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ABSTRACT

M. Sc. Thesis

DESIGN FOR ADDITIVE MANUFACTURING OF AUTOMOTIVE
COMPONENTS VIA TOPOLOGY OPTIMIZATION

Hiiseyin BOTSALI

Karabiik University
Institute of Graduate Programs
The Department of Mechanical Engineering

Thesis Advisor:
Assist. Prof. Dr. Cevat OZARPA
March 2022, 57 pages

The automotive industry, where studies are carried out in the field of motor vehicles,
is developing day by day. Since it is an industry that is open to development, it is
also open to innovations brought by additive manufacturing. With the design for
additive manufacturing, components are replaced by new ones designed by removing
production restrictions. These new models are generally lighter and more durable

than the old ones.

Topology optimization has become a key element of design for additive
manufacturing as it can enhance mechanical properties while reducing mass. In this
study, the lower control arm of the double wishbone suspension system was taken as
a model and topology optimization studies were carried out on the model. Finite
element analyses were applied on the initial model and on the final model that

emerged as a result of topology studies. Although stress, displacement and natural



frequencies remained almost constant in the optimized model, a mass reduction of
%16,39 was achieved.

Key Words : Design for additive manufacturing, topology optimization, finite

element analysis, powder bed fusion, suspension system.
Science Code : 91433



OZET

Yiiksek Lisans Tezi

OTOMOTIV KOMPONENTLERININ TOPOLOJI OPTIiMiZASYONU iLE
EKLEMELI IMALAT iCIN TASARIMI

Hiiseyin BOTSALI

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makine Miihendisligi Anabilim Dah

Tez Danmismani:
Dr. Ogr. Uy. Cevat OZARPA
Mart 2022, 57 sayfa

Motorlu tasitlar alaninda ¢alismalarin gergeklestirildigi otomotiv endiistrisi her gegen
giin gelismektedir. Gelisime agik bir endiistri olmasi nedeniyle eklemeli imalatin
getirdigi yeniliklere de agiktir. Eklemeli imalat igin tasarim ile komponentlerin yerini
tretim kisitlamalart kaldirilarak tasarlanan yenileri almaktadir. Bu yeni modeller

eskilerine gore genellikle daha hafif ve daha dayanikli olmaktadir.

Topoloji optimizasyonu, kiitleyi hafifletirken mekanik 6zellikleri iyilestirebildigi i¢in
eklemeli imalat i¢in tasarimin ana unsurlarindan biri haline gelmistir. Bu ¢alismada
¢ift salincakli siispansiyon sisteminin alt kontrol kolu o6rnek model alinmis ve
topoloji optimizasyonu c¢aligmalari bu model {izerinde gerceklestirilmistir. Baslangi¢
modeli ve topoloji calismalari sonucu ortaya ¢ikan nihai model {izerinde sonlu

elemanlar analizleri uygulanmistir. Optimize edilmis modelde gerilme, yer

Vi



degistirme ve dogal frekanslarin neredeyse sabit kalmasina karsin, %16,39 kiitlesel

hafifleme saglanmistir.
Anahtar Kelimeler : Eklemeli imalat i¢in tasarim, topoloji optimizasyonu, sonlu

elemanlar analizi, toz yatagi fiizyonu, siispansiyon sistemi.

Bilim Kodu : 91433
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PART 1

INTRODUCTION

The automotive industry is the sector in which studies on motor vehicles are carried
out. Equipment produced in this industry is called automotive components. An
automotive product consists of many components. To improve on a motor vehicle, it
may be enough to make any of its components more efficient. Therefore, all

automotive components are products of research and development.

Until recently, traditional manufacturing methods were generally used in the
production of automotive components. With the spread of additive manufacturing
technologies, changes began to occur in this situation. With the use of AM in the
production of automotive components, most of the manufacturing constraints are

eliminated and more independent production can be achieved.

Thanks to AM's elimination of the requirements of traditional manufacturing, it has
become possible to make designs that are mechanically and massively superior to
their previous designs. This has made substantial to design for additive
manufacturing. The redesign and production of automotive components according to
DFAM, within the scope of research and development activities, both brought great
innovations to the automotive industry and brought excitement to the sector that

opened the horizon for new studies.

The realization and production of DFAM on all automotive components is of great
importance in the competitive industry. Topology optimization has become a
prominent issue in these studies. Giving the optimum model that provides user with
the desired mechanical and mass values makes him stand out in studies on DFAM.

Topology optimization studies can be done within finite element softwares.



In this thesis, the design for additive manufacturing of automotive components is
dealt with using topology optimization. While developing the methodology, the front
lower control arm, which is an automotive component, was taken as the case study.
As a result of the study, the model obtained from the optimization studies was

compared with the first model and the ensuring improvements were revealed.



PART 2

LITERATURE REVIEW

In this thesis, a design for additive manufacturing was carried out by performing
topology optimization on the suspension control arm, which is an automotive
component. Topology optimization studies were applied with various goal and
constraint strategies to observe different results. For this reason, the literature review
was handled from three aspects before it was put into practice. These; design for
additive manufacturing studies, multi-objective topology optimization studies, and

suspension control arm topology optimization studies.

Mhapsekar et al. [1] developed two new DFAM constraints to enable additive
manufacturing and topology optimization to work together efficiently. Reddy K. et
al. [2] redesigned the steering knuckle in the student race car according to the DFAM
criteria and achieved a significant mass gain. Ranjan et al. [3] developed two new
design methodologies for DFAM and presented case studies on them. Tyflopoulos et

al. [4] performed DFAM of brake caliper using topology optimization.

Lian et al. [5] developed a combined method using shape and topology
optimizations, which are types of structural optimization, and showed that they can
reduce stress while restricting the volume with this method. Lu et al. [6] conducted a
mass reduction study of an electric vehicle's battery enclosure with topology
optimization, taking into account both the static strength and dynamic frequencies.
Dalklint et al. [7] developed a topology optimization method that minimizes artificial

buckling modes while minimizing displacement with volume constraints.



Kulkarni et al. [8] carried out a study to lighten the mass with topology optimization
for two different materials on the lower wishbone. Song et al. [9] implemented
topology optimization on the upper control arm, taking into account the strength
values. Vigaruddin et al. [10] obtained 30% lightness by maintaining their strength
values in the lower control arm of the formula sae vehicle. Lin et al. [11] applied
topology and size optimizations to the lower control arm based on the kinematic

envelope technique.

A research article was published within the scope of studies to support the work done
in the thesis and to prove the academic value of the study [12]. In this study, a
topology optimization application was carried out on the draw hook used in rail
vehicles. The results were not found satisfactory enough to transfer the body, which
can be considered large for production with additive manufacturing, to the new

production process.



PART 3

THEORETICAL BACKGROUND

The study has been theoretically examined under three main headings. These are
automotive components, additive manufacturing and computer aided engineering.
Automotive components are detailed with suspension system, which is the
component studied. Powder bed fusion, which is frequently preferred in metal
component production, is examined as an additive manufacturing method. In the

section of CAE, finite element analysis and topology optimization are included.

3.1. AUTOMOTIVE COMPONENTS

An automobile consists of various systems such as engine, transmission, axle,
suspension and brake. Each of these systems, individually and together, fulfills vital
tasks. Each system is formed by the combination of certain parts. These parts are
called automotive components. In the applications carried out in this thesis, the lower

control arm of the front suspension system has been studied.

3.1.1. Suspension Systems

There are many parameters that express the power of a car. However, no matter how
high these parameters are, the power must be controlled in order to get real
performance from the car. Therefore, the suspension system is one of the most
important automotive components. The suspension system, which provides the
connection between the chassis and the wheels, performs very important control
functions in terms of vehicle dynamics. The main control functions of the suspension

system are as follows [13];



e |t ensures convenient driving comfort.

e |t provides road holding while driving, cornering and braking.
e It maintains the balance of the vehicle on uneven roads.

e It absorbs vibrations caused by imperfections in the road.

¢ It minimizes the damage caused by road defects to vehicle components.

Different types of suspension systems are used according to the application area. The
most frequently used ones are shown in Figure 3.1. These are multipurpose
suspension systems such as double wishbone, MacPherson and multilink, and solid

suspension systems such as leaf springs and rigid links [14].

Double Wishbone MacPherson

Leaf Springs Rigid Links

Figure 3.1. Various types of suspension systems.

3.1.2. Double Wishbone Suspension System

Different types of suspension systems can be preferred on the front and rear axle of
the vehicle. The suspension system is examined in two main categories as dependent
and independent. What makes this difference is whether the system allows the
wheels to move independently of each other. Dependent suspension is mostly
preferred on the rear axle or the front axle of truck-type vehicles. On the other hand,

the independent suspension system has been the most widely used method for the



front wheels of cars since its inception. Two main methods are used as the
independent front suspension system. These are the MacPherson and Double

Wishbone methods shown in figure 3.2.

- Coil spring

- Shock absorber

_ Strut

\ Steer ar \Steer arm

_ Kingpin ~ ____ Kingpin

Double Wishbone MacPherson

Figure 3.2. The double wishbone and MacPherson suspension systems.

In general, the Double Wishbone system has a design that provides the wheel
connection with the two control arms and includes a shock absorber and a coil spring
to dampen vibrations and shocks between these arms. Although it is larger and
heavier than the MacPherson system, it is widely used on the front wheels of pickup-

style large cars because it provides more steering and angular mobility [15].

3.1.2.1. Front Lower Control Arm

The lower control arm supports the entire front weight of the vehicle as well as
controls front wheel movement. For this reason, it can be considered as the most
important component of the front suspension system, even though it is part of the
team that works together. The suspension system ensures that the tire moves in
harmony with the shape of the road with the great effect of the lower control arm. In
this way, both the handling of the vehicle increases and the loads on the chassis due
to imperfect roads are minimized. It is crucial that the lower control arm, which
performs such critical functions throughout the ride, can provide adequate
performance. Therefore, parameters such as impact strength and natural frequencies
should not be ignored while making new designs [16].



3.2. ADDITIVE MANUFACTURING

3.2.1. Description and History

Additive Manufacturing (AM) was invented in the late 1980s and has been used as
rapid prototyping until the last 10 years. However, in the last 10 years, many
researches and studies have been conducted for its use in industrial manufacturing. In
this process, it has developed very rapidly and has become a method used by the
largest production sectors to produce the most important components. With the
method that emerged initially to manufacture prototypes from polymer materials,
today pure metals, metal alloys and even metal matrix composites can be produced
[17]. In Figure 3.3, the increase in the number of publications related to AM over the
years can be observed [18].

8000
7000
= 0000 -
2
o 5 |
-2 5000
E
<~ 4000 -
(=]
= 3000 -
z
2000
1000 -
0 - __=m__Sm___mm
C— N YT N0 C— NS VD00
COoOCOoOC OO OO O T e o e
o e e U e e o e o e o - R i o e e o e e
NN NN NN T AN NN NN N AN NN AN NN NN NN N Y
Year

Figure 3.3. Number of publications related to AM according to years.

As seen in Figure 3.4, the AM industry has grown by more than 25% each year over
the past ten years. This increase rate has decreased relatively in 2020 due to the
covidl9 pandemic. Despite this, the total revenues of AM system manufacturers
from the sale of products and equipment to service providers increased by around 7%
compared to the previous year and exceeded 5 billion dollars [19].
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Figure 3.4. Production of AM parts by years.

The AM method brings an understanding which is the opposite of traditionally used
methods that obtain the final part by removing material from the stock part. In this
method, also called additive layer manufacturing, the product is created by adding
layer by layer. AM developers do not intend to replace the traditional method of
stock removal production. The main target is to be able to overcome jobs that are
impossible to produce or involve serious difficulties with traditional methods. In this
respect, AM has brought a great innovation to the advanced manufacturing industry
because it can easily produce topologically optimized geometries and completely
eliminates the need for fixture design and modeling, which has become an inevitable
business in sectors such as aviation [20,21]. In Figure 3.5, the distribution of AM in

2020 according to its usage areas is given [22].
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Figure 3.5. The distribution of AM usage areas.

3.2.2. The Types of Additive Manufacturing

Developers have come up with dozens of different types of AM in the last few
decades. Although these types use quite different methods from each other in the
background, it is the processes and materials that can be used to distinguish them in
practice [23]. Figure 3.6 presents the 7 accepted main types of AM according to

>
@)
—
<
~
B

Pavdr Bod Fusion *Selective thermal fusion of powder bed using a
laser or an electron beam
e e s e *Wire or powder is extruded from nozzle and
gy Lep completely melted by an electron beam or a laser

Binder Jetting *Deposition of liquid bonding agent droplets to a

powder bed
Sheet Lamination *Sheets of material are bonded to form an object
Material Extrusion *Material is extruded by a heated nozzle

Material Jetting .ngtslg;%n of build material droplets by an inkjet
*Selective curing of liquid photopolymer using
light activated polymerization

Vat Photopolymerization

Figure 3.6. Main additive manufacturing categories with description.



Many different manufacturers have developed additive manufacturing systems using
various technologies and working methods, due to the fact that it is a new technology
and has a high potential to improve production. For this reason, although AM is
known as a way of manufacturing by simply adding material layer by layer, it
contains many types and different methods within them [25]. If we are to categorize
in general, the main types of AM; Binder Jetting, Direct Energy Deposition, Material
Extrusion, Material Jetting, Sheet Lamination, Vat Polymerization and Powder Bed
Fusion. Under these general categories, Stereolitography (SLA), Fused Deposition
Modeling (FDM), Laser Melt Deposition (LMD), Electron Beam Melting (EBM),
Selective Laser Sintering (SLS), Selective Laser Melting (SLM), Direct Metal Laser
Sintering (DMLS) are known as the most common AM methods today [26]. In
Figure 3.7, symbolic representations of some of the most commonly used methods
are given [27]. These methods differ from each other by criterias such as the type of
material used, the way of the material is deposited or solidified, layer thickness, and

measurement precision.

10



Fused Deposition Modelling Stereolithography

Support material
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Jetting head
xY)
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Powder Supply N e

Laminated Object Manufacturing

Figure 3.7. Schematic represantations of common AM methods.
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3.2.2.1. Powder Bed Fusion

Among the metal AM categories given in figure 3.8 [28], the Power Bed Fusion

(PBF) method has become one of the most prominent methods in industrial use. This

method simply involves the process of combining layer by layer by bringing the

powders to the desired temperature by a power source. The sub-categories of laser

used as a power source have found themselves under the title of L-PBF in the

literature [29]. The methods in the L-PBF category chiefly vary according to the type

of used material and working by sintering or melting. The most common methods are
SLS, SLM and DMLS. While SLS is the most efficient method to produce polymer

and ceramic materials, SLM and DMLS stand out when it comes to metal materials

Metal Additive
Manufacturing
B |
I 1 1 |
Liquid Based Solid Based Wire Based

I

Powder Based

I 1

Liquid Metal 3D

Ultrasonic Additive

Wire - Direct Energy

Binder Jetting

Metal Powder Powder Bed Fusion

Powder Direct Energy

(€BF3)

Sintering (DMLS)

Figure 3.8. Classification of metal AM process.
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The main difference of SLS method from SLM is combining powder particles by
sintering rather than melting. This process has been tried on metal materials, but has
not been successful as SLM. SLS method has come to the fore with the production of
polymer, ceramic and some composite types. Because it can easily produce polymer
bodies with complex geometries, it is still frequently preferred for rapid prototyping.
However, it has become used for real production purposes in many important

industries including aerospace [31].

Since there are various melting points in alloys and composites, combining these
materials by melting is not an efficient use. With the DMLS method, materials
having various melting points can be easily manufactured thanks to the advantage of
sintering [32]. For this reason, the SLM method was identified with the production of
pure metals with a fixed melting point in its early stages. However, due to the fact
that the part is fused together by melting completely, SLM has the advantages of less
porous structures and less need for post-production processes compared to DMLS.
These advantages have led researchers to work on the production of frequently used
materials such as carbon steel with this method. Today, SLM has become a
frequently used method, especially in the production of carbon steels. Today, SLM
has an important place in the production of high-tech engine blocks, automotive and

aircraft components [33].

As given in figure 3.9 [34], the working principle of L-PBF includes the continuation
process that feeding each layer of powder particles to the table according to the
specified layer thickness of the body given in the 3D cad file with the re-coating
blade, flattening the fed layer by a roller, creating a powder bed, selectively heating
the powder bed to the sintering/melting temperature by the laser beam, and

combining this process layer by layer until the final product is formed [35].
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Figure 3.9. AM process workflow chart.

The biggest advantage of the L-PBF method is that metal and metal alloys can be
produced in the desired geometry without any fixture design / production or any
other prerequisites. In this way, it has an important place in the production of
topologically optimized parts. It is widely used in areas where lightness and strength
are important factors and research and development activities continue for these
areas. In this respect, the sectors where it is mainly used are aerospace, automotive,
military and medical sectors [36]. In Figure 3.10, the recent usage areas of AM and
the forecast for the near future are given [37]. Considering the share of L-PBF, it can
easily be said that it will continue to be the rising worth of value-added sectors in the

coming years.
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Figure 3.10. Forecast of market share by application area.
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3.3. COMPUTER AIDED ENGINEERING

3.3.1. Finite Element Analysis

The finite element method can be defined as the numerical solution of partial
differential equations. Its fundamental principle is to be expressed physical systems
in terms of mathematical. Thanks to this method, the solution is simplified as much
as possible, and even insoluble problems are made solvable. Since this method is
based on simplification of the real system with assumptions and approximations, it
does not promise accurate results [38]. But the finite element method, which has
been used for structural strength analysis for more than 60 years, emerges as a
method that can provide up to 98% accuracy with its technological development
today. By means of this significant ratio, finite element analysis provides substantial
convenience in solving engineering problems, minimizes prototype production and
makes a great contribution to the speed of production. Linear and nonlinear static and
dynamic problems can be solved with finite element analysis, which can be used in

many package programs today [39].

3.3.1.1. Linear Static Analysis

Physical systems often contain nonlinear problems. Similarly, it is often not possible
to be completely independent of time. However, since the basis of finite element
analysis is to simplify the physical system as much as possible, by making certain
assumptions, most systems can be considered linear and static. This is an important
simplification that will save a lot of implementation steps, solver processor
requirements and solution time [40]. One of the biggest factors in the transformation
of a system into a non-linear problem is to undergo large deformation up to expose
plastic strain. In such cases, solving the problem linearly leads to a more inaccurate
results as the amount of deformation increases, as seen in Figure 3.11 [41]. In the
light of this information, it can be said that a linearly solved problem can only make
correct calculations up to the point where plastic deformation starts, that is, the yield
strength. In addition, since all time-dependent variables will be disabled in the

mathematical formula with the static assumption, it will be provided great benefit in
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terms of calculation time and ease. In order to make this assumption, it is necessary
to know the time the force is applied and the first natural frequency of the structure.
If the frequency of the applied force is less than 1/3 of the first natural frequency of

the structure, the system can be recognized static [42].

A

Nonlinear -

Linear

Generalized Force
‘

>
Generalized Displacement

Figure 3.11. A comparison of linear vs nonlinear responses.

Before starting a finite element analysis, it is recommended to first perform a
geometry simplification. At this stage, non-critical details and holes are filled. In this
way, the finite element mesh can be formed ideally and thus more accurate data can
be obtained as a result of the analysis. After the simplification process is complete,
the material properties are defined. For linear static analyses, it is sufficient to define
modulus of elasticity and Poisson’s ratio. If the piece weight is to be used in the
analysis, the density should also be defined. The next process is necessary for multi-
body analyses. In these analyses, it is requisite to specify the contact relationships
before creating the finite element mesh. Instead of defining these relationships one
by one, giving general contact relationships also provides very successful results in
current software. The selection of body elements such as shell and beam, which is
very beneficial for the solution when used in the right place, should also be made
without generating the mesh. Then, boundary conditions which will be
mathematically included in the system are defined. The most important of these are
the fixings that must be defined so that the structure does not undergo rigid body
dynamics and the loading conditions included in the working principle of the system.
With the completion of these processes, the finite element mesh, which can be called

the most vital stage of the finite element analysis, can be generated [43].
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A large number of various mesh elements such as hexahedron and tetrahedron for
solid bodies, and quadrilateral and triangle for two-dimensional bodies such as shells
and beams can be selected to obtain the best mesh. The finite element mesh can be
generated according to either a first-order or a second-order polynomial. Since more
nodes will be formed in the second-order mesh structure, it becomes possible to
obtain more precise results. The adaptive mesh offered as an option allows gradually
thinning the mesh, starting from a coarser size, instead of creating a small mesh size
for the entire model. Thus, it becomes easier to reach the solution by decreasing the
number of elements and nodes [44]. By performing these steps, the preprocessing is
completed and the finite element analysis can be solved. Since the sparse matrix
method, which can be used in simple operations of the finite element method, takes a
very long time in large systems, finite element analysis package programs usually
obtain numerical solutions using the Newton-Raphson method. Because of all the
simplifications and the iterative solution method, 98% accuracy is promised instead

of the exact correct result [45].

The equation used in the solution of linear static finite element analysis is expressed
as Equation 3.1 in its most basic form. In this equation, F represents the force vector
applied to the system, K represents the stiffness matrix containing material and
geometric properties such as Young's modulus, moment of inertia, cross-sectional
area, and u represents the displacement vector. In linear static structural analyses, the
unknown is the displacement and this value is obtained as a result of the analysis. In
consequence, other desired values such as stress and strain are produced by
mathematical formulas. The finite element solver calculates the values for each node
of the mesh and interpolates the values at the common nodal points of each element
to reveal the element values. As mentioned above, the finite element number of the
regions where critical values occur can be increased in order to measure more
precisely. One way to understand if we have obtained the proper mesh is to solve the
analysis with a relatively coarse mesh element size and then gradually refine it to
observe the convergence of the results. When it is noticed that it does not converge
further, the mesh can be considered sufficient. Apart from this method, quality
parameters that can be observed to measure mesh quality are also available in finite

element software [46].
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{F} = [K]- {u} (3.1)

Reaction forces can be observed to confirm the analysis results. Whether the reaction
forces formed in the fixing regions meet the forces applied to the system or not,
provides important clues about the correct construction of the analysis and giving
correct results. The important point to be considered in the interpretation of linear
static analysis results is that the analysis can only provide accurate results in the
elastic region. Because the analysis was carried out assuming that the structure will
not be deformed enough to be exposed to plastic deformation, which is called large
deformation. For this reason, the results of the analysis should be interpreted in the
region up to the yield point and it should be known that permanent deformations
such as rupture and fracture cannot be observed here. One of the most meaningful
results that can be read is how safe the system is according to its yield strength. In
ductile materials, the factor of safety is obtained by dividing the yield strength by the
highest stress occurring in the structure [47]. Figure 3.12 shows the elastic region and

plastic region separated by the yield point in ductile materials such as steel [48].

Strain Hardening Necking
Stress k t i
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Ultimate Strength
N Fracture
Yield Strength
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Young's Modulus = Rise = Slope
Run
>  Strain

Figure 3.12. Stress-Strain curve of a ductile material.
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3.3.2. Topology Optimization

Structural optimization, which includes size, shape and topology optimizations, has
an adventure of approximately 100 years. Since topology optimization can be
produced completely independent of the initial design, it gives the most efficient
results in terms of mass and strength compared to the other two methods [49].
However, as it is very difficult to manufacture the geometries obtained by this
method with traditional methods, it has not been able to show the expected effect in
the design and production areas until recently. In the last 20 years, in parallel with
the developments in the field of additive manufacturing, many studies have been
carried out in the field of topology optimization and it has shown a rapid
development [50]. In the topology optimization study for traditional manufacturing,
the geometry is redesigned according to the design criteria for manufacturing after
the first optimization result is obtained. This geometry is re-optimized as it may
deviate from the optimized values. Generally, very productive results cannot be
obtained at the end of this iterative process [1]. The design criteria for additive
manufacturing allow production with the most optimum results as it minimizes
design constraints. With this aspect, additive manufacturing has opened a new era in

the field of topology optimization [51].

One of the most important steps in the topology optimization study is to determine
the goals and constraints correctly. Although each type of topology optimization
reaches a solution with a different formula, this step is common for all methods.
Because topology optimization is not a parametric process, if the constraints are not
determined, an impractical and useless geometry is obtained. Thus, it is especially
important to determine the regions that need to remain stable in order to apply
fixation or loads. In addition, some values such as volume, natural frequencies,
displacements and reaction forces can also be set as constraints to remain constant or
within a certain range. In order for the optimization study to achieve its purpose,
goals such as reducing the volume, increasing the stiffness, reducing the
displacement, increasing the first natural frequency or reducing the reaction force can
be determined for desired rates [52].
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3.3.2.1. Density Based Method and SIMP

Topology optimization is trying to find the most efficient form of a geometry's
placement in a given volume, depending on certain constraints, by means of a
mathematical formula. There are types of topology optimization based on various
optimization formulas created with different parameters. The main ones are
homogenization method, level set method, phase field method, evolutionary
structural optimization and density based method [53]. Studies in this area are still
continuing intensively and new developments are occurring in most of these
methods. Two of the most prominent among these methods are Bi-directional
Evolutionary Structural Optimization (BESO) derived from evolutionary structural
optimization and Solid Isotropic Material with Penalization (SIMP) derived from
density-based method [54].

The SIMP method has emerged as the most suitable method for finite element-based
use and has been integrated into many commercial finite element software. In the
SIMP method, density values are assigned to each element in the finite element
model, representing 0 empty element and 1 solid element, and the optimization
process is performed iteratively with a function dependent on the elasticity modulus
[55]. Due to its popularity and usefulness, a lot of academic studies have been done
about the SIMP method and it has been developed especially with finite element
analysis software to make it more efficient. In the current usage, the density value
should be different from 0 in order for the mathematical function to be processed
stably and for the finite element analysis to be solved correctly for optimization. The
element density value is expressed by p. The smallest empty element represents the
expression pmin. The reason why this value should be different from O can be easily
understood from the calculation of the stiffness matrix according to the SIMP
method given in Equation 3.2. If 0 is given for the empty element, it will be difficult
to get meaningful results from such equations used in the formulation. The modulus
of elasticity also varies, as the material density varies between elements. The
modulus of elasticity for each element is calculated as in Equation 3.3. As it can be
understood from this equation, the penalty factor p forces each element to be an

empty or solid element, reducing the effect of elements with intermediate densities.

20



There are also different equations that are used according to the set goals and
constraints. The SIMP method algorithm tries to reach the given goal by an iterative
process. These iterations continue until the changes in the goal functions meet the

desired convergence criteria [56].

N

K = Z[pmin +(1- pmin)pg]Ke (3.2)
e=1

E =E,-pP 3.3)

The SIMP method is used in leading finite element analysis softwares such as Ansys,
Simulia Abaqus, Altair Hyperworks, SW Simulation. Since it has been determined
from previous studies that the value of 3 gives the best result for the penalty factor p,
this value is usually defined by default, and different values can be used optionally
[57]. The interpolation scheme for different values of the penalty factor p is given in
Figure 3.13 [58]. This diagram shows the case of E/EQ relative to pp using Equation
3.3. Element sizes should be as small as possible in order to obtain efficient results in
the SIMP method. The recommended values are approximately one quarter of the
ideal values used in a linear static analysis. In addition, it is highly recommended that
the aspect ratio not exceed 1.1 in order to ensure the sensitivity between the elements
[59].

E/Eo

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
/ﬁ

Figure 3.13. Simp interpolation scheme.

21



PART 4

METHODOLOGY

In this study, which deals with the design of automotive components for additive
manufacturing, case studies are carried out on the lower control arm of the front

suspension system used in pickup type vehicles.

4.1. MODEL DEFINITION

In the case studies, the suspension system preferred in vehicles such as toyota hilux,
mercedes x-class and nissan navara is based. The reason for choosing the suspension
system used in pickup type vehicles is that these vehicles have a high load carrying
capacity. Thus, applications were carried out with both curb and gross weights and
significant differences could be observed. By taking advantage of the catalog
information of these vehicles, the curb and gross weights were accepted as 2 tons and
3 tons, respectively []. The lower control arm in the suspension system of this type of
vehicle was modeled in SOLIDWORKS and shown in Figure 4.1.

Isometric View Top View

Figure 4.1. 3D model views.
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4.2. APPLICATION DETAILS

Within the scope of this thesis, a number of computer aided engineering applications
were carried out in a certain order. The work started with the selection of the material
to be applied and the definition of the mechanical properties of the material to the
model. Boundary conditions were defined by making relevant assumptions, and the
forces acting on the model in the case of curb and gross weights of the vehicle were
calculated for the loading conditions. After the finite element mesh was generated,
linear static and modal analyses were performed. Then, topology optimization
applications were performed with different goal strategies and limitations. An
optimized model was obtained by interpreting and reverse engineering the graphical
models that emerged as a result of these applications. The applications were

concluded with the linear static and modal analysis of this model.

4.2.1. FEA Definitions

In the study, linear static analysis was used to calculate stress and displacement, and
modal analysis was used to calculate natural frequencies. FEA studies were
performed in the SOLIDWORKS Simulation environment.

4.2.1.1. Approximations and Assumptions

Since the topology optimization studies would be applied on a single body, necessary
simplifications were fulfilled before FEA. Powertrain and dampers such as coil
spring were passivated. Fixture was applied as 6 dof from the center of rotation
assuming the spring was rigid to restrict rigid body motion. The force was applied as
half of the weight acting on the front wheels from the wheel coupling.

4.2.1.2. Material Properties

Various materials can be preferred in vehicle suspension systems [60]. In this study,

the commonly used mild steel material was based [61]. The mechanical properties of
the mild steel material were given in Table 4.1.
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Table 4.1. Material properties of Mild Steel.

Young’s Modulus (E) | 2,1x10° MPa
Poisson’s Ratio(V) 0,28

Yield Strength (¢¥5) | 220,594 MPa
Tensile Strength (°™) | 399,826 MPa
Density (p) 7800 kg/m?®

4.2.1.3. Boundary Conditions

In Figure 4.2, fixtures and loadings were given by green and purple arrows
respectively. By applying the simplifications mentioned in section 4.2.1.1, fixtures
were made from the rotation axes. The force acting on a front wheel at the curb and

gross weight of the vehicle was applied vertically from the wheel joint.

Using Equations 4.1 and 4.2, the force on one front wheel of the vehicle was
calculated [62]. In these calculations, the curb and gross weights of the vehicles
given in section 4.1 were accepted as 2 tons and 3 tons, respectively. In this type of
vehicles, the load acting on the front axle was accepted as 35% in the curb weight
state, and 30% in the gross state since the luggage load added.

F=m-g (4.1)
Fq front wheel = F-FWR-1/2 4.2)

Forces acting on single front wheel in case of curb and gross weight were calculated

in Equations 4.3 and 4.4.

1
Feurp = 2000+ 9,81+ 0,35 - > ~ 3500N (4.3)

1
Fyross = 3000-9,81-0,30 -5 ~ 4500N (4.4)
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Figure 4.2. View of applied fixture and load.

4.2.1.4. Generating Mesh

Second order mesh was preferred because the regions where critical stresses occur
were important in the analysis. Although a sufficiently fine mesh was generated for

finite element analyses, a finer mesh was applied for topology optimization as

mentioned in section 3.3.2.1. The parameters used were presented in Table 4.2.

Table 4.2. Mesh details of FEA and topology optimization studies.

Linear Static and Modal Analysis

Topology Optimization

Mesh element type Solid Mesh Mesh element type Solid Mesh
Mesher BCB Mesher | Mesher BCB Mesher
Mesh quality Second order | Mesh quality Second order
Min element size 1 mm Min element size 1 mm

Max element size 5mm Max element size 3mm
Element ratio 1,4 Element ratio 11

Total element number | 99074 Total element number | 373374
Total node number 144895 Total node number 529412

The meshed models obtained for FEA and topology optimization were given in

Figure 4.3.
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Figure 4.3. Meshed models for FEA and topology optimization.

4.2.1.5. Solving Process

The software used in the analysis provides users with the FFE plus iterative solver
and 3 direct solver options including direct sparse, large problem direct sparse and
intel direct sparse. For large models with a great number of dofs, it is recommended
to use the iterative solver, which uses considerably less ram than direct solvers. Since
all analyzes were performed on a single body in this study, it is appropriate to prefer
a direct solver. The workstation, where the analyzes were carried out, has an Intel®
i7-10870H processor and 32 GB ram. For this reason, intel direct sparse solver,
which provides the most efficient multi-core usage and solution time of this system,

was chosen in all analyses [63].
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4.2.2. Topology Optimization Definitions

Topology optimization studies were performed in the topology study module of
SOLIDWORKS Simulation, which solves using simp formulation. In this module, in
addition to the definitions made for linear static analysis, goals, constrains and
manufacturing controls were determined. Topology study strategies applied in this

thesis have been shown in Table 4.3.

Table 4.3. Topology optimization strategies.

Optimization Goal Minimize Mass

Displacement is less than 0,3 mm
Frequency mode 1 is less than 500 Hz
Manufacturing Controls | Half symmetry by top plane
Optimization Goal Minimize Maximum Displacemet
Reduce mass by %15

Frequency mode 1 is less than 500 Hz
Manufacturing Controls | Half symmetry by top plane
Optimization Goal Best Stiffness to Weight Ratio
Reduce mass by %15

Frequency mode 1 is less than 500 Hz
Manufacturing Controls | Half symmetry by top plane

Strategy A | Constraints

Strategy B | Constraints

Strategy C | Constraints

4.2.2.1. Goals and Constraints

In the topology study, the software offers the user 3 different goal options. These
options were implemented with various goal and constraint preferences to obtain the
model that would provide the most efficient values in both loading conditions. The
result obtained by defining both loads from the load case manager menu was
considered as validation. Briefly, both strategies A and B were applied for the two
different loading conditions. In addition, strategy C was applied under the multiple
load cases. Thus, 5 different models were acquired.
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4.2.2.2. Manufacturing Controls

The application provides the user with manufacturing controls such as adding a
preserved region, determining the minimum and maximum thickness control,
determining the de-mold direction and determining the symmetry plane. In all
topology studies applied in this study, we defined the top plane as the symmetry

plane. Thus, we obtained symmetrical geometries with respect to the top plane.

4.2.2.4. Solving Process

The solver options mentioned in section 4.2.1.5 are also available for topology
optimization. In the topology study, intel direct sparse solver was used, which gives
the most efficient results in terms of CPU and ram usage as long as the memory is
sufficient. The software's solver menu also allows the user to select the regions to be
preserved and the number of iterations to be applied. For this study, the number of
iterations was chosen as automatic, which continues the solution until the desired
goals are achieved. Preserved regions were selected the regions with loads and

fixtures.
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PART 5
RESULTS

The models obtained from the performed analyses were given in Table 5.1 by

naming them according to different loading conditions and optimization states.

Table 5.1. Classification of the models acquired as a result of the analysis.

Curb Weight | Gross Weight | Multiple Load Case
Without Linear Static MS1 MS2
Optimized | Natural Frequency MF1
Minimize Mass MM1 MM?2
With Minir_nize Maximum MD1 MD2
Optimized Dlspla}cement
Best Stiffness to MC1
Weight Ratio

5.1. FEA RESULTS

Before the topology study, finite element analyses were implemented to the existing
model. The stress, displacement and natural frequency values obtained as a result of

these analyses were used as goals and constraints in topology studies.
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5.1.1. Linear Static Analysis Results

Stress and displacement values are the most frequently used parameters in topology
optimization studies. For this reason, linear static analyses were made at the
beginning of the study and these values were found. Two separate analyses were
performed for curb and gross weight. In these studies, the model fixed from the
chassis joint was loaded from the wheel joint. Loads were applied in the direction of

gravity, taking into account the weight of the vehicle.

The critical stress regions that emerged in the analysis made for the MS1 model
representing the curb weight are shown in Figure 5.1. As a result, 70.51 MPa von

mises stress was measured.

70,51
l 63,46
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| 42,32
H 35,27
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Chart (MPa) Front View

Figure 5.1. MS1 von mises stress result.
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During topology optimization studies, displacement values often provide more useful
parameters than stress values. The reason for this is that the stress values are higher
than the actual value in models that do not have smooth curvature surfaces. However,
correct results can be found by obtaining the surface curvatures properly by reverse
engineering process. Consequently, the initial stress values are used only for
comparison with the final model. In topology studies, the displacement value is used

as a parameter.

The displacement plots that emerged in the analysis made for the MS1 model
representing the curb weight are shown in Figure 5.2. In the analysis result, it was
seen that the amount of displacement increases linearly from the chassis joint to the
wheel joint. The maximum displacement of 0,22 mm was measured at the wheel
joint, which is the loading area, while a 0 displacement value was measured in the
chassis joint, which is the fixation area.

0,22

0,19

L 0,17
L 0,15

_ 0,13

0,11

0,09 3D View Top View

_ 0,06
0,04
0,02

0,00
£Max:| 0,22 I

Chart (mm) Front View

Figure 5.2. MS1 displacement result.
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The critical stress regions that emerged in the analysis made for the MS2 model
representing the gross weight are shown in Figure 5.3. As a result, 90,65 MPa von

mises stress was measured.

H 45,35
| 3629 3D View Top View

\
\

Chart (MPa) Front View
Figure 5.3. MS2 von mises stress result.

The displacement plots that emerged in the analysis made for the MS2 model
representing the gross weight are shown in Figure 5.4. In the analysis result, it was
seen that the amount of displacement increases linearly from the chassis joint to the
wheel joint. The maximum displacement of 0,28 mm was measured at the wheel
joint, which is the loading area, while a 0 displacement value was measured in the

chassis joint, which is the fixation area.
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Figure 5.4. MS2 displacement result.

5.1.2. Modal Analysis Results

It is important to consider natural frequencies in the design phase of automotive
components that are exposed to long-term operation. For this reason, modal analysis
was carried out both to use it as a parameter in topology studies and to compare it
with the final model. It was considered sufficient to measure the first five natural

frequencies in the modal analysis implemented without force.

When the results were examined, it was observed that the natural frequency formed
in the direction of application of the force was the first mode. The first natural
frequency value to be used in topology studies was found to be 407.64 Hz. The

values for the first five modes are presented in Table 5.2.
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Table 5.2. Frequency and period list of MFL1.

Mode No. | Frequency(Rad/sec) | Frequency(Hertz) | Period(Seconds)
1 2.561,3 407,64 0,0024531
2 9.952,3 1.584 0,00063133
3 12.928 2.057,6 0,000486
4 14.199 2.259,8 0,00044251
5 18.466 2.939 0,00034026

Non-Deformed
Shape

Deformed
Shape

Figure 5.5. Deformation shape of MF1.

5.2. TOPOLOGY STUDY RESULTS

Topology optimization studies were implemented under three different strategies:
Strategy A, B and C. With Strategy A and B, 4 different results were obtained for 2
different load cases. Strategy C, on the other hand, was handled as a single study
covering both load cases with the load case manager. Thus, five topology studies

appeared.
The models that emerged as a result of the topology studies applied under three

different strategies and the weight, stress, displacement and natural frequency values
of these models were given under this title.
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The simp method used in applications works according to the method of keeping the
necessary mesh elements and excluding the mesh elements that are not needed.
Therefore, the models that appear during studies do not have smooth shapes. In case
this would cause the data to be high, the parameters used in the optimization criteria

were taken a little high.

5.2.1. Weight Results of Strategy A

Strategy A was implemented with the goal of minimize mass. As stated above, as the
optimization criterion, displacement value was preferred instead of stress. In linear
static analyses before the topology study, 0.22 and 0.28 mm displacement were
measured for the curb and gross weight, respectively. A maximum displacement
constraint of 0.30 mm was set for this strategy. In addition, in order to be able to
control the natural frequency and observe the natural frequency in the resulting
model, the constraint for frequency mode 1 to be less than 500 was also defined.
Finally, the solving process was carried out with the manufacturing control of half

symmetry by top plane.

In the curb weight study of Strategy A, a material mass of 5,29 kg was achieved with
a %51 decreasing rate. Topology variable stress value resulted in 151,87 MPa and
topology variable displacement value resulted in 0,30 mm. Frequency mode 1 value
was found to be 480,85 Hz. The plots showing the values on the model were given in
Figure 5.6.

In the gross weight study of Strategy A, a material mass of 7,31 kg was achieved
with a %33 decreasing rate. Topology variable stress value resulted in 163,22 MPa
and topology variable displacement value resulted in 0,30 mm. Frequency mode 1
value was found to be 481,58 Hz. The plots showing the values on the model were

given in Figure 5.7.
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Figure 5.6. Results of MML1.
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5.2.2. Weight Results of Strategy B

Strategy B was implemented with the goal of minimize maximum displacement. In
the topology studies towards this goal, the least desired mass reduction constraint
should be specified. Considering the values obtained in Strategy A, this value has
been determined as 15%. In addition, in order to be able to control the natural
frequency and observe the natural frequency in the resulting model, the constrain for
frequency mode 1 to be less than 500 was also defined. Finally, the solving process

was carried out with the manufacturing control of half symmetry by top plane.

In the curb weight study of Strategy B, a material mass of 8,19 kg was achieved with
a %25 decreasing rate. Topology variable stress value resulted in 123,01 MPa and
topology variable displacement value resulted in 0,22 mm. Frequency mode 1 value
was found to be 463,6 Hz. The plots showing the values on the model were given in

Figure 5.8.

In the gross weight study of Strategy B, a material mass of 9,31 kg was achieved
with a %14 decreasing rate. Topology variable stress value resulted in 159,51 MPa
and topology variable displacement value resulted in 0,28 mm. Frequency mode 1
value was found to be 446,71 Hz. The plots showing the values on the model were
given in Figure 5.9.
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5.2.3. Weight Results of Strategy C

Strategy C was implemented with the goal of best stiffness to weight ratio. In the
topology studies towards this goal, the least desired mass reduction constraint must
be specified. This value was determined as 15% in terms of the result being
compatible with strategy B. In addition, in order to be able to control the natural
frequency and observe the natural frequency in the resulting model, the constrain for
frequency mode 1 to be less than 500 was also defined. Finally, the solving process

was carried out with the manufacturing control of half symmetry by top plane.

In the multiple load cases study of Strategy C, a material mass of 9,30 kg was
achieved with a %14 decreasing rate. Topology variable stress value resulted in
124,76 MPa for curb weight and 160,41 MPa for gross weight. Topology variable
displacement value resulted in 0,22 mm for curb weight and 0,28 mm for gross
weight. Frequency mode 1 value was found to be 448.2 Hz. The plots showing
material mass values on the model were given in Figure 5.10. The topology variable
stress plots were given in Figure 5.11 and the topology variable displacement plots

were given in Figure 5.12.
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Figure 5.10. Material mass plots of MC1.
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5.3. OPTIMIZED MODEL RESULTS

An optimized model was obtained by applying reverse engineering to the graphic
bodies that emerged after the topology study. This model was validated by
performing linear static and modal analyses.

3D View of
Optimized
Model

Top View of
Optimized
Model

Figure 5.13. The views of optimized model.
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5.3.1. Linear Static Analysis Results

The linear static analyses applied to the first model were made in the same way on

the optimized model acquired by performing reverse engineering and conceptual

design steps.

The critical stress and displacement regions that emerged in the analysis made for the

optimized model representing the curb weight are shown in Figure 5.14. As a result,

69,01 MPa von mises stress and 0,24 mm displacement was measured.
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Figure 5.14. Curb weight result of optimized model.
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The critical stress and displacement regions that emerged in the analysis made for the
optimized model representing the gross weight are shown in Figure 5.15. As a result,

88,73 MPa von mises stress and 0,31 mm displacement was measured.
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Figure 5.15. Gross weight result of optimized model.

46



5.3.2. Modal Analysis Results
The values for the first five modes are presented in Table 5.3. When the results were
examined, the frequency mode 1 which was used all studies was found to be 423.28

Hz.

Table 5.3. Frequency of period list of optimized model.

Mode No. | Frequency(Rad/sec) | Frequency(Hertz) | Period(Seconds)
1 2.659,5 423,28 0,0023625

2 9.876,7 1.571,9 0,00063616

3 12.455 1.982,2 0,00050449

4 13.050 2.077 0,00048146

5 20.014 3.185,3 0,00031394
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PART 6

DISCUSSION AND CONCLUSION

This study has put forward by considering the gains to be achieved in terms of both
mass and mechanical properties with the design for additive manufacturing of
automotive components. One of the most preferred methods in DFAM is topology
optimization. Thanks to this method, models can be designed lighter and more
durable without being limited by manufacturing constraints.

This study focuses on the use of topology optimization in the design of automotive
components for additive manufacturing. In the literature, it has been observed that
the studies on topology optimization mostly deal with the subject alone. However,
AM is an integral part for the production of optimized geometries with this method.
In this study, AM and topology optimization are discussed together and the

importance of harmony is emphasized.

Powder bed fusion, which is the most common metal additive manufacturing
method, was used as the AM method, and the simp method, which is the most
suitable for use with the finite element method, was used as the topology

optimization method.

When the strength value is used as the goal and constraint in topology studies,
displacement is used instead of stress. The reason for this is that the stress values
during the topology study are higher than they should be due to the surface
roughness and do not give objective results. Therefore, the stress value is only used

to compare the first and last model.
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Displacement values are considered to be slightly higher than those determined in the
first geometry, especially in mass reduction strategies, so a preliminary idea is
obtained about where material can be removed. Similarly, the natural frequency
constraints are set a little higher. In this way, the upper limits of optimization were
observed. The reason why natural frequencies are taken into account in optimization

studies is to acquire a valid model in dynamic operating conditions.

In the case studies, the front lower control arm of the double wishbone suspension
system, also called A-arm, was used. Structural analyses were performed with two
different loading conditions for curb and gross weight. Topology studies were
implemented in three different strategies: minimize the mass, minimize the
maximum displacement and providing the best stiffness to weight ratio. The models
obtained in 5 different topology optimization studies under 3 different strategies were
evaluated with their variable analysis results. By using the models acquired as a
result of the studies, the model ensuring the desired strength and mass values was

obtained with the help of reverse engineering tools.

Fea was also performed on the model that emerged after the optimization and
compared with the first results. In the first model, 70,51 MPa and 90,65 MPa von
mises stress were measured for the curb and gross weight, respectively, while 69,01
MPa and 88,73 MPa were measured in the optimized model. While keeping the
stress values at these levels, natural frequencies were kept within the desired range
with the optimization constrains determined. The weight value was reduced from
10,80 kg to 9,03 kg, while the mechanical properties were kept almost constant.

Thus, a %16,39 reduction was achieved.
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