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ABSTRACT

DESIGN AND OPTIMIZATION OF SHAFT BRACKET OF DRUM
BRAKE FOR HEAVY DUTY VEHICLE

The automotive industry is one of the leading sectors with a wider market share
than any other sector which can quickly adapt to the increasingly competitive
environment. However, in addition to the increasing product costs, regulations aiming to
reduce fuel consumption and carbon emissions require an optimal design that satisfies
design requirements depending on seriously increasing competition in this sector. This
situation aims to design lightweight and high-performance vehicle products in a shorter
period. In this sense, optimization methods have become very popular especially with the
development of computer technologies in recent years. Therefore, they are often preferred
in the design of vehicle products which enable to achieve the most suitable design for the
specified purpose in a short time.

This thesis study aims to realize a new shaft bracket design to be used in Z-Cam
drum brakes of heavy duty vehicles by optimization methods. In line with this goal,
firstly, the boundaries of material distribution in the given design space for vehicle axle
application were obtained with the help of topology optimization. Then shape
optimization was applied to bring material distribution having the suitable rough surfaces
into the manufacturable form. Here, the Solid Isotropic Microstructure with Penalization
(SIMP) algorithm was used for topology optimization and Response Surface Method
(RSM) for shape optimization. Finite element analysis (FEA) of the final design obtained
due to optimization was repeated and design verification tests were performed on the shaft
bracket prototype manufactured according to the final design. The effectiveness and
applicability of the optimization method used in the study were examined by comparing
the performed test results with the final FEA. As a result of this study, a lighter design
having a 72% weight advantage was obtained instead of the existing shaft bracket and the
new design showed the similar structural strength compared with the existing shaft
bracket as a result of experimental verification tests. Consequently, it has been seen that

the optimization methods are very effective for the structural design of vehicle products.

Keywords: Topology Optimization, Shape Optimization, Finite Element Analysis,
Computer Aided Engineering, Z-cam Drum Brake, Heavy Duty Vehicles.



OZET

AGIR HIZMET ARACLARI ICIN KAMPANALI FREN MIiL BRAKETI
TASARIMI VE OPTIMIZASYONU

Otomotiv sanayisi diger sektorlere Kiyasla daha genis pazar payina sahip ve artan
rekabet ortamina ¢abuk uyum saglayan 6ncii sektorlerden biridir. Ancak son yillarda artan
urtin maliyetleri ile birlikte, yakit tiiketimi ve karbon salinimi azaltilmasina yonelik
diizenlemeler, bu sektordeki rekabeti arttirarak tasarim hedeflerini karsilayan optimum
tirtinlerin ortaya konmasini gerektirmektedir. Bu durum, daha kisa zaman zarfinda, daha
hafif ve daha yiiksek performansli iriinlerin tasarlanmasini hedeflemektedir. Bu
baglamda, 6zellikle son yillarda teknolojik iiriinlerin gelisimi ile olduk¢a popiiler hale
gelmis olan ve daha kisa siirede belirlenmis amaca en uygun tasarim elde etmeyi saglayan
optimizasyon yontemleri, otomotiv pargalari tasariminda siklikla tercih edilmektedir.

Bu tez caligmasinda, agir hizmet araclarinin Z-kamli kampanali frenlerinde
kullanilacak olan yeni mil braketi tasarimmin optimizasyon yontemleri ile
gerceklestirilmesi hedeflenmistir. Bu hedef dogrultusunda, arag¢ dingil platformuna uygun
tasarimin genel hatlari, topoloji optimizasyonu ile elde edilmis, elde edilen yapinin
tiretilebilir forma getirilebilmesi igin sekil optimizasyonu uygulanmistir. Burada, topoloji
optimizasyonu i¢in Cezalandirma Faktérii ile Kati Izotropik Mikro Yapilar (SIMP)
algoritmasi, sekil optimizasyonu i¢in ise Cevap Yiizeyi Yontemi (RSM) kullanilmistir.
Optimizasyon sonucu elde edilen final tasarimin sonlu elemanlar analizleri tekrarlanmis
ve final tasarima gore tiretilen mil braketi numunesi iizerinde tasarim dogrulama testleri
gergeklestirilmistir. Elde edilen test sonuglari ile optimizasyon sonrast sonlu elemanlar
analizi sonuglar1 kiyaslanarak gergeklestirilen calismada kullanilan optimizasyon
yonteminin etkinligi ve wuygulanabilirligi incelenmistir. Gergeklestirilen calisma
sonucunda, mevcut mil braketi yerine %72 daha hafif bir yap1 elde edilmis ve
gerceklestirilen deneysel dogrulama testleri ile yeni tasarimin, mevcut tasarim ile benzer
dayanim gosterdigi ortaya konmustur. Tiim bunlar neticesinde, optimizasyon yénteminin
yap1 tasarimindaki ihtiyaglar1 karsilanmasi agisindan olduk¢a etkili oldugu agikca

gorilmiistiir.

Anahtar Kelimeler: Topoloji Optimizasyonu, Sekil Optimizasyonu, Sonlu Elemanlar

Analizi, Bilgisayar Destekli Miihendislik, Z-kam Kampanali Fren, Agwr Hizmet Araglar.
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CHAPTER 1

INTRODUCTION

1.1. Literature Survey

In recent years, the design of cost-effective and high-performance vehicle products
has been one of the challenging issues in the automotive industry. Particularly, in addition
to increasing manufacturing and engineering costs, regulations to reduce carbon emission
and fuel consumption require lightweight and environmentally friendly vehicle products
that meet design targets by increasing competition in this sector directly (Sudin, et al.
2014).

The structural design of vehicle products is regarded as one of the most significant
tasks for automotive engineering studies. Because, this process highly depends on the
designer’s experience, creativity, and intuition. Traditionally, the structural design is
achieved through a trial-and-error approach iteratively. However, limited material
resources, technological competition, and environmental impact make this process very
time-consuming and costly. Furthermore, this design process sometimes causes the
optimal solution to be ignored because it is based on intuitive thinking. Unlike traditional
and experience-based methods, new techniques are needed that can give more efficient
results (Yildiz, et al. 2004). Therefore, structural optimization methods play an important
role to propose an optimal design in the structural design process of vehicle products
without sacrificing their performance (Sudin, et al. 2014).

Optimization can be defined as finding the best or optimal design that satisfies all
the constraints under specified single or multi objectives. In the structural design process,
optimization is regarded as designing the highest quality structure, which means that all
design requirements are met with minimal resources.

One of the most used structural optimization methods in structural design process
is topology optimization. It is a well-known and powerful method to pursuing a
lightweight and high-performance structure without losing its best performance. The most

important reason for topology optimization preferred by designers is that the optimal



design is revealed at the beginning stage of the design process without having detailed
knowledge (Albak 2019). With the help of this method, it is possible to obtain an optimal
design in a shorter time and related design engineering costs are minimized in the product
design process.

Recently, with progress in computer science and technology, structural designs by
optimization methods have become the focus of attention of researchers in the automotive
industry to obtain lightweight and high-performance structures (Liu, et al. 2018). In this
sense, various structural design studies for axle and wheel-end components have been
carried out in the literature using optimization methods.

Mathur and Kurna (2015) studied the weight optimization of existing axle beam by
reducing unsprung mass for cost-saving and ride comfort improvement of the vehicle.
For this study, an I-section beam connecting the knuckle and wheel-end components was
taken due to the having importance in terms of weight of unsprung mass and the various
beam section parameters such as width, horizontal and vertical flange height were
determined depending on manufacturing constraints for shape optimization method.
Under severe braking and road conditions, the study was conducted by using OptiStruct
software and as a result of the study, a weight advantage of about 9 kg was provided for
the existing axle beam with 50 kg.

Topac and Atak (2016) studied the design and optimization process of an axle beam
used in heavy duty commercial vehicles. For the created parametric axle body model
having an I-section shape, Design of Experiment (DOE)-based shape optimization was
conducted to improve both weight and stress concentration with the help of ANSYS
Workbench software. According to the two selected parameters, nine experimental design
points were created by using central composite design, and response surfaces were
obtained to equivalent stress and axle mass. As a result of this study, the maximum stress
values on the critical section of axle beam were reduced to 25% and axle beam weight
was optimized about 10% in comparison with the commercial axle beams that are used
in the local market within the same loading capacity.

Zhang et al. (2019) studied the optimization of a brake shoe of the drum brake.
Based on the results of static and modal analysis, the topology optimization was carried
out with the help of ANSYS software. It was concluded that the maximum stress after
optimization was 335 MPa same as the before optimization and the natural frequency of
the brake shoes was improved. As a result of the study, the feasibility of the optimization

method was verified which provides an idea for the design of vehicle products.



Nagatani and Niwa (2005) studied topology and shape optimization for the
development of hub-bearing lightening in terms of fuel efficiency. In this study, the
homogenization-based topology optimization method was conducted to obtain optimal
structure and distortion energy minimization was set as objective with respect to the
22.5%, 27.5%, and 30% relative. Then, volume minimization respected to the principal
stress as below the current level was conducted with shape optimization to determine the
optimum dimensions. As a result of the study, a weight reduction was provided with this
methodology and the target mass of 1.0 kg was achieved. However, this newly developed
hub bearing was found to be unsuitable for drum brake structures where the hub bearing
also functioned as a brake seal.

Yildiz et al. (2004) studied an optimal design of the engine mount bracket under
dynamic loading conditions. The research was presented to create an initial design
concept in terms of optimal structural layout by using optimization approaches. In line
with this purpose, the topology optimization was conducted for the concept design phase
and then, the shape optimization was subsequently employed to determine an optimal
design satisfying all specified requirements with minimum factors by using initial optimal
topology. Here, for topology optimization, the objective function was chosen to minimize
the compliance and to maximize the natural frequency with respect to the 75% material
usage imposed constraint. For shape optimization, the objective was defined to minimize
the mass of the engine mount bracket with respect to the maximum stress constraint. As
a result of the study, although it was seen that optimization methods could lead to obtain
acceptable results, experimental results were needed to verify the effectiveness of the
used methods.

Sergent et al. (2014) studied a topology optimization approach for optimal design
of a four-piston caliper for disc brake assembly. By the using computer-based topology
optimization method in Altair Optistruct software, two different optimized caliper designs
were obtained depending on two different load cases. With the specified optimization
objective as volume minimization for minimum mass under different load cases, both
designs offered a considerable reduction of caliper mass, by 19% and 28%, respectively.

Giileryiiz and Yilmaz (2019) were performed an optimization study to reduce the
unsprung mass of the vehicle by using computer-aided engineering (CAE) tool. With the
help of topology optimization by using ANSYS software, weight reduction of existing
torque plate of Z-cam drum brake was investigated. The aim was to optimize the torque

plate for minimum mass under given stiffness. Thus, the optimization objective was



minimizing the torque plate weight by 30%. As a result of the study, it is observed that a
significant decrease in stress level accompanied by a considerable reduction in casting
and machined torque plate masses by 11.9% and 12.2%, respectively.

Sudin et al. (2014) studied a topology optimization approach to reduce the weight
of an existing brake pedal design of a car. For a new lightweight design brake pedal, the
objective function was determined as mass minimization while maintaining its integrity
under certain design constraints. Hereby, the design constraints that give minimum safety
factor 1.5 were defined as the maximum equivalent stress must be below yield strength
and maximum acceptable total deformation cannot exceed 10 mm. As a result of the
topology optimization by using Altair Optistruct software, the weight of the newly
designed brake pedal was reduced by 22% as compared to an existing brake pedal without
sacrificing its performance requirement.

Enginar (2014) studied the optimal design of a heavy vehicle wheel using
optimization methods in Altair HyperWorks software. Firstly, a parametric shape
optimization study was carried out to make the air hole form, where the maximum stress
was seen, dependent on a single design parameter. Thus, the maximum stress value was
reduced from 398.8 MPa to 370 MPa without changing the model weight. Afterward, a
topology optimization study was carried out to achieve weight advantage from disc form.
Here, compliance minimization was set as an objective function of topology optimization
and 75% volume fraction was defined as constraint function. As a result of the study, in
the model, which stands out as the first candidate among the acceptable solutions, the
maximum stress value increased to 371.6 MPa even though the weight decreased to 16.75
kg. In the second solution model, 23 MPa reduction in stress and 0.46 kg lightening in
weight were achieved when compared to the stress and weight values of the reference
wheel.

Isik (2009) studied to implement structural topology optimization methods on
driveshaft part called flange yoke, which maintains the connection of a driveshaft between
gearbox output and differential input flanges in Altair Optistruct software. Here, mass
minimization was defined as an objective function and the constraint was defined so that
the maximum amount of deformation did not exceed 0.135 mm for topology optimization.
After completing topology optimization activities, a new geometry was derived from the
optimized topology. FEA methods and experimental tests were used to compare and
verify the stress distribution and total displacement of the new geometry with the existing

ones. According to the results, positive results were obtained and it was predicted that the



optimum geometry designed with the help of topology optimization would show similar
performance compared with the existing products. As a result of the topological
optimization study, the weight of the flange yoke was reduced by 12%.

Diizcan (2019) studied the development of vehicle suspension components with
structural optimization techniques in Altair Optistruct software. First, static analysis was
performed to evaluate the state of the existing structure, and then material distribution is
obtained with the help of topology optimization. Afterward, it was aimed to reduce stress
values in local areas with shape optimization applied after topology optimization process.
As a result of the study, optimum and structurally improved design has been achieved by
using topology and shape optimization in the suspension cover used in suspension
systems and the weight of the optimum design was reduced by 35.2%, and the maximum
stress decreased by 8.3% compared to the existing design.

Topac et al. (2020) carried out a numerical case study to perform the lightweight
design of a connection bracket, which is used in the rear axle of an articulated truck. By
using a composite method including a finite element (FE) based topology optimization
and response surface methodology (RSM) based optimization were employed. Here,
strain energy minimization subjected to the volume constraint is used to obtain the stiffest
design for the connection bracket was specified with topology optimization. According
to the topology result, the bracket was redesigned and FEA was conducted to determine
the stress locations. In order to eliminate or reduce the critical stress values, the RSM-
based optimization was performed. As a result of the study, numerical results indicated
that by using topology optimization, it was possible to reduce the mass of the bracket by
about 63% in comparison with the original design and the equivalent stress at the most
critical regions of the component was decreased up to 62%.

Tyflopoulos and Steinert (2020) conducted topology and parametric optimization
for the identification of the ideal material optimization procedure based on the design
process of the lightweight structure. The main reason of this study is to propose which
optimization procedure can lead to the best results based on material reduction and
optimization time in the literature. According to the study, a quantitative comparison of
different topology and parametric optimization design processes were conducted using
three benchmark examples and ten different design processes that were developed in each
case study resulted in 30 simulations in total. In addition to this, their results were

compared with respect to mass, stress, and time. As a result of study, the simultaneous



parametric and topology optimization approach gave the lightest design solutions without

compromising their initial strength but also increased the optimization time.

1.2. Objectives of the Study

According to the literature review, it is clearly seen that there is anemphasis on
structural design studies for lightweight and cost-effective vehicle components.
Therefore, the structural optimization methods by using computer aided techniques play
an important role to lead achieving optimal design.

The shaft bracket which is one of key component of the Z-cam drum brake shown
in Figure 1.1 is fitted to the torque plate directly. This structure built up with sheet metal
components by using welded manufacturing method provides the transfer of the braking
force created by the brake chamber to the shoes by helping the mounting of the brake
chamber on the relevant surface. Furthermore, it helps the camshaft to hold in the bracket
tube with bushing. Since it plays an important role during braking, it is desired to transfer
the air chamber force to both shoes efficiently within the targeted cycle period. However,
design-related problems affect braking negatively during its operation and these situations
cause loss of braking performance directly.

Figure 1.1. Shaft bracket of Z-cam drum brake
(Source: Ege Fren 2021)



In some vehicle axle applications, it is not possible to fit the shaft bracket to the
torque plate directly due to the lack of sufficient volume. Moreover, an increase in the
length of the shaft bracket structure including the camshaft causes weight increase in
terms of the brake assembly as well. So instead, it is proposed a new shaft bracket design
which is to be assembled on the vehicle axle directly. At this moment, this new design
should be as light and competitive as possible to minimize fuel consumption and carbon
emissions without causing loss of brake performance during braking, taking into account
the working conditions of the camshaft. For that reason, an optimal design must be
realized that meets these design targets.

In this thesis study, structural optimization methods were employed to design the
optimal structure instead of the existing shaft bracket used in the Z-cam drum brakes of
heavy duty vehicles shown in Figure 1.1. The contributions of this study were
summarized as follows:

(1) To introduce optimal design which is lighter, high efficient, and cost-effective

that meets the design requirement instead of the existing shaft bracket for suitable

axle platform of the heavy duty vehicle.

(2) To conduct topology optimization to obtain rough material distribution with

mass minimization with respect to the stress constraint instead of compliance

minimization, widely used in the literature and Optimal Space Filling Design

(OSFD) for shape optimization.

(3) To construct structural design methodology by using modern computer

technologies and investigate the capabilities of optimization methods in terms of

how a better structural design can be achieved within shorter design process and

limited conditions.

The flowchart of the work done in this thesis is given in Figure 1.2.
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CHAPTER 2

THEORETICAL BACKGROUND

2.1. Brake System

Brake system is one of the most important components of a vehicle. The brake
system designed to slow or stop the moving vehicle keeping the vehicle speed constant
on downhill roads or to hold a vehicle stationary on a grade by providing the control and
safety of the vehicle (Limpert 2011). The main function of the brake system is to convert
the kinetic energy of the vehicle into heat and braking energy through friction by
transferring the force applied by the driver on the brake pedal to the friction elements on
the vehicle via a brake actuator system (Ghazaly and Makrahy 2014).

For the road vehicles, the friction based brakes shown in Figure 2.1 are classified

into disc brake and drum brake.

(a) (b)
Figure 2.1. Types of brakes: (a) disc brake, (b) drum brake
(Source: Ege Fren 2021)

Disc brakes include friction materials and a rotor that has friction surfaces. This
rotor rotates with the wheel together while in motion. The friction materials named pads
are pressed against each side of the rotating rotor with a force generated by air pressure

and this motion generates the friction forces needed for the braking. Drum brakes,



consisting of drum and brake mechanism, use internal expanding shoes driven by a cam
mechanism. Thereby, braking is generated by pressing these shoes against the rotating
drum. The main advantage of drum brakes provide more stopping power compared to
disc brakes, for a given amount of force applied to the brake pedal (Mahmoud 2005).
Drum brakes are the first type of brake systems used in the automotive industry for
many years and drum brake types such as S-cam, Z-cam, and wedge drum brakes are still
widely preferred in North America and the rest of the world in Europe for heavy
commercial vehicle applications (Giileryiiz and Yilmaz 2019). Although the disc brakes
are preferred brakes in some vehicle types compared with the drum in recent years, the
drum brakes still can be seen at the rear wheel of the passenger cars and all wheels of
commercial vehicles. The reason for this situation in addition to generating more braking
power, the drum brakes have lower production costs and provide easy maintenance

opportunities due to their simple design (Baba, et al. 2018).

2.2. Z-Cam Drum Brake

Z-cam drum brake is one of the drum brake types widely used in heavy duty vehicle
applications. Assembly and exploded views of the Z-cam drum brake are shown in Figure
2.2.

Figure 2.2. Z-cam drum brake components: (a) torque plate, (b) leading and trailing
shoes, (c) dust shield, (d) shaft bracket, (e) camshaft, (f) lever, (g) C-spring, (h) tappet
heads, (i) struts and (j) parts of automatic adjustment mechanism
(Source: Giileryiiz and Yilmaz 2019)
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The Z-cam drum brake mainly consists of two braking shoes, torque plate, shaft
bracket, and subassembly parts. The Z-cam drum brake is assembled on the vehicle’s axle

flange or steering knuckle by fixation bolts.

2.3. Working Principle of Z-Cam Drum Brake

In Z-cam brake, braking starts from the air brake chamber. When the driver presses
the brake pedal, high air pressure stored in the air tank enters into the air brake chamber
and applies a force on the rubber diaphragm in the air brake chamber. This force allows
movement of the diaphragm and the pushrod located on the diaphragm to move outward
direction. As aresult, braking is achieved by converting air pressure into mechanical force
(Awate, et al. 2016).

The air brake chamber comprising return spring, diaphragm, pushrod, air inlet, and

outlet connections is shown in Figure 2.3.

Air inlet

Return spring

Figure 2.3. Air brake chamber
(Source: https://www.ontario.ca/document/official-air-brake-handbook/service-brake-
subsystem)

After the air brake chamber generates a mechanical force, this force creates a rotary
motion on the lever. And then, this force is transmitted to the brake shoes from the Z-
camshaft, thrust heads, and struts, respectively. Shoes slide along their abutments at one
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end, while they are mechanically actuated by tappet heads at another end. In case of
braking, a gap is occured between the linings and the drum due to wear of the brake pads.
This gap is compensated by using an automatic adjustment mechanism over time
(Kuralay 2008).

In case of braking, pushrod stroke is a critical indicator in terms of the performance
of an air brake system. As the pushrod strokes out of the air brake chamber, it rotates the
lever by the same angle. This situation increases the contact of the brake shoes to the
drum by moving out the struds on the camshaft in case of braking and generates higher
braking force. However, this situation cannot be realized as described. As the pushrod
stroke increases, the braking force generated by the brake chamber changes depending on
its design characteristic and elastically deformation is occurred on the shaft bracket due
to the change of forces acting on the shaft bracket. This situation directly affects the brake
efficiency by causing a change in the braking force to be produced. The change of air
chamber force depending on the pushrod stroke according to the DIN 74060-1 standard

is illustrated in Figure 2.4.
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Figure 2.4. Stroke and force diagram of Type30 air chamber
(Source: DIN 74060-1)
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CHAPTER 3

OPTIMIZATION

Optimization is widely used in many different industrial fields such as aerospace,
automobile, biomedicine, etc. Engineers always tend to find suitable solutions that
provide the highest quality and satisfy design requirements with limited resources.
However, these solutions cannot be easily achieved. In this sense, optimization methods
have emerged in recent years as popular and powerful methods for solving complex
engineering optimization problems.

Optimization is the act of obtaining the best result under given circumstances to
identify the best candidate from a collection of alternatives. The main purpose of the
optimization is either to minimize the effort required or to maximize the desired benefit.
Since the effort required or the benefit desired in any practical situation can be expressed
as a function of certain decision variables, optimization can be defined as the process of
finding the conditions that give the maximum or minimum value of a function (Rao 2019).

The design of lightweight and cost-effective vehicle products is one of the essential
issues in the automotive industry. In addition to the decreasing material resources and
increasing raw material costs affecting the product costs, strategies to improve fuel
consumption and comply with carbon emission regulations require more efficient
structural designs making the most significant problems of the sectoral competition.
However, the critical problem in structural design is how to achieve an optimal design at
the beginning of the design process. Because the classic trial-and-error approach requires
various iterations to design products, this process is highly time-consuming and cannot
represent the best design solution. This situation has forced engineers to find decision-
making methods such as optimization to design both economically and efficiently
solutions. Hence, to overcome these deficiencies, structural optimization methods have
been employed to determine the optimal product design in terms of lightweight and cost-
effective vehicle products by yet satisfying the stiffness and dynamic performance

requirements of a component (Yaban 2012).
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3.1. Statement of an Optimization Problem

In a structural design problem, there is no single acceptable design solution and the
main purpose of optimization is to choose an optimal or an acceptable one among the
design solutions by comparing it with a created mathematical model (Rao 2019).

The fundamental structural design problem can be described by the objective of the
problem, a set of design variables, and the design constraints. For that reason, the
structural optimization problem can be formulated as minimizing the objective function
concerning the constraints. Design variables regarded as optimization variables affect the
performance of the analyzed structure by being treated during the optimization process
to achieve the purpose of the problem. Design constraints represent the boundaries of
design variables meaning physical limitations of fabricability. In order to define a design
optimization problem, a minimum number of design variables are required that should be
independent of each other as far as possible. A numerical value should be given to each
identified design variable to determine if a trial design of the system is specified (Arora
2004).

The optimization problem defined with mathematical formulation includes
objective functions, design constraints, and design variables. The mathematical
formulation is used in optimization modeling to relate how the decision variables affect
the state variables of the optimization problem. Here, the objective function is used to
decide on the most suitable one by comparing the different acceptable solutions of the
optimization process, while design variables include state variables of the optimization
problem (Willis and Finney 2012).

An optimization problem can be expressed mathematically as follows (Rao, 2019):

(*1

X2
Find X = ! - which minimizes or maximizes F (X) (3.1)

\,
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Subject to constraints

gi(X) <0 , ji=1,2,..,m (3.2)
hj(X) =0 , ji=1,2,...,p (3.3)

where X is an n-dimensional design vector that includes the 7z number of design variables,
X={x1, X2, ..., Xn}", and F(X) is the objective function. gj(X) and h;(X) are known as m
number inequality and p number equality constraints, respectively.

The illustration of the optimization problem is shown in Figure 3.1. It can be seen
from the figure that point x* corresponds to the minimum value of function F(X) and the
maximum value of the negative of the function, -F(X) at the same time. This means that
optimization can be regarded as minimization while the maximum of a function can be
found by searching for the minimum of the negative of the same function without loss of
generality (Rao 2019)

fx)
fix)
x2*, Minimum of f{x)
| x*
1 L nlle o
0 |
I
.
7 ~~
’/ \
,’, x* Maximum of - f{x)
/
/
A
:f -flx

Figure 3.1. Optimization diagram
(Source: Rao 2019)
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3.2. Types of Structural Optimization

Structural optimization is regarded as a systematic methodology to increase the
structural performance of components and mechanical systems (Sant’ Anna and Fonseca
2002). Structural optimization is a useful product design method concerned with
maximizing the utility of limited resources to fulfill a given objective. Structural
optimization finds the design that performs best against various design constraints in a
given material layout. Optimal structural design is becoming highly essential due to the
limited material resources, environmental impact, and technological competition, all of
which demand lightweight, low-cost and high-performance structures (Thummar 2014).
There are many structural optimization methods, each with its own advantages and
disadvantages. The structural optimization types can roughly be divided into three parts:
size, shape, and topology optimization.

3.2.1. Size Optimization

Size optimization is the easiest and earliest method to improve structural
performance and it can be seen as a simplified type of topology optimization (Olason and
Tidman 2010). The shape of the design is kept as fixed throughout the optimization
process and it is aimed to find the optimum dimensions of design parameters defined on
the geometry such as cross-sectional area, material thickness, etc., changing within
predetermined structural limits (Abdi 2015). A two-dimensional size optimization

depending on design parameters is seen in Figure 3.2.

Start design

X

Figure 3.2. Size optimization
(Source: Abdi 2015)
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3.2.2. Shape Optimization

Shape optimization in a general setting requires the determination of the optimal
spatial material distribution for given loads and boundary conditions (Bendsege 1989).
After the material distribution are revealed via topology optimization, it is necessary to
determine the final dimensions. In shape optimization, the shape of the boundaries
changes during the optimization process by keeping constant the topology of the

geometry (Abdi 2015). A two-dimensional shape optimization is seen in Figure 3.3.

Start design

Figure 3.3. Shape optimization
(Source: Abdi 2015)

Shape optimization is used to fine-tune for a chosen design topology in terms of
performance and manufacturability, while topology optimization is used to produce
concept designs. A main difference among the optimization methods is that the design
variables in shape optimization each affect many elements instead of having one or more

design variables for each element (Olason and Tidman 2010).

3.2.3. Topology Optimization

Topology derived from Greek words topos (meaning surface or space) and
logos(meaning science) is explained as one of the main disciplines of mathematics in
which geometric features and dimensional relationships are not affected by the

continuous change of parts, shapes and sizes. Topology optimization is one of the
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structural optimization methods developed in applied mathematics (Mutlu and Kayacan
2019).

Topology optimization is the process of changing the distribution of the material
within a given design space to create new boundaries, taking into account the loads and
constraints on the design to improve the design. Compared to size and shape optimization,
topology optimization is used to find an optimal distribution of material without any a
priori assumption about geometry with more design freedom (Verbart 2015). The most
important reason why designers prefer topology optimization is that the optimum
structure can be revealed at the design stage (Albak 2019). A two-dimensional topology

optimization used to improve structural performance is seen in Figure 3.4.

Start design O O

Figure 3.4. Topology optimization
(Source: Abdi 2015)

Topology optimization was introduced firstly by Bendsee and Kikuchi in 1988 with
a homogenization-based method. Within this method, the microstructure is assumed to
consist of an infinite number of porous (solids and voids) unit cells that are small and
periodically repeating on the microscopic scale (Figure 3.5). The porosity within each
element is treated as constant in the FEM and the porosity values are used as design
variables in the optimization problem. The main idea of the homogenization-based
topology optimization method is to change the porosity depending on where the material
is to be removed or kept (Yalamanchili 2012).

The disadvantage of the homogenization-based method is that more design
variables are required per element and this situation causes extra processing for the
modulus of elasticity of all elements. Furthermore, it makes the problem quite

complicated by making the solution hard (Keten 2020). In addition, this method may not
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yield the desired continua in that the final continuum may contain many infinitesimal

pores making manufacturing hard (Kumar 2017).

Peniodic
Microstructure
D[D[D]D -
IBIME Cell
DID[Dp " [T
plpolDfD| v lD‘

Figure 3.5. Representation of a composite material made of periodic microstructure
(Source: Sant’ Anna and Fonseca 2002)

For an alternative to homogenization based method, SIMP (Solid Isotropic Material
with Penalization) algorithm that is also named density-based method for isotropic
materials was proposed by Bondose (1989), Zhou, and Rozvany (1991) and Mlejnek
(1992) due to its conceptual simplicity and numerical easiness (Kumar 2016). The main
idea of the SIMP method is to convert the discrete feasible domain into a continuum
setting which facilitates the use of gradient-based optimization algorithms which are very
efficient and computationally less expensive (Yalamanchili, 2012). Furthermore, differ
from the homogenization-based method, this approach involves only new material data
and it makes the implementation of this approach favorable (Mlejnek 1993; Keten 2020).
In addition, fabrication technology can only be implemented in the condition of the
variable density method (Li and Wang 2012).

In the density-based method, Lagrangian type rectangular cells are employed to
discretize the design space into a large number of finite elements as design variables
(Kumar, 2016). Each finite element, xe is assigned with a relative density vector p
(Pseudo-density), taking value between 0 to 1. Here, p(Xe) = 0 is defined voids element

that represents material to be removed, p(Xe) = 1 defined solid element represent the
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material to be kept in the structure (Liu, et al. 2018). The representation of this procedure

is as shown in Figure 3.6.

/-'p(xe) =0

Load o
0<p(xe) <1 (Xe = each finite element )

Figure 3.6. Illustration of the density-based topology optimization
(Source: Liu, et al. 2018)

The SIMP algorithm enforces the stiffness of the intermediate densities taking
values of relative density ratio closer to either 0 or 1 to obtain better topology patterns
with clear boundaries. In addition, this factor suppresses the occurrence of intermediate
densities presented in different shades of grey in the optimal design. Geometric
representation of a structure as similar to a black-white rendering of an image is shown

in Figure 3.7.

(b)

Figure 3.7. Comparison of optimized result with a penalization factor
(Source: Grinde 2018)
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It can be seen from Figure 3.7.a, the gray area is a density gradient while the black
and white are solid and void, respectively. This gradient is caused by a penalization factor
of one being applied so that the density is not forced to change to become a solid or void.
In Figure 3.7.b, the density gradient has been penalized for forming black and white, solid
and void regions. The solid and void regions can exist because the penalization factor
force the density gradients to become solid or void (Grinde 2018; Thummar 2014).

When the penalization parameter is chosen p > 1, the intermediate densities
transform into solid and void regions in the final continua because of the decrease in
stiffness/volume (relative stiffness) ratio meaning provides little stiffness per volume. So
a greater penalty results in a better result. However, the computational time is also
increasing while a penalization factor equal to one will result in a density gradient.
Without a penalization factor, the resulting beam will have a density gradient while a
penalization factor will create a solid and void region. The relation between the relative
stiffness and the density according to the different penalization factors is shown in Figure
3.8 (Olason and Tidman 2010).
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Density p

Figure 3.8. Relative stiffness as a function of density with different penalization factors
(Source: Olason and Tidman 2010)
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The microstructures of intermediate densities constructing from voids and material

with the penalization factor limit, p = 3 is shown in Figure 3.9.
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Figure 3.9. Microstructures realizing the material properties with p = 3
(Source: Olason and Tidman 2010)

The material properties are assumed to be related to the relative density of the
material. The power-law relation between the relative density pe associated with the

element xe and material properties, E can be expressed as follows:

Eo(xe)) = (p(xe))” Eo (3.4)

where E(p(Xe)) is an optimized and Eo is the real Young modulus of a solid material. p is
the penalization parameter. Here, E = 0 means that no material exists while E = 1, material
exists. Te relative density controls the extent of existing material steered towards 0-1
values by choosing p > 1 (Liu, et al. 2018).

The objective function of any optimization problem can be minimization or

maximization of a certain response while meeting a prescribed set of constraints. The
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weight is often used as an objective function for single material structures. The weight,

W is equivalent to the density scaled volume and calculated by integrating the element

densities p(Xe) over the design domain, Q (Thummar 2014).

W =Ja p(Xe) dQ

(3.5)

Based on the SIMP approach, the topology optimization problem under mass

minimization considering the stress constraint can be wr as:

Find:
p(Xe) =(p1, P2, oy pn) ERY (e =
Minimize:
W(p(xe)) = J,_, Q p(xe) dO
Subjected to:

o (p(Xe)) < Omax

0<pmin<p(Xe) <1

1,2,...n) (3.6)

(3.7)

(3.8)
(3.9)

where n represents the total numbers of finite element, me is the solid element mass for

the element related to design variable Xe, pmin is the lowest density value limit that cannot
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be zero due to causing singularities in the FEA solution, 6(p(xe)) is allowable stress in

the optimization process and omax is the yield strength of material.

Figure 3.10 demonstrates the work scheme of the SIMP algorithm how is
implemented on the computer software. While performing the topology optimization,
firstly, the SIMP algorithm uses a uniform distribution of densities (e.g = 0.5) for all
elements in the mesh and then, the solver starts the optimization loop by using FEA. In
order to evaluate the impact on the objective function with respect to the design variables
in terms of a better solution, sensitivity analysis is used. Here, a low-pass filtering
technique is applied to update the densities. The updated design variables and the
resulting topology is analyzed and optimization is repeated iteratively until desired

convergence is reached (Jensen 2018)

| Initialization |— —————————————— -

,—.I Finite element analysis]

[ Sensitivity analysis l

no [Filtering technique]

IOptimization (update design variables) I—— -

yes

| Final topology I— -------------- -]

Figure 3.10. Work scheme of topology optimization using the SIMP algorithm
(Source: Jensen 2018)
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CHAPTER 4

MATERIAL AND METHOD

Structural optimization is a step in the structural design process that aims to increase
the structural performance of components and mechanical systems systematically
(Sant’Anna and Fonseca 2002). Structural optimization has recently received a wide
range of attention in computer-aided engineering (CAE) designs. One of the reasons for
rapid development is to help to solve the engineering problems modeled with many
complex mathematical equations including reliable analysis capability.

The most widely used solver method in CAE designs is the finite element method
(FEM). The FEM is a numerical process that divides structures with complex geometry
into very small elements, which cannot be solved manually or by other classical methods.
However, in the solutions realized with the FEM, many iterations with a trial-and-error
approach are required to reach the final design. Although this effectively meets the design
requirements, it may not represent the best solution for the final solution. With the
developing computer technology, many analytical solution methods were developed to
achieve more efficient results in a shorter time, compared to the trial-and-error approach.
Structural optimization methods, which have become widely used in engineering studies
in recent years, are one of the methods that provide the best solution in line with this
process. The main purpose of these methods is to find a manufacturable design with the
minimum material and lowest cost providing the best performance. Among the structural
optimization methods, topology optimization is one of the useful techniques that offer
ideas to designers without the need for a pre-thought design. In contrast, shape
optimization enables the structure obtained as a result of topology optimization to be
produced. As a result of the structural optimization methods, structural design can be
achieved faster and less costly without requiring physical production in the virtual
environment (Sudin, et al. 2014)

The structural optimization adapted CAE designs involves several steps. Hereby,
firstly, an initial design space where topology optimization will be performed on an

existing or a newly designed structure is created. Considering the working and boundary
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conditions of the structure, a FE model of the design space is built. And then, desired and
undesired areas where topology optimization to be performed are determined.
Furthermore, optimization parameters such as an objective function and design
constraints of the structure are defined depending on an optimization problem. The most
crucial issue is the definition of the optimization problem affecting optimization results
directly. After these definitions, topology optimization is performed and material
distribution is obtained depending on the optimization objective and design constraints.
Depending on the material distribution obtained from topology optimization, shape
optimization is applied to transform this material distribution into a manufacturable form
with smooth surfaces. Finally, the new design is achieved with the help of the
optimization method and verified with the final FEA. If the obtained results are
acceptable, the obtained design is frozen and physical verification tests are performed.
Otherwise, the state of convergence to the target is examined and the design process is
repeated iteratively until the desired results are obtained (Tyflopoulos, et al. 2018; Munoz
2017).

The optimization steps of the method to be used in this thesis study for structural

design is shown in Figure 4.1:

Optimization Model
Finite Element Model i _ AT Topology Optimization
== II Ny

Initial Design
Space Geometry

Optimized Design
Geometry

Validation Run
Shape Optimization

Figure 4.1. Optimization steps for structural design
(Source: Munoz 2017)
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In the thesis study, it is intended to design the lightest and high-performance
structure instead of the existing shaft bracket with the help of optimization methods that
meet the design requirements. Compared with the existing shaft bracket produced with
the welding method from metal components, the new structure is proposed to be a
monoblock and casting. This casting structure, composed of GGG50 material, must
perform reasonable mechanical strength as least as structural steel. Hereby, the new
design provides a cost advantage by requiring less engineering time and less production
cost. With this purpose, firstly, the three-dimensional design space was created with CAD
software, SolidWorks® 2018, according to the vehicle axle application, and then the
reaction forces acting on the shaft bracket were calculated for FEA with a kinematic
analysis of Z-cam brake. Furthermore, FE model was built depending on the specified
boundary conditions and the topology optimization was performed under determined
objective function and design constraints with the topology optimization module in
ANSYS® 2019 R3 software. With the application of topology optimization, the initial
concept design of the desired structure was obtained, and then shape optimization was
conducted to bring the distribution into a manufacturable form. For shape optimization,
RSM was utilized to obtain the optimal design in ANSYS®. Finally, the FEA of the final
design achieved from the optimization process was repeated under the previously
determined boundary conditions.

In the following part, the steps of the optimization process for this thesis study have

been discussed in detail.

4.1. Define the Initial Design Space and Finite Element Model

4.1.1. Initial Design Space

Before starting the topology optimization process, first, it is necessary to determine
the maximum amount of volume known as the design space, according to the vehicle axle
platform. This design space represents the volume that will be meshed into finite elements
and iterated upon while the optimization process is working (Fornace 2006). In the
optimization process, regions, where loads and design constraints are applied, directly
affect design and manufacturability of structure. Hence, it is necessary to differentiate the

regions. These regions are design region and exclusion (non-design) regions. The
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exclusion (non-design) region where loads and boundary constraints are applied is stated
as the exclusion(non-design) region where material discharge is not desired meaning
these regions can not be removed or modified, while design regions are stated to be
removed during the optimization process (Qadeer 2018). Figure 4.2 illustrates the detailed
view of the vehicle axle application including the required design space for the shaft

bracket to be designed.

/\ Air brake chamber
i ' 2, //( Lever
o \

Vehicle axle

Z-cam drum brake

. Design space

Figure 4.2. The three-dimensional solid model of vehicle axle application
(Source: Ege Fren 2021)

The design space having a volume of 100x100x200 mm? was modeled with the 3D
software, SolidWorks® 2018, in accordance with the vehicle axle application, shown in
Figure 4.3. This design space consists of two different regions, the exclusion (non-design)
region and the design region. For the exclusion region, red-colored surfaces represent the
bolt holes and mounting surface to ensure the assembly of the shaft bracket to the vehicle
axle and the green-colored surfaces represent the bushing mounting region used to
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minimize damage on the shaft by reducing the friction during the operation. Other regions
are defined as design regions where material discharge can be performed.

In the design space, for geometric discontinuity to be obtained design, the design
of fixing hole surfaces must be at least larger twice than the nominal diameter. For that
reason, the outer diameters of the bolt holes in the exclusion regions are determined as 30
mm diameter and for bushing hole 110 mm diameter. Furthermore, the distance between
the center of bolt holes is set to be 35 mm vertically and 55 mm horizontally. In addition,
the mounting surface is determined as an exclusion region, 80 x 100 mm?. Additionally,
to get a more reliable solution in terms of manufacturability, a symmetry plane is added
to the middle of the design space. Determining the symmetry plane provides the
advantage of the shorter computational time by ensuring that the load applied to the part

is distributed equally.

200.0

exclusion
region

- . mounting
surface

Figure 4.3. Created design space for shaft bracket
(Source: Ege Fren 2021)

After determining the design space, the 3D model created via SolidWorks® is saved
in STEP (Standard for the Exchange of Product Data) format, and then imported into the
FEA software, ANSYS® 2019 R3 environment to perform the FEA study.
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4.1.2. Determination of Boundary Conditions

The shaft bracket is one of the important structural components of the brake system.
The shaft bracket not only transfers the chamber force from the brake chamber to the
brake shoes but also supports the bearing of the camshaft during its operation. In case of
braking, thanks to the braking force generated by the air chamber, the lever mounted on
the gear area of the Z-camshaft moves in a circular direction, allowing the shoes to contact
the drum. Since the shaft bracket is subjected to high and repetitive loads under braking,
it must be as rigid as possible and fulfill its design objectives without any problems and
loss of performance during the specified working life. Furthermore, it is extremely
important for the performance of the shaft bracket that it has a feature that can absorb
vibration loads and will not be damaged depending on working conditions.

After creating design space, it is necessary to determine the loads affecting the shaft
bracket by considering the working conditions for FEA. In this sense, the reaction forces
acting on the shaft bracket are calculated with the basic schematic diagram of the Z-cam
drum brake used in kinematic analysis shown in Figure 4.4. Hereby, to calculate all

forces, brake torque (Ty) for the Z-cam drum brake is taken 20 kNm as a reference.
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Figure 4.4. Free body diagram of Z-cam brake
(Source: Ege Fren 2021)
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In the case of braking, it is assumed that this brake torque is shared equally between
the lining and traling shoes of the Z-cam brake. Forces carried out in case of braking due
to friction depending on drum direction are stated as Fr1, Fr2 in tangentinal direction
center of the lining, Fn1, Fnz, in normal direciton of the linings; forces Fa1, Fa2 in forces
abutment-ends, and Fp1, Fp2 in pistons. The friction coefficient is assumed as x = 0.37
between the Z-cam drum brake and linings in the calculation (Giileryliz and Yilmaz
2019).

According to Newton second law for force balance equation in counterclockwise

direction can be written for leading and trailing shoes as:

Fnix — Fpix —Faix =0 (4.1)
Faiy — Friy — Fpiy =0 (4.2)
Fpax — Fazx —Fnex =0 (4.3)
Fazy — Fray — Fp2y =0 (4.9)

Here, applying moments about Q1 and Q> for leading and trailing shoes, one can reexpress
equations (Eq. 4.1 - 4.4) in the following form:

FniX N —FriXrmi—FpaXre1 =0 (4.5)
Fpo X Ip2 —Fra X2 —Fn2 X N2 =0 (4.6)
where
Fri2= To / (rdrum) (4.7)
Fni2=Fri2/p (4.8)

Therefore, the reaction forces acting on Z-cam brake are determined and shown in Table
4.1:
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Table 4.1. Calculated reaction forces of Z-cam brake
(Source: Giileryiiz and Yilmaz 2019)

Shaft bearing force-leading side, Fp1 48864 N
Shaft bearing force-trailing side, Fp2 87344 N
Abutment-end force-leading, Fa: 117910 N
Abutment-end force-trailing, Faz 35175 N

For the reference brake torque, the required braking force (Fchamber) must be
generated by the air brake chamber under a certain pressure depending on the type
(diameter) of the brake chamber. The torque value on the camshaft (Min) is determined
by multiplying by effective cam radius (rer) on the camshaft with the sum of the piston
forces (Fp1, Fr2). Then, the required braking force is obtained as in terms of torque value,

lever length (riever), and air brake chamber efficiency (7) as

Min = ( Fp1 + Fp2) X ret. 4.9
Fchamber = Min / ( Never X /M) (4.10)

where the Z-cam system parameters are tabulated in Table 4.2.

Table 4.2. Z-cam brake system parameters

Air chamber force, Fchamber 15000 N
Shaft moment, Min 1.78 KNm
Lever length, riever 0.125m
Effective cam radius, ref. 0.013m
Air brake chamber efficiency, # 95%
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4.1.3. Finite Element Model

The finite element method (FEM) is a numerical approach for solving problems that
are mathematically represented by partial differential equations formulated as minimizing
a functional (Abdi 2015). This method is widely used in structural mechanics, as it
originated as a method of stress analysis in solid structures.

The process begins with the creation of a geometric model. Then, the analysis type
should be determined according to the loads to be subjected to the model, time, material
type of the model, and desired results. The geometry model subdivides into connected
small pieces called meshes. Here, the mesh type must be selected according to the
dimensions of the geometry and the type of analysis. Then, the boundary conditions of
the finite element model whose element type is determined must be defined. For this
purpose, the boundary conditions to be applied to the finite element model should be
simulated appropriately regarding the load and boundary conditions in working
conditions. Because the accuracy of the results to be obtained directly depends on these
conditions (Dogan 2015).

After determining the boundary conditions, the first step is to import the CAD
model of the shaft bracket illustrated in Figure 4.3 into the working environment of the
ANSYS® Workbench 2019 R3. In the ANSYS® environment, a static structural study is
run by dragging from the Analysis Systems column and linked with the imported
geometry to the geometry tab of the static structural study and opened the model tab. This

linkage in ANSYS® environment is shown in Figure 4.5.
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Figure 4.5. ANSYS® Workbench environment
(Source: ANSYS Inc.)

Before initiating the FEA, defining the material properties used in FEA software is
a an essential process in terms of the accuracy of the results. After importing the CAD in
the software, the material of the shaft bracket is defined from the Engineering Data tab.
Because the required material is not directly available in the ANSYS® engineering data
source, GGG50 (EN-GJS-500) spheroidal cast iron material is assigned. The material

properties of the GGG50 with stress-strain curve is shown in Figure 4.6.
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600 Density 7.3 kg/m3
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Figure 4.6. Material properties of GGG50 with stress—strain curve
(Source: Giileryiiz and Yilmaz 2019)
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After material identification, the CAD geometry needs to be discretized into several
solid elements called mesh for performing the FEA. The meshes are connected to each
other at their vertices, which are called a node. The meshing process of the model that
will be analyzed using the FEM is a good way to give realistic results. Therefore, meshing
quality affects the correct convergence of the result in the analysis process depending on
the selected mesh type, mesh size, and the number of the mesh elements and the geometry.
The smaller mesh size causes the model to be divided into smaller pieces, increasing both
the number of elements used and the accuracy of the analysis results. However, this
situation needs a longer computational time. Therefore, despite the lack of an ideal mesh
method, the most appropriate method should be chosen for the study by balancing the
quality of the mesh with computational time (ipek 2011).

While performing the FEA, different types of meshes are used. Tetrahedral
elements are shown in Figure 4.7 which is one of the mesh types that provide many
advantages. An arbitrary volume for complicated geometry can always be filled quickly
and it can also be easily combined with curvature and proximity size functions to refine

the mesh in critical regions.

Figure 4.7. Tetrahedral mesh element with 10 nodes
(Source: Ozgelik 2011)

Tetrahedron elements that have 4 surfaces and 3 degrees of freedom are composed
of triangles. Under normal conditions, solutions can be made with tetra4 elements

containing 4 nodes, but these elements cause errors in elongation and stress results.
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Instead, tetralO elements are created by adding nodes to quadratic points. As a result,
tetral0 elements have greater degrees of freedom (Ozgelik 2011).

A mesh discretization and refinement strategy have been generated in the ANSYS®
Workbench environment. The finite element mesh is constructed out of second-order
tetrahedral elements using a target element size of 3 mm, applied to all shaft bracket
surfaces with performing mesh refinement as shown in Fig. 4.8. The model consists of
317193 nodes and 204494 elements.

Figure 4.8. FE model of design space with tetrahedral mesh elements

Average element quality and skewness are among the factors to be taken into
account in FEA. These values should be checked in terms of the accuracy of the result to
be obtained after meshing. The average element quality above 80% is sufficient for the
accuracy of the finite element analysis result. Another issue is the skewness value. The
skewness value takes a value between 0 and 1, and as this value approaches 0, the quality
of the mesh structure increases. If these values cannot be obtained, improvements should
be made in the meshing process (Ansys 2013). In this study, the average element quality
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is 81% and the skewness is 0.14 according to the used mesh metric. These values are
sufficient for accurate results and resolution time.

The existing shaft bracket is mounted to the torque plate by fixation bolts. However,
the new design shaft bracket for application is mounted on the vehicle axle directly, as
shown in Figure 4.2, instead of the torque plate. Considering this situation, the created
suitable design space for the vehicle axle application is fixed by applying for fix support
from the bolt hole surfaces. The calculated air chamber force (Fchamber) in Table 4.2 is
applied on the inner surface of the bushing mounting region as a bearing load in a
perpendicular direction depending on the assembly position of the air brake chamber on

the vehicle axle. The boundary conditions of FEA is shown in Figure 4.9

. Bearing Load: 15000 N
. Fixed Support

Bearing load

—~ Fixed support

Figure 4.9. Applied boundary condition on design space for FEA

4.2.  Topology Optimization Process

An engineering design problem has more than one acceptable design solution and
the purpose of topology optimization is to choose the best among the different acceptable
solutions. For topology optimization to give an accurate result, the design variable, design
constraints, and purpose of optimization must be correctly defined (Yildiz, et al. 2004).
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Topology optimization adapted to the CAD is an iterative procedure. The main purpose
of this method is to achieve an optimal material distribution that exhibits the best
structural performance within the available volume of the structure, depending on
boundary conditions and design constraints.

In the thesis study, the topology optimization was conducted using ANSYS® 2019
R3 software that includes a direct topological optimization module that greatly simplifies
the steps required to analyze an improved user interface that offers effective user-machine
communication. ANSYS® performs material distribution by using the SIMP material
distribution method, to allow material discharge where stress is reduced or deleted, while
preserving the material structure where stress is high.

To perform the topology optimization, a topology optimization module is dragged
from the Analysis Systems column and then linked to the solution of static analysis. As a
result, engineering data, geometry and model tabs are directly joined at the same time.

The topology optimization setup in ANSYS® environment is shown in Figure 4.10.

| A | E ~| c
1 il == Static Structural 1 |z Topology Optimization
ﬂ Geometry ‘\2 @ Engineering Data  +" ,—M@ 2 @ Engineering Data v
Geometry 3 Geometry v s Geometry v 4
4 @ Model v 84 6B Model v .
5 @ Setup v ‘—/—CE @' Setup v
& Solution v 4 6 Solution v
7 |@) Resuls v 4 7 |@ Results v

Static Structural Topology Optimization

Figure 4.10. Topology optimization setup of the shaft bracket in ANSYS® environment
(Source: ANSYS Inc.)

The topology optimization procedure consists of the following main steps:

Step 1: define analysis settings

Step 2: determine optimization regions
Step 3: determine objective

Step 4: determine response constraint

Step 5: determine manufacturing constraints
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For step 1, define analysis settings. Defining the optimization parameters according
to the design target is vital in terms of the accuracy of the solution. Firstly, a maximum
number of iterations is set. By default, the maximum number of iterations is defined as
500 in ANSYS®, but it can be changed to another desired number optionally. This
number states the maximum number of iterations that the solver will iterate until it
converges.

For numerical reasons, the density of an element can not exactly be zero. Therefore,
the minimum normalized density has to be specified and it can be of any value between
0 and 1. By default, it is set to 0.001. The convergence accuracy can be increased or
decreased according to the desired precision. The default value is used as 0.1%, however,
a higher value can be applied to studies that require improved accuracy. For that reason,
the convergence accuracy is recommended as 0.05% for the objective mass minimization.

Sequential Convex Programming (SCP) is chosen as a solver type. Penalty factor
has to be specified in order to steer the solution to a 0-1 optimized geometry. The penalty
factor is recommended to be set to 3. This prevents the structural stiffness matrix from
scaling linearly with the pseudo density (Jensen 2018).

Analysis settings used in ANSYS® for topology optimization are shown in Figure
4.11.

Definiton

Maximum Number Of Iterations 500,
Minimum Normalized Density 1.e-003
Convergence Accuracy 5,e-002%
Penalty Factor (Stiffness) 3,

Region of Manufacturing Constraint | Include Exclusions

Region of Min Member Size Exclude Exclusions

Region of AM Overhang Constraint | Exclude Exclusions

Solver Controls

Solver Type Sequential Convex Programming
Output Controls
Store Results At All Iterations

Figure 4.11. Analysis settings of topology optimization
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For step 2, determine optimization regions. In order to perform the topology
optimization accurately, determining regions to be optimized or not is important.
ANSYS® sets the entire model as a design region by default. However, It is necessary to
differentiate the regions to be optimized because the regions on which we will apply load
and constraints cannot be optimized and will not be changed by the software.

For determining these optimization regions in ANSYS® environment, firstly, all
bodies are selected as geometry located under the design region column. Hereby, the
design region are represented with blue-colored. Then, to differantiate the all specified
surfaces of exclusion region in Figure 4.3 mening not be optimized are selected under the
exclusion region column and represented with red-colored. Finally, the optimization type
is selected as density-based. The definition of regions used in ANSYS® environment is

shown in Figure 4.12.

. Design Region: Topology
. Exclusion Region

Design Region

Scoping Method Geometry Selection

Geometry All bodies

Exclusion Region

Define By Geometry Selection

Geometry 32 Faces

Optimization Option

Optimization Type | Topology Optimization — Density Based

Figure 4.12. Optimization regions of the shaft bracket geometry
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For step 3, determine the objective. The objective function of any optimization
problem can be defined as minimization or maximization of a certain response within
given design constraints (Sudin, et al. 2014). Here, the structural topology optimization
problem is generally stated as compliance minimization with respect to the volume or
weight fraction. Although this method provides satisfying results, there are several
disadvantages of using compliance as the criteria of design structures. Because the
amount of material to be removed with compliance minimization is obtained
independently from the stress constraint and this situation does not show the same
performance with the lowest maximum stress. Due to the stress is a parameter affecting
the structure properties, stress cannot be evaluated in detail in the obtained design using
compliance minimization. In addition, in practical application, the compliance
minimization requires predefined constraint such as volume fraction (Yalamanchili 2012)

ANSYS® has three different objectives for minimization or maximization of
problems such as compliance, mass, or volume. For this study, the objective function is
defined as the minimization of the mass. Here, under the objective function, the mass is
reduced by removing the material from the part geometry iteratively to achieve the
maximum rigidity with the minimum amount of material.

For step 4, determine the response constraint. ANSYS® has a set of constraints that
the solver has to take into account when optimizing the geometry. Its response constraint
can control the desired response during an optimization. Under response constraint, stress
is selected depending on the optimization objective and the allowable equivalent stress
limit is defined as 350 MPa with respect to the yield point of GGG50 material. This value
is arbitrarily set, and it is limited by the maximum amount of material that can be removed

while complying with the boundary conditions set.
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The definition of response constraint in the ANSYS® environment used for

topology optimization is shown in Figure 4.13.

Scope

Scoping Method Optimization Region
Optimization Region Selection | Optimization Region
Definiton

Type Response Constraint
Response Global von-Mises Stress
Maximum 350, MPa

Environment Selection All Static Structural
Suppressed No

Figure 4.13. Response constraint of topology optimization

For step 5, determine manufacturing constraints. Pull-out direction and other
manufacturability considerations for the casting process are vital. For that reason, in terms
of manufacturability considerations, the minimum member size allowed on the geometry
is determined as 7 mm and this value is represented as the minimum thickness value
desired on the part after optimization. In addition, the symmetry constraint is set and the
axis that is desired to take place is defined in the program as the x-axis with respect to the
pull out direction in order to make the material unloading operation equally. Applying the
symmetry plane reduces by equally distributing the load acting on the bracket. It also gets
faster results allowing a more robust structure by giving a greater resistance and stability
to the optimized piece (Qadeer 2018). The definition of the manufacturing constraints for

the shaft bracket geometry is shown in Figure 4.14.



Scope

Scoping Method Optimization Region

Optimization Region Selection | Optimization Region

Definiton

Type Manufacturing Constraint

Subtype Member Size

Suppressed No

Member Size

Minimum Manual

Min size 7.mm

Maximum Program Controlled Y

Figure 4.14. Manufacturing constraints of the shaft bracket geometry

All defined parameters used for topology optimization procedure in ANSYS®

environment is summarized in Table 4.3.

Table 4.3. Parameters of topology optimization problem

Obijective Mass minimization

Response Constraint Stress (< 350 MPa)

) ) Symmetry (x-plane)
Manufacturing Constraints o '
Minimum member size (> 7 mm)

4.3. Material Removal Process

According to the results of topology optimization, the surfaces of the structure are
rough and it is needed to have smoothed features in terms of manufacturable form based

on material distribution. Here, Space Claim integrated into ANSYS® is a CAD software
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is being capable of modeling solutions. The main purpose is to read STL file exported
from topology optimization and redefine the geometry before design validation (Jensen,
2018). After topology optimization, the optimization result was exported as an STL file
into the Space Claim environment and the initial producible geometry in Figure 4.15 was
created by considering the manufacturing constraints such as parting line, draft angle and
fillet of radius for the shaft bracket. After the model is redesigned with smoothing
features, it is used for shape optimization to meet the design requirements effectively

compared to the initial model.

@

Figure 4.15. Created initial concept design after topology optimization

4.4.  Shape Optimization Process

Itis not possible directly to use the material distribution generated after the topology
optimization and the material distribution result of the structure must be turned into a
realistically manufacturable way by keeping constant the topology. The design to be
obtained should have the lowest mass versus the lowest amount of strain and stress. In
line with this purpose, shape optimization ensures that the dimensions of the structure are
optimized under the specified target (Dogan 2015). Hereby, different design parameters
such as thickness, width, fillet radius, length of the part are defined parametrically and
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examined to use the structural domain more effectively by changing the number and the
configuration of the structure until design requirements are met.

There is a relation between design parameters of structure and system responses
such as mass, stress, and deformation under defined conditions. In the structural design,
in order to provide a condition in which the best result can be obtained examining the
effects of design parameters on system responses, experimental studies such as Response
Surface Method (RSM), Design of Experiments (DOE) are preferred.

DOE is a systematic method that helps to explore, understand, and optimize
changing the range of values of the design parameters in the same set of experiments.
DOE is a powerful data collection and analysis tool to get perfect experimental results
maximizing the amount of information gained from a limited number of samples while
minimizing the amount of data to be chosen in the design space. The objective of DOE is
the selection of the design points where the response should be evaluated (Menon, 2005)

RSM is a statistical method including mathematical approximation that was first
developed by Box and Wilson in 1951. The RSM is considered shape optimization and
used to demonstrate responses having a potential effect on design parameters by creating
a response surface function in accordance with the specific rules of sampling parameters
(Menon, 2005). RSM associated with DOE is used to define the effect of the input-output
based on a set of data samples generated with a mathematical function.

In structural design optimization with RSM, it is necessary to estimate the
mathematical form of the function between the response and the design parameters. For
that reason, generally, the second-order polynomial regression model is preferred to
obtain better results. The unknown coefficients in the model are approximated using the
method of least squares (Menon, 2005).

In RSM methodology, the quantitative form of relationship between the response
function and two independent design parameters can be defined as follows (Menon,
2005):

Y=o+ Zleﬁjxj + Zf:lﬁjjsz + 35 Bijxixj + € (4.11)

The response vector, Y is a function of the design parameters that is also called

independent design variables x;, k is number of design varible, €, the experimental error
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and Po, Bj, Bij, regression coefficients respectively (Menon, 2005).

DesignXplorer™ module integrated into ANSYS® is one of the most advanced
optimization tools for conducting experimental studies in computer simulations and is
widely used o generate automatic sample points in the optimization process in the
engineering industry as well as in a variety of research fields. DesignXplorer™
effectively identifies the relationship between the design variables and the desired
performance of a model (Munoz 2017).

The basic shape optimization setup using the DesignXplorer™ module in ANSYS®
is shown in Figure 4.16. The desired method to be used for the optimization is selected

from the design exploration toolbox by dragging and linking with the parameter set.

Analysis Systems
Component Systems

Custom Systems e - > r— °

5 Design Boploraion E :
3D ROM 2 m Geometry ‘\.2 & EngneeringData v
@) Direct Optimization >3 |5l Parameters 3 | [ Geometry v 4
[g:ﬂ Parameters Correlation Geometry 4 @ Model v 4
m Response Surface 5 @' Setup v 4
[(¥] R.esFonsesurFac.eODtimizanon 5 Solution v
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= 7 @ Results v 4
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Static Structural
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1

2 |E Design of Experiments  +"
3 | [ response surface v .

Response Surface

Figure 4.16. Optimization setup with DesignXplorer™ module in ANSYS®
(Source: ANSYS Inc.)

The shape optimization procedure consists of following main steps:

Step 1:
Step 2:
Step 3:
Step 4:
Step 5:
Step 6:

definition of factors and responses
selection of design exploration method
selection of DOE method

creation of a response surface
sensivity analysis of the results

design optimization
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For step 1, define of factors and responses. In order to conduct shape optimization
for a given model, firstly, design parameters which will be optimized called input and
responses called output are defined. In an engineering design process, it is very important
to know what input parameters, and how many of these, are factors that influence in some
way output parameters, and then decide which input parameters should be considered
(Salem 2017).

2 O
O
& O
i
P2

Figure 4.17. Design parameters to be optimized
(Source: Ege Fren 2021)

The created design via Space Claim shown in Figure 4.17 was chosen as an
empirical model for the shape optimization process. Here, for the shape optimization
process of the shaft bracket, the half model was considered to realize the solution process
quickly and make the parametric definitions conveniently in FEA. This was preferred
because the shaft bracket had axially symmetric geometry.

For shape optimization of the new design shaft bracket, three different critical
design parameters affecting the weight, stress and deformation of structure have been
investigated. These are support thickness (P1), support length (P2) and radius of fillet
(P3), shown in Figure 4.17. In accordance with the upper and lower limits of these
variables, design points were specified by parametrizing. Here, P1 is varied between 7-9
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mm, P2, 22-26 mm and P3, 8-12 mm with the help of DOE. Then, weight, equivalent
stress and total deformation are investigated as the desired responses.

For step 2, select the design exploration method. In this study, in order to perform
shape optimization, RSM is applied. Response Surface tab located in Design Exploration
Toolbox is linked with the parametric study defined in step 1 by dragging into the
ANSYS® environment as shown Figure 4.18. This will allow to perform DOE to create

a predictive model, called a response surface.

- - I 1 ¥
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| [omoetie — | 2|2 Design of Experiments al
@ R.esp.nnse Surfac.e Optimization 2 !lﬂ Resmonee Surface > ‘!
lih| SixSigmaAnalysis 1 |
ACT | Response Surface

Figure 4.18. Response surface tab in ANSYS® Workbench environment
(Source: ANSYS Inc.)

For step 3, select an appropriate DOE method for the problem. ANSY S® proposes
various DOE methods to fit response surface such as, Central Composite Design (CCD),
Box Behnken Design (BBD), Optimal Space Filling Design (OSFD) (it is also called D-
optimal Design), Full Factorial Design (FFD), Latin Hypercube Sampling Design
(LHSD) (Ren and Vipradas 2021). In this study, Optimal Space Filling Design (OSFD)
was selected. D-optimal experimental design is response surface based methodology,
used for conducting the design of experiments, the analysis of variance, and the empirical
modelling, and this method has some advantages compared to other response surface
methods (Kuram, et al. 2013). This procedure generates D-optimal designs for multi-
factor experiments with both quantitative and qualitative factors. A selection method
creates the finest design based on a chosen factor and a specified amount of test runs. This
approach is especially helpful if classical design methods are not being used (Erten, et al.
2020). The main advantage of these methods is that the number of samples is independent

from the number of parameters.
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According to the experimental design with the help of ANSYS®, 15 design points
were determined by the OSFD (D-optimal) depending on identified input design
parameters and shown in Table 4.5.

Table 4.4. Result of Optimal Space Filling Design (OSFD)

Thickness, P1 (mm) Length, P2 (mm) Fillet, P3 (mm)
1 7.733 25.333 11.067
2 7.200 23.467 11.333
3 8.533 22.400 10.533
4 8.400 25.067 8.400
5 8.133 22.133 8.667
6 7.733 25.867 9.467
7 7.067 24.533 9.200
8 8.667 25.600 10.267
9 7.867 24.267 9.733
10 8.933 24.000 10.800
11 8.000 22.933 11.867
12 7.467 22.667 10.000
13 7.600 23.733 8.133
14 8.267 24.800 11.600
15 8.800 23.200 8.933




For step 4, create the response surface. The DOE results were used to create a
response surface for prediction purposes. ANSYS® provides different response surface
methods for the regression analysis: Standard Response Surface (It is also called 2" order
polynomial), Kriging, Non-parametric Regression, Neural Network, Sparse Grid. For this
study, the Standard Response Surface method was used. It requires the least amount of
computation in both fitting and prediction. This method uses a polynomial model to fit
the data points by using the least square methodology. The points generated on the
response surface are then used to perform the optimization (Ren and Vipradas 2021).

For step 5, the sensitivity analysis is carried out in order to illustrate the relationship
between inputs and outputs. This suggests that whether there is a strong correlation
between all the selected inputs and the specified outputs. Moreover, major effects on the
output parameters can be determined.

For step 6, the created prediction models can be used for shape optimization.
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. Optimization

The main idea behind the topology optimization is to distribute the densities of each
element in the design space between 0 and 1. These values represent the void and solid
material density of each element. This gives an idea to designer about the structure. Low-
density value represents a void that must be removed from the structure and high-density
value indicates solid material that must be kept in the structure (Fornace 2006). After
performing topology optimization, the optimal material distribution satisfying design
limits and objectives can be obtained.

The material density distribution of the shaft bracket is shown in Figure 5.1 after

135 design iterations using ANSYS® 2019 R3 the topology optimization module.

B Remove (0.0 to 0.4)
[] Marginal (0.4 to 0.6)
B Keep (0.6 to 1.0)

Figure 5.1. Material density distribution of topology optimization for shaft bracket
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In order to visualize the density values of topology optimization results in the
graphics view, the default retained threshold value is taken as 0.5. Besides, depending on
density values of topology optimization ranged from 0 to 1.0, the red-colored region
named remove indicates a retained threshold value of 0 to 0.4, the yellow-colored region
named marginal indicates a value of 0.4 to 0.6, and the gray-colored region named keep

indicates a value greater than 0.6.

B Remove (0.0 to 0.4)
[ Marginal (0.4 to 0.6)
. Keep (0.6 to 1.0)

Figure 5.2. Topology optimization result for shaft bracket under 0.5 threshold

According to the topology optimization result, it can be clearly observed from the
figures that the materials have only been removed from the assigned design region
whereas the exclusion regions as in non-design space remain unchanged.

The created design by Space Claim illustrated in Figure 5.3 was chosen as an
empiric model for the shape optimization process. Depending on the new model, three
different critical design parameters, support thickness (P1), support length (P2), and
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radius of fillet (P3), affecting the weight, stress and deformation, have been investigated

as shown in Figure 5.3.

2 O
o
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—
P2

Figure 5.3. Design parameters for the shape optimization process

In accordance with the upper and lower limits of these variables (Table 5.1), the

design points were specified.

Table 5.1. Upper and lower limits of design variables

Design Parameters

Lower Limit (mm)

Upper Limit (mm)

Support thickness, P1 7 9
Support length, P2 22 26
Radius of fillet, P3 8 12




As a result of the DOE-based optimization, the DesignXplorer™ module is

suggested the fifteen design points which consist of the combination of numerous values

of parameters. The results of all the implemented simulations were summarized in the

Table 5.2. The output responses given in Table are investigated with the help of FEA.

Table 5.2. DOE-OSFD results for shape optimization

Input Desing Variables Output Responses

Design Sl_Jpport Support Raqlius Equivalent Total _ To_tal
Points Thickness, | Length, | of Fillet, Stress Deformation | Weight

P1(mm) | P2 (mm) | P3 (mm) (MPa) (mm) (kg)

1 7.733 25.333 11.067 266.28 0.67 1.75

2 7.200 23.467 11.333 275.65 0.69 1.72

3 8.533 22.400 10.533 234.70 0.62 1.88

4 8.400 25.067 8.400 232.63 0.61 1.88

5 8.133 22.133 8.667 247.21 0.65 1.83

6 7.733 25.867 9.467 250.89 0.65 1.82

7 7.067 24.533 9.200 277.85 0.70 1.72

8 8.667 25.600 10.267 229.93 0.60 1.92

9 7.867 24.267 9.733 250.70 0.65 1.81

10 8.933 24.000 10.800 225.25 0.59 1.94

11 8.000 22.933 11.867 249.72 0.65 1.82

12 7.467 22.667 10.000 267.19 0.68 1.76

13 7.600 23.733 8.133 260.25 0.67 1.78

14 8.267 24.800 11.600 237.17 0.62 1.86

15 8.800 23.200 8.933 226.52 0.60 1.92
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Sensitivity analysis of DOE results is evaluated by plotting Goodness of fit for all

the three outputs: weight, equivalent stress, and total deformation (Figure 5.4). It can be

seen from the figure that there is no significant deviation in all outputs. This indicates that

the DOE results can be acceptable for shape optimization.

Predicted from response surface

|
[ | Equivallent stress i

M Total Deformation =

W Weight -

Observed from design points

Figure 5.4. Goodness of fit for design points on predicted response surface

Output responses based on second order polynomial are presented in three different

graphs as functions of equivalent stress, total deformation and weight of geometry shown

in Figures 5.5, 5.6 and 5.7, respectively.
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Figure 5.5. Output response surface for equivalent stress
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As shown in Figure 5.5, the equivalent stress responses are constructed in defined
structural limits given in Table 5.1. According to the result, the equivalent stress value on
the geometry decreases considerably when the support thickness increases from 7 mm to
9 mm. However, an increase of support length does not affect the equivalent stress so
much as support thickness.

Figure 5.6 shows total deformation responses. According to the result, total
deformation value decreases when the support thickness increases from 7 mm to 9 mm.
Additionally, an increase in support length has a significant effect on the total
deformation, unlike equivalent stress response.
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Figure 5.6. Output response surface for total deformation
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The weight of geometry responses is shown in Figure 5.7. It shows that the increase
of the support thickness causes an increase in weight due to the increase in the amount of
material. In addition, the increase of support length does not affect the weight of

geometry.
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Figure 5.7. Response surface charts for the weight of geometry

Moreover, the response surface results of input parameters were also summarized
in Figure 5.8 in order to observe how the geometric parameters affect. As observed from
the sensitivity analysis, it can be easily seen that the support length among the input
parameters has the highest effect on the output responses. However, there is no effect on
the output responses for the radius of the fillet.
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There is a minimal effect on the support length in the all output responses and changes

depending on the output paramateres.

Equivalent Stress Total Deformation

Local Sensivity (%)

Input parameters

Weight

B Support thickness, P1
m Support lkength, P2
W Radius of fillet, P3

Figure 5.8. Effects of input parameters on sensitivity analysis

As a result of shape optimization with DOE shown in Table 5.2, the tenth design

point among the combinations of design variables has been selected to obtain optimal

design. Because, NVH (Noise, Vibration, and Harshness) problem in brake system design

is one of the major issues to be considered, and one of the reasons for this problem is the

inability to provide sufficient stiffness. For that reason, in order to eliminate the NVH

problem, total deformation should keep as minimum as possible by satisfying the

lightweight structure.

Table 5.3. Determined optimum dimensions of final design

Support thickness, P1 8.9 mm
Support length, P2 24.0 mm
Radius of fillet, P3 10.8 mm
Total weight 1.94 kg
Maximum equivalent stress 225 MPa
Maximum total deformation 0.59 mm
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Consequently, support thickness (P1) is defined as 8.9 mm, support length (P2), 24
and radius of fillet (P3), 10.8. In addition, the maximum equivalent stress and the
maximum total deformation on the structure are obtained as 225 MPa and 0.59 mm,
respectively and the total weight is calculated as 1.95 kg.

The final design as a result of the shape optimization study is obtained as shown
in Figure 5.9. Table 5.4. presents the weight comparison of the existing and optimized
shaft bracket.

Figure 5.9. Optimized final design

Table 5.4. Weight comparison of existing and optimized shaft bracket

Existing shaft bracket 7 kg
Optimized final design 1.95 kg
Change 72%
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5.2. Finite Element Analysis of Final Design

Reliability of structural integrity of the shaft bracket with optimum dimensions
obtained from shape optimization according to the OSFD, new CAD model must be
verified by using FEA. Here, in ANSYS® 2019 R3 environment, the boundary conditions
and mesh parameters were used the same as in Section 3.2. Furthermore, in addition to
FEM indicated in Section 4.1.3, bolts and vehicle axle part were included in the analysis
taking into account the real working conditions of the shaft bracket in simplied manner.

The illustration of the finite element model is shown in Figure 5.10.

Figure 5.10. Finite element model of the final design

FEA is conducted according to the 15 kN air chamber force under static structural
loading conditions. Boundary conditions, reaction force, and bolt pretensions are
modeled. The material properties were multi-linear for GGG50 used in the bracket, bi-
linear 10.9 steel used in bolts, and linear steel used for dummy mounting part. Chamber
force 15 kN is applied on the inner surface of the bushing mounting region. Contact
definition is defined automatically in ANSYS®. However, since these contact definitions
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are made according to default settings, they cannot accurately simulate the analysis to be
performed. Therefore, default contacts need to be redefined. Here, a part with a simplified
design is used to simulate the vehicle axle and it has four holes to mount the shaft bracket
to the vehicle axle. This simplified axle part is fixed on all surfaces to exhibit rigid
behavior. Since there is a relative sliding motion between the shaft bracket mounting
surface and the simplified vehicle axle part, frictional contact is defined as 0.3. The bolts
are fixed to the mounting holes on the simplified vehicle axle part by applying bonded
contact and frictional contact is defined between the surfaces of the heads of the bolts and
the contact surface of the shaft bracket as 0.2. In addition, bolt pretension is applied to
examine the stress created by bolt preload on the part.

The bolts to be used for assembly to the vehicle axle are determined in accordance
with ISO 15071 standard and bolt pretensions are applied regarding the DIN 13 standard.

The mechanical properties of the bolt are given in Table 5.5.

Table 5.5. Mechanical properties of bolt

Nominal size 14 mm
Quality 10.9
Bolt pretension 79846 N
Tightening torque 154 Nm
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Boundary conditions for the final design to be used in FEA is shown in Figure 5.10.

. Bolt Pretension: 79846 N
Bl 8olt Pretension 2: 79846 N
8 Bolt Pretension 3: 79846 N
B solt Pretension 4: 79846 N
. Bearing Load: 15000 N

B Fixed Support

Figure 5.11. Boundary conditions of the final design

FEA results of the final shaft bracket design obtained after the shape optimization
were presented in Figures 5.12-13. According to the performed FEA results, the design
requirements of the shaft bracket were satisfied for the defined boundary condition.

As seen in Figure 5.12, as a result of the FEA for the final design, the maximum
equivalent stress value on the shaft bracket is 225.43 MPa. Therefore, it can be seen that
the maximum stress occurred is in the bushing mounting surface of the shaft bracket and
since this value is considerably lower than the yield strength value of the material, it can

be concluded that the shaft bracket is statically safe under these loading conditions.
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Figure 5.12. Equivalent stress distribution of the final design

As seen in Figure 5.13, the maximum total deformation value on the shaft bracket
is 0.59 mm. This value is considered acceptable because it will not negatively affect brake
operation and will not cause interference between brake components. However, this value
should be investigated experimentally in terms of NVH problems that may occur on the

vehicle.

0,59499 Max

0,00018397 Min

Figure 5.13. Total deformation of the final design
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CHAPTER 6

EXPERIMENTAL VALIDATION

The shaft bracket is one of the essential components of the brake system. In case of
emergency braking, components of the brake system must have high mechanical strength
subjected to a large load. In this sense, a new shaft bracket design instead of the existing
shaft bracket was obtained with the help of the optimization method and verified with
FEA. However, in order to verify the reliability, maintainability and performance of the
optimization methods, an experimental validation test is performed simulating the same
working condition. Here, the prototype of the shaft bracket was manufactured from
GGG50 material with the traditional casting method according to the optimal dimensions
shown in Table 5.3, as a result of the optimization. The prototype of the shaft bracket is

shown in Figure 6.1.

Figure 6.1. Casted and machined prototype of shaft bracket
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After the casting and machining process, an experimental validation test was set up
to perform the durability of the structure and verify the result obtained from FEA. The
experimental test consisted of some components such as vehicle axle, Z-cam brake, air
brake chamber, shaft bracket, brake drum, datalogger. In this sense, firstly, the shaft
bracket was mounted on the vehicle axle with fixation bolts. And then, other related
components such as air brake chamber, bushing, etc. were assembled to the test rig.
Furthermore, the datalogger system was connected to capture related data such as stress,

and air pressure. The experimental test rig is shown in Figure 6.2.

Air brake chamber

Datalogger Vehicle axle

Brake drum

Shaft bracket

Figure 6.2. The experimental validation test rig

After completing the assembly process, a strain gauge was mounted on a suitable

surface of the shaft bracket in order to measure the stress more accurately. For that reason,
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the strain gauge was placed near the fixation hole shown in Figure 6.2 according to the

stress result in section 5.2.

Figure 6.3. Strain gauge application for shaft bracket

The measurement was conducted for a minimum of 10 braking applications. Here,
the signal obtained from strain gauge was processed by the datalogger and plotted
together with stress based on the orange line and pressure based on the blue line. As a
result of the measurement, the average stress was measured approximately 165 MPa and
this result compared with the equivalent stress distribution of the final model FEA in

section 5.2. The stress measurement resulting from the test is shown in Figure 6.4 and the
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detailed FEA result is shown in Figure 6.5. Thus, it can be said that the experimental test

provides a considerable correlation compared with FEA.
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Figure 6.4. Test result of strain gauge application
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Figure 6.5. Equivalent stress distribution at strain gauge location
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After stress measurement is done successfully, a fatigue test is performed for the
manufactured prototype of the shaft bracket. Fatigue is the weakening of a material
caused by repeatedly applied loads. Estimating the failure time distribution or long-term
performance of components of high-reliability products is particularly difficult. Most
structures are designed to operate without failure within targeted life. However, fatigue
occurs when a material is subjected to cyclic loading. If the loads are above a certain
threshold, microscopic cracks will form at the stress concentrators. Eventually, these
cracks will reach critical size suddenly and the structure will fracture.

In the fatigue test, 15 kN air brake chamber force is applied as brake force to
generate the specified brake torque around 8 bar pressure and this test is performed for
100000 braking applications.

10

Air brake force (N)

0 1 2 3 4 5 6 7 8 9

Braking application

Figure 6.6. Fatigue test result

As a result of the experimental validation test, it was determined that the shaft
bracket preserved its functionality and durability. Furthermore, permanent deformation,
cracks and fractures were not detected as a result of non-destructive inspections of the
shaft brackets.

Pressure (Bar)
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CHAPTER 7

CONCLUSION

This thesis aimed to achieve an optimal design instead of the existing shaft bracket
which is used in Z-cam drum brakes of heavy duty vehicles with the help of optimization
methods. First, a suitable three-dimensional design space in accordance with the vehicle
axle platform was created via CAD software, SolidWorks® 2018. Then, the reaction
forces acting on the shaft bracket were calculated by kinematic analysis of Z-cam drum
brake free body diagram and FEM was built with ANSYS® under the determined
boundary conditions. Furthermore, FE combined topology optimization was performed
using the SIMP algorithm. Here, mass minimization under stress constraint was
conducted. As a result of topology optimization, the rough material distribution of the
structure was obtained, and then shape optimization by RSM was conducted to obtain the
final geometry. Three critical design parameters were identified based on
manufacturability and response surfaces were created for weight, stress, and total
deformation using the OSFD method. Thus, optimum dimensions of the final design were
determined to remain within the acceptable stress limit. FEA of the final design was
repeated to ensure whether mechanical strength and stiffness of structure were satisfied
for the same boundary conditions. Finally, the prototype produced from GGG50 material
for the new shaft bracket design obtained after the optimization processes were performed
to experimental validation tests at EGE FREN SAN. TiIC. A.S.

As a result of the study, by comparing the validated test results with FEA results,
the capability and applicability of the optimization method used in the product design
were examined. According to the results, the optimization methods provided remarkably
reduced weight up to 72% compared to the existing shaft bracket within the acceptable
stress limit. The density-based topology optimization with mass minimization provided a
significant product layout solution to create the lightweight design. The RSM using
OSFD was also an effective shape optimization method within limited design resources
satisfying all design requirements under determined boundary conditions. In addition, the

FEA result of the final design provided a good correlation with experimental test results
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and experimental tests results proved that the final design obtained by optimization
methods performed similar structural performance compared to the existing shaft bracket.
Consequently, the structural optimization methods comprising topology and response
surface optimization combination indicated powerful and cost-effective product design
solutions to be possible to design light-weight, high-performance vehicle products in a

shorter time without prior knowledge about product layout.
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