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1. Introduction 

Today, optimizing fuel efficiency, carbon dioxide emis-

sion, and manufacturing costs in the automotive and heavy 

vehicle industry emerge as one of the most significant tasks 

for designers with developing technology. In this aspect, a 

mass reduction starting from the smallest component of the 

vehicle can make a great contribution to this aim.  

The cost of the power transmission components of a trac-

tor is approximately 25-30% of its total cost [1]. A cost re-

duction to be realized return to companies as profitability in 

mass production. Thus, studies on obtaining optimized light-

weight components in the automotive and heavy vehicle in-

dustry to decrease manufacturing cost and boost efficiency, 

are increasing day by day. The energy to be consumed by the 

vehicle can be decreased by reducing the vehicle mass with 

various optimization methods, and optimized designs with a 

longer life can be obtained. 

The researchers persuaded the objective of minimizing the 

weight of the vehicle components such as brake pedals, com-

pressor brackets, and chassis, etc. considering the safety as-

pects in the literature. Thus, structural optimization and de-

sign of experiments studies were considerably useful and fre-

quently preferred instruments in order to achieve this goal. 

The structural optimization methods include topology, shape, 

and size optimizations. Thus, topology optimization plays an 

important role in the initial design phase for conceptual de-

sign. However, topology optimization provides a load-bal-

anced material distribution for the initial design phase, and 

the obtained dimensions regarding topology optimization 

were not precise. Thus, shape and size optimization methods 

were widely used to complete the final design. 
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Design of experiment (DOE) is also a functional method 

to determine the optimum dimensions, and more easily ap-

plied to develop optimum designs regarding improvements 

in the computer-aided engineering (CAE) tools. There are 

many studies applying the optimization methods to weight 

reduction of the vehicle components to find an optimum de-

sign in the literature. 

Dogan et al. analyzed the Power take-off (PTO) finger, 

which currently used in the market and proposed a new de-

sign of PTO finger for the tractor clutch. For this aim, the 

study employed topology and size optimization methods. 

The boundary conditions were defined, and the stress-life 

based fatigue analysis was conducted via finite element anal-

ysis (FEA) to determine the crack initiation points on the 

PTO finger. The finger height and thickness were determined 

as the design variables. Thus, the researchers performed a re-

sponse surface method (RSM) to obtained objective func-

tions due to the complexity of describing the functions ana-

lytically. Thus, the optimum setting of the experimental fac-

tors was determined. The study revealed a method to find op-

timum PTO finger design in order to maximize fatigue life 

while minimizing the von - Mises stress, deformation, and 

the mass. As a result, a stiffer and lightweight design of the 

PTO finger was obtained by comparing a PTO finger used in 

the market [1]. Karpat et al. overdesigned a chain link to op-

timize stress and mass values. First, the equivalent von - 

Mises distribution of the chain-link was determined via the 

finite element method. Thus, it was obtained that the highest 

von - Mises stresses were observed in the top radius region 

of the chain link. The safety factor of the chain-link was also 

calculated in the study. It was observed that the current de-

sign was too safe for a static system. Thus, a shape optimiza-

tion method was applied to optimize the mass of the chain 

link. The chain inner radius and hole radius values were de-

termined as the design variables. The stress and mass equa-

tions were determined using curve fitting. The obtained re-

sults were compared with the current chain link design. Fi-

nally, the mass of the chain-link was reduced by nearly 50% 

by using RSM and shape optimization methods [2]. Dogan 

et al. studied on the optimizing the truck clutch PTO finger. 

The finite element analysis, topology, and shape optimiza-

tion methods were used instead of the cost and time con-

sumed experimental tests in the study. Two design variables 

were defined, and the RSM of the maximum von - Mises 

stress, bending displacement, and the mass was derived. 

Thus, the 25.3% and 27.9% reduction in von - Mises stress 

and bending displacement was obtained, while, a 53.2% im-

provement in fatigue life was achieved in the new design of 

the truck clutch PTO finger [3]. 

Ergenc et al. reduced the weight of the automotive brake 

pedals and validated the new design by utilizing a single 

pneumatic pedal test system. The fatigue life of the five dif-

ferent automotive brake pedal was determined via the finite 

element analysis, and the stress-life method was used. As a 

result, a 12% mass reduction of the brake pedal was achieved 

[4]. Kaya et al. proposed a new design for the failed clutch 

fork via RSM. The researchers, first, analyzed the current 

clutch fork design in case of stress-life based fatigue perfor-

mance. The shape and topology optimization methods were 

employed for the new design of the clutch fork. The rigidity 

was improved by nearly 37% since a 9% and 24% reduction 

in the mass, and the stress was obtained with the optimized 

design in comparison to the original clutch fork [5]. Cavaz-

zuti et al. presented a topology optimization-based method 

for the automotive chassis design. Five different loading con-

ditions were considered to define the boundary conditions. 

The study aimed the weight reduction via optimization meth-

ods such as topometry and size optimization methods to 

reached optimum design of the automotive chassis. As a re-

sult, a considerably noticed weight reduction was obtained in 

comparison to the current chassis design [6]. Kurkure and 

Sadaphale studied the optimization of the brake pedal used 

in the cars in order to weight reduction via the topology op-

timization method. For this aim, the finite element method 

was used in the study. As a result, an 18.29% reduction in the 

brake pedal weight was obtained [7]. Ebrahimi and Behdinan 

proposed a new approach to design cross-car beam assem-

blies via structural optimization methods. Thus, size and 

shape optimization methods were also used since the ob-

tained dimensions after the topology optimization was not 

precise. The design criteria and the objective function were 

defined for the conceptual process. Thus, the detailed design 

process was achieved based on structural optimization meth-

ods. The weight of the cross-car beam assemblies was re-

duced to 5.1 kg from the 8.17 kg with the proposed approach 

[8]. Chang and Lee redesigned a compressor bracket with the 

topology optimization, and the model was verified with an 

experimental test setup under the static and dynamic loading 

conditions. The objective function was defined to minimize 

the combined compliance. The new compressor bracket de-

sign was compared with the current design in order to assess 

the natural frequency and mass values. As a result, a 31% 

mass reduction was observed in the study [9]. Sudin et al. 

proposed a new design for the automotive brake pedal. The 

researchers used topology optimization to reduce weight. 

The design space was defined, and the topology optimization 

analysis was converged after 45 iterations. The optimized 

brake pedal design was compared with the initial design 

against the mass, deformation, von - Mises stress, and the 

safety factor. A 22% weight reduction was observed with the 

optimized brake pedal design [10]. 

The researchers also applied different optimization tech-

niques in order to achieve the optimum design in the litera-

ture. Dhande et al. focused on the conceptual design of the 

brake pedal with using the variable-material since the brake 

pedals mostly made of metal. Three different materials and 

the five different sections of the brake pedal arm profile were 

analyzed via the finite element method against deformation, 

stress, and the mass. It was obtained that the composite ma-

terial was more beneficial to decrease brake pedal weight in 
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comparison with the steel and aluminum materials [11]. 

Romero and Queipo formulated and solved the reliability-

based design optimization (RBDO) and deterministic design 

optimization (DDO) models for the FSAE brake pedal via 

risk allocation analysis. The RBDO and DDO models were 

solved for the stress and buckling modes. As a result, it was 

observed that the models solved with the RBDO were light-

weight than the models solved with the DDO [12]. 

In this study, it was aimed to achieve an optimum design 

for the truck brake pedal by using topology and shape opti-

mization methods. The material used for an existing brake 

pedal was unchanged, and the optimization methods applied 

without material substitution. The wall and flange thickness 

values were defined as the design parameters for DOE. Thus, 

three different values from each design parameters were se-

lected, and two equations regarding mass and stress were de-

rived via the curve-fitting function of MATLAB® (Math-

Works Inc., Natick, USA). The “fmincon” function was em-

ployed to minimize the weight of the truck brake pedal, and 

shape optimization analysis was conducted to found the pre-

cise dimensions of the optimized brake pedal design. The fi-

nite element analysis was performed via ANSYS® Work-

bench (ANSYS Inc., Canonsburg, USA) to confirm the du-

rability of the redesigned brake pedal model. A lightweight 

final design of the truck brake pedal was obtained with the 

proposed model. 

 

2. Methodology 

2.1 First design and finite element stress analysis of current 

brake pedal 

In this study, a design procedure is described for brake pe-

dal for heavy trucks by using structural optimization and de-

sign of experiment method. The rough design of the brake 

pedal is defined in accordance with the design space, which 

is given to the designer. The pedal geometry is defined with 

the full space of the design spaces. The brake pedal length, 

height, and width are approximately defined 300 mm, 30 mm, 

and 18 mm respectively. The brake pedal is designed in 

SolidWorks® Software according to the dimensions that is 

given above. The rough design of the brake pedal is seen in 

Fig. 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Current design of brake pedal 

 

Finite element analysis is conducted to evaluate the dura-

bility of the current brake pedal under the maximum load 

conditions. ANSYS® Workbench static structural module is 

used for the finite element analysis. The CAD data of the cur-

rent brake pedal is imported ANSYS® Workbench software 

for the finite element analysis. 

The definition of the material properties is the first step of 

the FE analysis. Linear static analysis is conducted in this 

study. Thus, the linear region of the material properties is ad-

equate for this study. In this type, finite element analysis 

modulus of elasticity and Poisson ratio data is defined in the 

engineering data section. The material of the brake pedal is 

defined as S235 (Structural steel). 

 
Table 1. Material properties of brake pedal. 

 

Young’s modulus (MPa) 200,000 – 210,000 

Poisson’s ratio 0.3 

Yield Strength (MPa) 235 

Tensile Strength (MPa) 370 

 

 

 

 

Fig. 2. Finite element mesh structure of the brake pedal 
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The second phase of the finite element analysis is the def-

inition of the mesh structure. The mesh size has great im-

portance for the FE analysis, so the grid size should be de-

fined carefully. If the mesh size is defined too large, the re-

sults could be untrustworthy. On the other hand, if the mesh 

size is defined too small, the results cloud be true, but the 

running time and file size increase extremely. Before the def-

inition of the mesh size, mesh converge study is performed 

in this study. At first large mesh size is applied on the model, 

and the stress results are recorded, and the mesh size is de-

creased step by step when the variation of the stress results is 

in the tolerable level the latest mesh size is defined for the 

model. According to the mesh converge study, the mesh size 

is defined as 2 mm; under this value, the results of the stress 

distribution on the brake pedal is the same. The mesh struc-

ture of the model consists of approximately 30000 hexahe-

dral elements and 120000 nodes. A linear longitudinal spring 

element (COMBIN 39) is used for the definition of the hy-

draulic resistance force. The spring rigidity is defined as 350 

N/mm according to the hydraulic force. The finite element 

mesh structure is given in Fig. 2. 

Cylindrical support is located at the first hole region on the 

brake pedal. The brake pedal turns around this hole. Thus, 

the only tangent rotational ability is released. Other degree of 

freedom is restricted. 500 N compression pedal force, which 

is applied by the driver for the maximum working conditions 

of the brake pedal, is added to the model. The whole bound-

ary conditions of the static structural model are given in Fig. 

3. 

 

 

 

Fig. 3. Boundary conditions of finite element model 

 

The finite element model is run after the definition of the 

boundary conditions. The finite element analysis type is de-

termined as the linear static analysis in ANSYS®. In static 

structural analysis, applied loads are not affected by time. 

During the analysis, whole loads, forces, moments, etc. are 

taken constantly. The fundamental equations of the static 

structural analysis are given below. 

 

 

0),,(  zyx FFFForce  (1) 

0),,(  zyx MMMMoments  (2) 

 

The finite element model fulfills this condition at every 

node. The whole model summation of the external forces and 

moments is equal to the reaction forces and moments. The 

basic finite element equation to be solved for static loads can 

be expressed as: 

 

     uKF     (3) 

 

where F is applied load vector, K is the stiffness matrix, and 

u is the displacement vector. The basic equation static struc-

tural analysis is solved by ANSYS® direct solver, and the 

strains are calculated. Hooke’s law is used to calculate the 

stress distribution of the finite element model. Hooke’s law 

is written in the following equation. 

 

      E    (4) 

 

where  is stress, E is the modulus of elasticity, and  is cal-

culated strains. 

In this study von – Mises stress is used for the equivalent 

stress. Equivalent stress is related to the three principal 

stresses at any point. It is used in maximum distortion energy 

theory. Equivalent stress (von – Mises) is given by: 

 

     
2

2
13

2
32

2
21 




vm
   (5) 

 

 

 

Fig. 4. Stress distribution of the current brake pedal 

 

The stress distribution of the current brake pedal is seen in 

Fig. 4. It is seen that the maximum equivalent von – Mises 

stress is 29.12 at the top surface of the pedal. To understand 

whether the brake pedal acceptable or not, the designers 

should compare the results with particular failure criteria. 
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The failure, which is used in this study, criteria are given in 

the following equation. 

 

yMAXvm      (6) 

 

where MAXvm is maximum von – Mises stress, which is cal-

culated by finite element analysis, and y yield stress of the 

material. When these stress values are compared, the brake 

pedal is safe. However, it is seen that the brake pedal is much 

more durable than our needs. To see this phenomenon, the 

safety factor for the finite element analysis is investigated. 

The safety factor of the static systems can be calculated as: 

 

MAXvm

y
S




    (7) 

 

The safety factor distribution of the brake pedal is seen in 

Fig. 5. The average safety factor of this system is more than 

10. The minimum safety factor is 8.58. This is too much for 

static even dynamic systems. It can be said that the first de-

sign of the brake pedal is overdesigned. Thus, this brake pe-

dal should be optimized by using structural optimization 

techniques. 

 

 

 

Fig. 5. Safety factor for the current brake pedal 

 

2.2 Topology optimization of current design 

In the general term, optimization is a process of determin-

ing the values of variables in order to maximize or minimize 

the objective functions under certain constraints. The objec-

tive function is the mathematical formulation of the purpose, 

such as maximum efficiency, minimum cost, minimum pro-

cessing time, etc. 

Structural optimization is a subfield of optimization which 

aims to find the design parameters of load-carrying mechan-

ical structures, and it is a powerful tool in the early stages of 

product development. The objective function might be min-

imum weight, maximum strength, minimum volume, etc. 

while design parameters and the constraints can be selected 

as dimensions, mass, wall thickness, stress values, working 

conditions, amount of material, manufacturing constraints, 

etc. Structural optimization has three main methods, which 

are topology, shape, and size optimization. 

Topology optimization seeks the optimal material layout 

within the predefined design space, which is given to design-

ers, by taking into account the loads, boundary conditions, 

and constraints. Shape optimization, on the other hand, finds 

the optimum shape in predefined shape configurations which 

minimize an objective function while satisfying the con-

straints. These configurations can be determined with the 

help of the topology optimization and design of experiment 

methods. These optimization techniques are powerful tools 

to obtain optimum part designs. 

The definition of the optimization design space is the first 

step of topology optimization. The whole body of the first 

design of the brake pedal is defined as the design surface. 

However, holes, the bottom surface linked with the spring, 

and the surface where the driver applied the load are de-

scribed as non – design space for the topology optimization. 

The design and non – design spaces of the brake pedal is seen 

in Fig. 6. 

 

 

 

Fig. 6. Design and non – design spaces of the topology optimi-
zation 

 

The objective is defined as the maximization of the stiff-

ness. The topology density is defined as 50% as a constraint 

function, and the optimization is run. The topology optimi-

zation analysis is performed in the ANSYS® Workbench op-

timization module. Approximately, at the end of the thirty 

iterations, the optimization algorithm stopped, and the results 

are gained. 
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Fig. 7. Topology optimization result of brake pedal 
 

After the topology optimization, the approximate material 

distribution of the brake pedal is seen in Fig. 7. According to 

the topology optimization results, the inner part of the brake 

pedal, where the stress results are minimum (Fig. 5), re-

moved. Moreover, top region of the brake pedal is removed. 

According to the topology optimization results, the brake 

pedal is redesigned. The inner part of the brake pedal is also 

removed the top region of the brake pedal is removed slightly. 

However, the inner part is not removed fully. Because, if the 

inner part of the body completely removes, the rigidity of the 

brake pedal sharply decreases also, the manufacturability is 

also decreased. It can be said that the topology optimization 

results are not used directly. The designer takes inspiration 

from the topology optimization result and creates a new de-

sign. The new design of the brake pedal is seen in Fig. 8. 

 

 

Fig. 8. New design for the brake pedal 
 
2.3 Design of experiment study and shape optimization 
 

This study used the “fmincon” function, a library function 

of MATLAB®, to obtain an optimal design of a truck brake 

pedal. Thus, the optimization problem can be solved under 

nonlinear objective function and linear or nonlinear con-

straints. The “fmincon” finds a constrained minimum of a 

scalar function of several variables starting at an initial esti-

mate. This is generally referred to as constrained nonlinear 

optimization or nonlinear programming. 

Shape optimization is a process that is used for the defini-

tion of the precise dimensions of the products. After the to-

pology optimization, a new design brake pedal is gained. 

However, the designer does not know whether the dimen-

sions of the new design are optimum or not. To clarify this 

situation, shape optimization should be done. 

At the beginning of the shape optimization study, the de-

sign parameters, which will be optimized, must be defined. 

In this study, the wall thickness and the hole inner thickness, 

which are seen in Fig. 9, are taken into consideration as shape 

optimization design parameters. 

 

 

 

Fig. 9. Shape optimization variables 
 

A design of experiment study is done to see the effects of 

these optimization parameters on the maximum equivalent 

von – Mises stress and the total mass of the brake pedal. 

Three different levels are defined both wall thickness and the 

hole inner thickness. A full factorial design table is created 

for nine different cases. In ANSYS® Workbench Design 

Modular, these dimensions are defined as a design parameter, 

and the algorithm automatically creates the model and ap-

plies the finite element analysis procedure on the model, 

which is described above. As a result of the design of the ex-

periment study, the maximum equivalent von – Mises stress 

values are gained as seen in Table 2. 
 

Table 2. Design of experiment table. 
 

Experiment 
number 

Wall 
thickness 
(t) (mm) 

Hole inner 
thickness 
(h) (mm) 

Max. Eq. 
stress 
(MPa) 

Mass (g) 

1 2 2 81 730 

2 2 5 71 869 

3 2 10 54 1099 

4 4 2 49 838 

5 4 5 48 972 

6 4 10 39 1163 

7 6 2 38 982 

8 6 5 35 1073 

9 6 10 33 1225 

 

To complete shape optimization procedure, these data 
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should be express as an equation form. Different equation 

models are tried to find best fitted with the design of the ex-

perimental study. As a result of this study, the following 

equation models are used for both stress and mass equation. 

 

Model(Stress) = At2 + Bt2h2 + Ct2h + Dt + Eth + Fh2 + Gth2 + 

Hh + J 

 

Model(Mass) = At2 + Bt2h2 + Ct2h + Dt + Eth + Fh2 + Gth2 + 

Hh + J 

 

The coefficient of the models should be defined. The un-

known coefficients of the modes were defined by using 

MATLAB® surface fitting tool. When defined coefficients 

are written in the equations, 

The equation of maximum von - Mises stress: 

 

 F(t,h)Stress = 9.97917 t2 + 0.214583 t2 h2 

 - 3.16875 t2 h - 8.70833t +21.2625 t h 

 + 2.53333 h2 - 1.70417 t h2 +16.6 h 

 + 614.667 

 

(8) 

 

The equation of total mass: 

 

F(t,h)Mass = 3.71875 t2 + 0.046875 t2 h2 

- 0.703125 t2 h - 41.2708 t + 6.10625 t h 

+ 0.591667 h2 - 0.360417 t h2 - 13.475 h 

+ 156.583 

 

(9) 

 

The coefficient of determination of these equations is cal-

culated at r2 = 0.999. This means that the models cover well 

the design of the experiment table. Hence, these equations 

can be used in the shape optimization algorithm safety. 

 

 

Fig. 10. Response surface of the max. von – Mises stress 

 

 

 

The response surfaces of the models are seen in Fig. 10 and 

11 for maximum von – Mises stress and the brake pedal total 

mass. The effects of hole inner thickness and wall thickness 

effects on the maximum von – Mises stress and the brake 

pedal total mass are seen easily. The effects of wall thickness 

on the maximum von – Mises stress is greater than the hole 

inner thickness. The hole inner thickness effects are also in-

creased when the wall thickness decrease. On the other hand, 

the effects of hole inner thickness on the total mass are more 

than the wall thickness. Thus, it is not easy to find the opti-

mum point for this design. An optimization study should be 

conducted to find the optimum point. 

 

 

Fig. 11. Response surface of the mass 
 

Finally, the optimization problem can be described as; 

 The objective; 

  Minimize [F(t,h)Mass] 

 Constraints; 

 F(t,h)Stress ≤ 75 MPa 

 2 ≤ t ≤ 6 

 2 ≤ h ≤ 10 

 

The objective function is defined as the minimum mass be-

cause the brake pedal is overdesigned, and our aim is a light-

weight design. The maximum von – Mises stress is limited 

with the 75 MPa. Because the safety factor does not accepta-

ble fewer than 3 for these type concept designs. 

After the determination of the shape optimization problem, 

the problem is solved by MATLAB® “fmincon” function. To 

do these three different which are, objective, constraint, and 

main created. The main file is run, and the optimization prob-

lem is solved by MATLAB®. The optimization results are 

given in Table 3. 
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Table 3. Shape optimization results. 

 

Stress (MPa) 75 

Mass (g) 744 

Wall thickness (t) (mm) 2.3 

Hole inner thickness (h) (mm) 2 

 

According to the optimization results, hole inner thickness 

is defined as 2 mm, and the wall thickness is defined as 2.3 

mm. The maximum von – Mises equivalent stress is 75 MPa, 

which is the top acceptable stress value, and the mass of the 

brake pedal is calculated 744 grams according to the new di-

mension of the brake pedal. 

After the shape optimization study, the new optimized de-

sign is seen in Fig. 12. 

 

 

 

Fig. 12. New brake pedal design after shape optimization 
 

A final finite element analysis is done to verify the new 

optimized design of the brake pedal. The finite element anal-

ysis, which is explained in section 2.1, repeated with the op-

timized model of brake pedal. All mesh structure and the 

boundary conditions are taken the same as the first analysis. 

As a result of the finite element analysis, the maximum 

equivalent von – Mises stress values are calculated as 80 

MPa. After the shape optimization study, this value is calcu-

lated as 75 MPa. The differences between shape optimization 

and the finite element analysis are only 5 MPa, so this differ-

ence is acceptable. 
 
 

Table 4. Comparison of current and optimized brake pedal. 
 

 
Current brake 

pedal 
Optimized 
brake pedal 

Result 

Stress (MPa) 29.12 80.01 Acceptable 

Mass (g) 1500 744 -50.04% 

 

 

 

 

 

Fig. 13. Design verification of the new brake pedal 

 

The comparison of first and optimized designs is given in 

Table 4. According to the results, the overdesigned brake pe-

dal is optimized. The stress values are increasing. However, 

the increase in the stress values is in the acceptable borders. 

On the other hand, the mass of the brake pedal is nearly de-

creased by 50%. By using the structural optimization tech-

niques, design of experiment study, and finite element 

method, a design procedure for a brake pedal is created. 

 

3. Conclusions 

Because of its positive impacts on vehicles and environ-

ments such as low manufacturing cost, emission, and fuel 

consumption reduction, etc., lightweight vehicle designs 

have become one of the important subjects of the automotive 

industry. 

In this study, structural optimization and design of experi-

ment methods were used in order to obtain an optimum and 

also lighter design of a heavy truck brake pedal. After finite 

element analysis was conducted for rough design of the 

brake pedal, it has seen that pedal was overdesigned accord-

ing to Fig. 5. Therefore, topology optimization was per-

formed to obtain optimum material layout (Fig. 7), and the 

brake pedal is redesigned considering optimization results 

and other factors such as rigidity and manufacturability. In 

the new design, wall thickness and hole inner thickness were 

taken as design parameters. Then, the design of the experi-

mental method and shape optimization was used respectively 

to find the optimum dimensions of these design parameters. 

Results were validated by performing finite element analysis 

for the new design of the brake pedal. 
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As a result of these studies, design parameters, wall thick-

ness, and hole inner thickness were calculated 2.3 and 2 mm, 

and with these values, approximately %50 lighter design of 

a brake pedal of the heavy truck has been achieved. Although 

maximum stress value is increased up to 80 MPa, it is within 

the acceptable stress limit. Therefore, this study indicates that 

the structural optimization and design of experiment meth-

ods are powerful tools to design lighter vehicle parts in the 

early stages of product development.  
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