Borase et al, 2021). 

Subsequent work contrasted the dynamic 
behavior of wedge brakes with that of traditional 
systems in terms of friction, wedge angle, and 
sliding velocity. Laboratory experiments by 
Mahmoud et al. showed that decreasing wedge 
angles markedly increases brake force. As a specific 
example, decreasing the angle from 45° to 15° with 
an input of 400 N was observed to double the brake 
force (Haris et al, 2021; Awe, 2019; Fan et al, 
2017). MATLAB Simulink simulations resulted in 
the determination that wedge brakes are very 
sensitive to sliding velocity and frictional variation. 
Although traditional brakes occasionally fell victim 
to instability or non-linearity of performance, 
wedge brakes responded more linearly, but were 
always more sensitive one to outside variability (Li 
et al, 2020; Vaidya et al, 2020). Self-sustaining 
character is also established, but conversely, also a 
source for interference or noise. Wedge shapes 
altered with each other and wiser control shapes, 
suggest researchers, would yield greater efficiency 
along with reduced sensitivity to interference. Such 
improved optimization would render wedge brakes 
more capable and dependable for application in 
electromechanical machines of this modern field 
(Ibrahim et al, 2015; Szlichting et al, 2022). 
 

METHODS 
The present study investigates the effect of 

normal force, sliding speed, contact temperature, 

and Al₂O₃ addition on the performance of 
conventional floating caliper disc brakes and wedge 
disc brakes through numerical simulations using 
MATLAB. 
Simulation Framework 

A numerical simulation model was developed 
using MATLAB to simulate the brake conditions 
under varying operational parameters. The model 
calculates key brake performance indicators such as 

the coefficient of friction (μ) and the brake shoe 
factor (C*) for two types of brake systems: 
1. Conventional floating caliper disc brake. 
2. Wedge disc brake with an amplification 

mechanism. 
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The simulation model assumes quasi-static 
conditions with neglect of dynamic effects such as 
vibration, thermal expansion, or material 
degradation over time. The main variables 
considered in the simulation are: 
1. Normal force (N) is varied systematically from 

500 N to 2500 N. 
2. Sliding speed (v) is ranged from 0 m/s up to 10 

m/s. 
3. Contact Temperature (T) is indirectly 

accounted for through friction coefficient 
variations at different sliding speeds and normal 
load. 

4. Al₂O₃ Weight Fraction: Varied from 0 wt.% to 
6 wt.% to study its influence on friction 
properties. 

The coefficient of friction (μ) is modeled as a 

function of normal force, sliding speed, and Al₂O₃ 
content based on empirical trends extracted from 
previous research data. 

The influence of the coefficient of friction μ 
on the brake shoe factor C* across various brake 
mechanisms, specifically wedge brakes and 
conventional disc brakes. A core objective is to 
analytically differentiate the brake shoe factor with 

respect to μ to assess the sensitivity of brake 
effectiveness to changes in friction. 
Mathematical Modelling 

The mathematical relationships used in the 
simulations are outlined as follows: 

Coefficient of Friction (μ) 

The coefficient of friction (μ) is assumed to 
vary with sliding speed and normal force, and its 
value is adjusted in the simulation based on 
parametric studies of similar composite brake 
materials. No explicit analytical function is fitted; 

instead, μ is updated iteratively based on lookup 
tables or polynomial interpolations. 
Brake Shoe Factor (C*) 

The brake shoe factor (C*), which 
characterizes the overall brake effectiveness, is 
calculated differently for each brake type. The 
relationship between the brake shoe factor and the 
coefficient of friction is given by for a conventional 
disc brake (floating caliper type): 

        …………………………………….  (1) 

While the shoe factor of the wedge disc brake 
can be expressed as: 

   
          

       
  …………………………….. (2) 

1. α is wedge inclination angle, and 
2. m is the coefficient of friction between brake 

pad s and disc. 
The sensitivity of brake shoe factor to the 

coefficient of friction variations can be expressed 
by differentiating with the coefficient of friction 

    

  
       onventional  is   ra e  ……  (3) 

    

  
 

       

(      ) 
 we ge  is   ra e  ...… (4) 

Assumptions 
To simplify the simulation model, the 

following assumptions were made: 
1. Isothermal Conditions: Contact temperature 

effects are indirectly incorporated through 
friction variation, but thermal gradients are not 
explicitly modeled. 

2. Rigid Body Assumption: No deformation of 
brake pads or discs is considered. 

3. No Environmental Effects: Effects of 
contaminants (like water, oil, dust) are 
neglected. 

4. Steady-State Brake: Dynamic effects like ABS 
modulation, thermal fade, and elastic 
compliance are not modeled. 

MATLAB Implementation 
All simulations were carried out using 

MATLAB software. Scripts were developed to: 

1. Calculate μ and C* for each condition, 
2. Visualize the results using surface plots and 

contour maps, 
3. Perform a sensitivity analysis. 

 

RESULTS AND DISCUSSION 
Figure 1 and 2 show the influence of the 

weight percentage of Al₂O₃ on wear rate and 
coefficient of friction of the composite brake 

material. With varying levels of Al₂O₃ from 0 
wt.% to 6 wt.%, a sharp rise in wear resistance was 
observed. Specifically, the wear rate decreased from 

at 0% Al₂O₃ to at 6% Al₂O₃. This corresponds to a 
reduction in wear rate by 6.25%, which can be 
attributed to the introduced hardness and load-
carrying capacity imparted by the hard ceramic 

Al₂O₃ particles as reinforcements to the matrix. On 
the other hand, the coefficient of friction elevated 
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from 0.34 when 0% Al₂O₃ to 0.38 when 6% Al₂O₃ 
was added, and hence revealed a rise of 11.76%. 
The elevating rise of COF has been explained due 
to the growth in surface roughness and interaction 
of micro-asperity following the addition of hard 
ceramic particles, with the effect to build up 
interfacial friction forces on sliding. These findings 
show a trade-off effect by which the addition of 

Al₂O₃ improves wear resistance but also leads to 
an increase in friction. Therefore, the optimization 

of Al₂O₃ content in brake materials should consider 
the balance between durability and performance 
under dynamic loading with caution. These results 
in good agreement with Gui et al. 

 
Figure 1. Effect of Al2O3 additive on the coefficient of friction 
 

 
Figure 2. Effect of Al2O3 additive on the wear rate 

 

The influence of Al₂O₃ addition on the brake 
shoe factor is plotted in Figure 3 with the 
conventional and wedge disc brakes was 
investigated. The results showed that the addition of 

Al₂O₃ into the friction material improved the 
performance of both brakes, but with different 
sensitivities. For the conventional disc brake, the 

brake shoe factor rose slightly, nearly linearly with 

rising Al₂O₃ content. Especially, in the range of 0 

to 6 wt.% Al₂O₃, the shoe factor increased by 
approximately 3–4%. This is due to the fact that 
there is a linear direct proportionality between the 
friction coefficient and brake shoe factor for normal 

brakes. Since Al₂O₃ essentially provides only 
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hardness and thermal stability at low concentrations 
without affecting the friction coefficient 
considerably, the improvement in performance is 
modest. In contrast, the wedge disc brake showed a 
much more pronounced response to the introduction 

of Al₂O₃. The brake shoe factor was increased by 
approximately 25–30% over the same range of 

Al₂O₃. This enhanced response is due to the 
nonlinear interaction between the shoe factor and 
the coefficient of friction for wedge brakes. 

Mechanical advantages due to wedge geometry 
significantly enhance even the slightest 
enhancement in the friction coefficient, resulting in 
a considerable improvement in brake force 

generation. Additions of Al₂O₃ are therefore highly 
advantageous in improving the wedge disc brake's 
brake efficiency compared to conventional disc 
brakes, finding their potential in new brake system 
design. 

 
Figure 3. Effect of Al2O3 additive on the brake shoe factor with conventional and wedge disc brakes 

 

The 3D plot in Figure 4 shows how the 
coefficient of friction in a vehicle disc brake relates 
to two important parameters: normal force (N) and 
sliding speed (m/s). Let's analyze the effects by 
breaking down the observations and calculating 
approximate increment or decrease ratios. At slower 
sliding speeds (closer to 0 m/s), the friction 
coefficient is observed to be constant and generally 
lower across the range of normal forces considered. 
As the sliding speed increases, the coefficient of 
friction also increases, particularly at high normal 
forces. The surface starts to curve upwards, 
showing an increased dependence on normal force 
at high speeds. The friction coefficient at constant 
sliding velocity seems to vary less dramatically with 
normal force at low sliding velocities. However, at 

large sliding velocities, the coefficient of friction 
rises more noticeably with a rise in the normal 
force. The coefficient of friction varies from 
approximately 0.47 to 0.56 for the range of normal 
force and sliding speed tested. The effect of the 
normal force by considering a few sliding speeds 
and observing how the coefficient of friction 
changes as the normal force is varied. The normal 
force axis is towards the front of the plot. As the 
normal force increases from approximately 500 N 
to 2500 N, the coefficient of friction increases 
slightly. 
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Figure 4. Effect of Normal force and sliding speed on the disc brake friction coefficient 

 

The analysis of how the normal force and 
sliding speed influence the conventional disc brake 
shoe factor C* according to this in Figure 5.  At 
lower sliding speeds, the conventional disc brake 
shoe factor C* seems to be very consistent and 
typically lower over the range of normal forces 
examined.  As the sliding velocity increases, the 
brake shoe coefficient also increases, particularly 
with increased normal forces. The surface is 
inclined upwards, which indicates greater normal 
force dependency at elevated speeds. The brake 
shoe factor seems to increase in a regular manner 
with an increase in normal force, especially at high 
sliding velocities. The influence of normal force 
seems to be smaller at low sliding velocities. The 

ideal color bar indicates that the conventional disc 
brake shoe factor C* ranges from about 0.4 to 0.65 
within the test sliding velocity and normal force 
range. This demonstrates that the shoe factor is 
sensitive to the sliding velocities and normal forces. 
The variations of brake shoe factor C* indicate the 
necessity to account for both operating conditions in 
assessing the performance of traditional disc brakes. 
These trends would probably indicate the intricate 
tribological response and system dynamics of the 
brake. An understanding of these correlations is 
vital in brake system design and regulation to 
realize desirable brake performance over a given 
operating condition range. 

 
Figure 5. Effect of Normal force and sliding speed on the conventional disc brake shoe factor 

 

Figure 5 shows the 3D plot of brake shoe 
factor C* variations with normal force and sliding 
speed with wedge disc brake. At low sliding speeds, 
approximately 0 m/s, the brake shoe factor C* 

appears to be relatively constant and comparatively 
small across the range of normal forces. When the 
sliding velocity is increased, the brake shoe factor is 
also increased, especially at higher normal forces. 
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The slope becomes more upward, indicating greater 
sensitivity to the normal force at higher velocities. 
With a constant sliding velocity, the brake shoe 
factor is found to increase gradually with increasing 
normal force, particularly at high sliding velocities. 
At low sliding velocities, the effect of normal force 
seems to be less significant. The brake shoe factor is 
seemingly between about 0.6 to 1.4 within the range 
covered by normal force and sliding speed. This is a 
very large range and implies that the two parameters 
independently have very wide effects on the brake 
performance parameters. The effect of normal force 
on the brake shoe factor C* is greater at greater 
sliding speeds. At a low sliding speed, increasing 
the normal force gives rise to a relatively small 
percentage rise in C*. But at greater speeds of 
sliding, the same variation in normal force produces 
a much larger percentage increase in the brake shoe 
factor. Therefore, at greater speeds, the system 

becomes more sensitive to changes in applied 
normal force in its brake performance. 

The effect of sliding speed on the brake shoe 
parameter can be obtained by discussion according 
to the figure obtained by test calculation. Increasing 
the sliding speed higher more strongly leads to a 
tremendous rise in C*, and the tendency is even 
stronger at higher normal forces. This shows that 
the performance of brake, as indicated by C*, is 
tremendously improved with higher sliding speed, 
particularly when dealing with a large normal force. 
This can be attributed to the temperature effects, 
variation of the contact interface, or high-speed 
brake component dynamics. Both sliding velocity 
and normal force exert a large influence on the 
brake shoe factor C*. Both of their influences 
appear to be correlated in the sense that the 
influence of one parameter is a function of the 
other's value. 

 
Figure 6. Effect of Normal force and sliding speed on the wedge disc brake shoe factor 

 

Figure 7 illustrates the variation of the brake 
shoe factor c* with the coefficient of friction m for 
both wedge and conventional disc brakes. The brake 
shoe factor of wedge disc brake for the wedge disc 
brake exhibits a non-linear and increasing trend as 
the coefficient of friction increases. The curve starts 
with a relatively low sensitivity at lower \mu values 
and becomes significantly more sensitive at higher 
\mu values. This indicates that for a wedge brake, 
the brake force and its effectiveness are highly 
dependent on the coefficient of friction, especially 
when the friction between the brake shoe and the 
rotor is high. But with a conventional disc Brake, 
the brake shoe factor remains constant across the 
entire range of the coefficient of friction. This 

means that the brake force generated by a disc brake 
is directly proportional to the applied force and is 
largely independent of the coefficient of friction. 
The wedge brake is highly sensitive to the 
coefficient of friction. A small variation in the 
coefficient of friction, especially for high values, 
results in a very significant variation in the brake 
shoe factor, and hence of the brake force. Such 
sensitivity is preferable as well as not preferable. 
On the one hand, it may cause a stronger braking 
force during high-friction conditions. On the other 
hand, changes in the coefficient of friction because 
of conditions such as temperature, wear, or 
contamination can result in extreme and potentially 
uncontrollable variations in brake performance. The 
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conventional disc brake is insensitive to the 
coefficient of friction, as indicated by the horizontal 
line. This is one of the key advantages since it 
provides a more uniform and predictable brake 
response irrespective of the fluctuation in 

coefficient of friction. The force of stopping 
depends mainly on applied hydraulic pressure and 
brake system design. These results are agreed with 
Mahmoud et al. 

 
Figure 7. Brake shoe factor sensitivity as a function of friction coefficient with conventional and wedge disc 
brakes.  

 

Figure 8. Effect coefficient of friction because of no. of brakes variations on the brake shoe factor of 
conventional and wedge disc brakes 

 

Figure 8 shows the variation of the coefficient 

of friction (μ) with the number of brake 
applications and how it influences the brake shoe 
factor in conventional and wedge disc brake 

systems. μ clearly varies widely between 0.2 and 
0.6 in 60 brake tests, because of changing surface 
conditions or material response. In the traditional 
brake system, the brake shoe factor 
(C*conventional) responds mid-range to changes in 

μ, with some variation but relative stability. In 
contrast, the wedge disc brake system (C*wedge) 
demonstrates extremely sensitive behavior, with 

even minor variations in μ producing massive 
oscillations in the brake factor and often values 

spiking and troughing more dramatically than in the 
traditional system. This implies that the wedge 
mechanism sensitizes response to friction change by 
its own design as a mechanical system using self-
energizing principles. High sensitivity of this sort 
will optimize brake under ideal circumstances, but 
simultaneously, can lead to instability or fluctuating 
brake during varying friction conditions.  

 

CONCLUSION 
Addition of Al₂O₃ has a significant impact on 

brake performance by enhancing both wear 
resistance and friction behavior, with wedge disc 
brakes more highly benefiting because of their 
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nonlinear friction gain amplification. Wedge disc 
brake systems are more coefficient of friction 
change-sensitive than conventional floating caliper 
brakes, resulting in higher brake shoe factor values 
and more dynamic brake responses. The brake shoe 
factor in wedge brakes increases dramatically with 
rising sliding speed and normal force, which is a 
synergistic effect where high-speed and high-load 
conditions significantly enhance brake force 
through geometric amplification. 

Simulation results confirm that the addition of 

Al₂O₃ in moderate ratios (up to 6 wt.%) provides 
an optimal balance between improved thermal 
stability and friction without overloading wear or 
instability. Wedge disc brakes are more responsive 
to changes in the coefficient of friction compared to 
conventional disc brakes, with these variations 
occurring sharply and nonlinearly. Random 

fluctuations in friction coefficient (μ) induce much 
more drastic fluctuations in brake performance in 
wedge systems compared to conventional ones, 
emphasizing the need for precise friction material 
control in self-amplifying brake architectures. 
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