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Le progres utilise des fois des virgules, mais jamais des points
Progress sometimes uses a comma, but never a full stop
FEILE



RESUME

Les alliages en aluminium sont en voie de devenir un matériau important dans la
fabrication des piéces d’automobiles. Cette recherche a pour but d’étudier la capacité de
’alliage en aluminium de remplacer ’acier dans la fabrication des bras de contréle de
suspension des automobiles. La piéce en aluminium est congue par des logiciels de
modélisation et simulation utilisant la méthode ESO (Evalutionary Structural Optimization)
qui permettent d’optimiser la forme et le poids de la piéce sous différents paramétres de
contrainte. La résistance mécanique et les vibrations subis par les bras de suspension seront

aussi analysées. Finalement, les résultats seront comparés avec les performances de I’acier.
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ABSTRACT

Aluminum alloy is an emerging material in the manufacturing of automobile parts.
This research is aimed at studying whether an aluminum alloy can effectively replace steel
in the manufacturing of automobile control suspension arms. The design of the aluminum
part is done through the use of modelization and simulation software and the ESO
(Evolutionary Structural Optimization) method that allow to develop the shape and weight
of the part under given stress conditions. Mechanical strength and vibration movements of
the control suspension arms will also be studied. Finally, the results will be compared with

the performance of steel parts.
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CHAPTER 1 Introduction

Today, the application of light alloys designed to reduce weight is becoming a
stringent need in the transport industry due to environmental and social pressure. Fuel
consumption and emission of polluting gases are strongly dependent on car weight and for
this reason the automotive industry is looking at innovative process technologies which
make use of light alloys and new design methodologies [1, 2]. Aluminum helps build a
better car because it delivers environmental, safety and driving performance advantages. 1)
Environmental performance: Aluminum saves weight, which leads to fewer emissions and
greater fuel economy. 2) Safety performance: Aluminum can absorb more crash energy. 3)
Driving performance: Cutting weight by using aluminum parts can help cars and trucks
brake quicker, handle better and accelerate faster [3]. That is why aluminum is the fastest
growing material in the automobile industry today. Figure 1.1 illustrates current aluminum

applications on vehicles produced in North America.

1.1 Problematic

- The suspension control arms are important parts in a vehicle (see the Figure 1.2)
[4]. Conventionally, these parts were made of steel, which is a heavy metal. Their geometry

designs were done by means of traditional engineering methods. Today we try to use



intake Manifold

Figure 1.1  Current aluminum applications on vehicles produced in North America.

aluminum, which is a lighter metal, to fabricate these parts instead of steel. We also use
modern engineering methods to design and optimize the geometry design of these parts to
continue to reduce weight, for instance, numerical modelization and simulation methods.
Why do we need to do this work? Because aluminum and steel are two different metals,
therefore they have different mechanical properties. In order to determine if aluminum can
be used instead of steel in automobile parts, the engineer must go through many steps, such
as: design, manufacture part, testing, change design and repeat the steps again and again. It
is a consuming process in terms of time, material and cost. The static and dynamic
simulation analysis methods are used to cut weight, optimize shape, measure strength and

displacement of dynamic behaviour and vibration. It saves time and helps the engineer to



design the system more easily and efficiently. Simulation analysis enables the engineer to
calculate dynamic and static strengths in order to reduce weight. The validity of this
method is demonstrated through two applications of aluminum alloys that replace steel
alloys for suspension control arms. There are two examples of control arms in steel and in
aluminum (see Figure 1.3) and two examples of different designs of control arm (see Figure
1.4). We can see by these examples that the design of aluminum suspension arm is not

easy. The problematic is that the aluminum part must satisfy the same performance as the

steel part.

UPPER A ARM

UPPER BALL JOINT *

ALK o1\ an ARM

¥ . INNER TIE ROD END

" * OUTER TE
LOWER BALL ROD ENI
LOWER A ARM

Figure 1.2  Suspension arm system.



In steel (before) In aluminum {(now)

Control Arm

Figure 1.3  Examples of two control arms in different material.

Basic design Evolved design

Aluminum control arm

Figure 1.4  Examples of two different designs of control arm.

1.2 Objectives

The present work was undertaken to develop aluminum parts of automobile by finite
element simulation method. The main objectives of the study were as follow:
1) Static and dynamic study of automobile behaviour for aluminum mechanical

parts (control arms).



2) The design of suspension control upper and lower arms.
3) Simulate and analyse suspension arms by FEM.
4) Evaluate stress analysis for two aluminum automobile parts with ESO
(Evolutionary Structural Optimization) advanced methods:
»  Weight cutting and shape optimization for aluminum upper control
arms;
* Dynamic analysis of vibrations for aluminum lower control arms;

5) Performance and weight comparison between steel and aluminum parts.

In this chapter, we generally introduce the application of aluminum in the automotive
industry, which is the objective of this study. Also we submit the problematic of this

study and highlight the works that we will perform.
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CHAPTER 2 Literature review

2.1 ALUMINUM ALLOYS FOR AUTOMOBILE APPLICATIONS
AND WEIGHT SAVINGS

Today, the aluminum content of average passenger car is 267 pounds per vehicle:
the average light truck aluminum content is 279 pounds per vehicle. Figure 2.1 shows
examples of current aluminum applications in vehicles produced in North America. Figure

2.2 is some of aluminum alloy parts application in automobile [5, 6].

s'ooo s
Aluminum ’ﬁ‘

Content

in North

American

Vehicles

in millions of pounds 0 1991 2000

Figure 2.1  Aluminum content in North American vehicles.
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Figure 2.2  Aluminum parts of car.
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Aluminum can offer a weight saving of up to 55 percent compared to an equivalent
steel structure, while matching or exceeding crashworthiness standards of same-sized steel
structures. The lifetime fuel savings of these vehicles can amount to 500 - 700 gallons of
gasoline, or about $600 in the U.S. today, and more than three times that amount in Europe
and Japan. Many companies in the world now have aluminum-intensive test vehicles on the
road, providing a weight reduction of 46 percent in the structure, with no loss in crash
protection. Table 2.1 below for the Ford Taurus/Sable-based aluminum-intensive vehicle
(AIV) illustrates what can be achieved in such a vehicle where the unibody structure is
weld bonded for efficient joining. The structure has not been redesigned yet, a weight

saving of 46% was achieved.

Steel ||Aluminum ||Weight (| %

Saved || Chg
Body structure (1bs.) 596 320 276 -46
Hood, deck & fenders (Ibs.) 90 38 52 -58
Front and rear doors (1bs.) 132 79 53 -40
Total body-in-white (1bs.) 818 437 381 -47
Torsional rigidity (ft. Ib./deg)* 7.4 11.0 — +49
Total vehicle (Ibs.) 3245 2894 381 -11.6

Table 2.1 The Ford Taurus/Sable-based aluminum-intensive vehicle weight
savings

Primary weight saving also enables many of the other vehicle systems to be
downsized, such as the engine, transmission, brakes, suspension, wheels, etc. Figure 2.3
shows how hypothetical secondary weight saving in a mid-sized Sedan could lead to a total

weight reduction of over 700 lbs. The steadily growing usage of aluminum is largely
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related to its success in applications that ensure or optimize mobility whether in
automotive, aviation or shipbuilding. At the same time, the light metal faces some
challenging trends: greater transportation needs in an increasingly global business world;
innovations in competing materials; and increasing price pressure. This urges and enforces
the aluminum industry to strengthen efficiency, focus portfolios, continue research &

development and inform about their material’s competitive advantages.

Primary and secondary weight savings breakdown for an aluminum
vehicle based on regression analysis of 1972-1993 passenger cars
Baseline (3100 1b)<— Saving 727 Ib ->NY (23731b)

Aluminum Structure 275
Aluminum Chassis 105
Powertrain ---137
Suspension 28
Brakes 27
Steeling 13
Fuel Tank 23
Wheels 29
Exhaust System 10
Drivetrain 36
Other 44

Figure 2.3  Weight savings breakdown for aluminum.
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2.1.1 Aluminum alloy advantage

Aluminum can compete successfully with less costly materials because of the
advantages it brings in primary and secondary weight saving, structural performance and
design flexibility. It is an important material in fabricating industries; especially in the
acronautics and automobile manufacturing area, where lightweight and high-strength
components with complex configurations are required. This natural combination of high
strength with lightweight, outstanding properties of aluminum alloy, has led to a rapidly
expanding range of applications [7].

Strength with lightweight

Strength is the ability to resist loads. Aluminum has a density one third that of steel and
coupled with its high strength, the strength/weight ratio of the strongest aluminum alloy is
among the highest available in commercial materials.

Hardness

Hardness is resistance to indentation. Pure aluminum has a low hardness. However, some
aluminum alloy can get higher hardness after solution artificial ageing. For example, the
hardness of 7079-T6 can be as high as 135 BHN.

Low elastic modulus

Elastic modulus is stress per unit strain. The elastic modulus of aluminum is one third that
of steel. Therefore, aluminum stresses due to impact and imposed deformations are low.
Toughness at low temperature

Toughness is the ability to absorb energy without fracturing. Aluminum alloys may be used

at temperatures of up to S00F, but for applications above 200F the design stresses require
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some modification, at low temperatures, aluminum alloys become stronger and they are not
subject to brittle fractures.

Good ductility

Ductility is a material that has the ability to stretch out or deform elastically under load.
Aluminum alloy has an excellent ductility. It can be manufacture into almost any form; the

resulting surfaces are clean and smooth.

2.2 Suspension system

The primary job of the suspension on any vehicle is to isolate the chassis from
shock loading and vibration. The suspension does all this by allowing the wheels to move
vertically, with respect to the chassis. Secondly, it prevents the car from shaking itself to
pieces. The suspension must help and not impair the stability and handling of the entire car.
This is accomplished with a damping system that also helps in the load distribution onto the
wheels. Suspension consists of two basic components [8]:

Springs: These come in three types. They are coil springs, torsion bars and leaf springs.

Shock absorber: They dampen the vertical motion induced by driving the car along a rough
surface. If the car only had springs, it would boat and wallow along the road until the
passengers get physically sick. Shock absorbers perform two functions. First, they absorb
any larger-than-average bumps in the road so that the shock isn't transmitted to the car
chassis. Second, they keep the suspension at as full a travel as possible for the given road
conditions. Shock absorbers keep the wheels planted on the road. Technically, they are

actually dampers. Even more technically, they are velocity-sensitive hydraulic damping
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devices, in other words, the faster they move, the more resistance there is to that movement.
They work in conjunction with the springs. The spring allows movement of the wheel to
allow the energy in the road shock to be transformed into kinetic energy of the unsprung

mass, where upon it is dissipated by the damper.

2.2.1 Suspension model

In the past, the main materials for suspension arms were steel. We have here steel
tubular A-arm, and steel sub-frame (see Figure 2.4 [8]). Most suspensions in use today are
of the independent type (see Figure 2.5). As indicated by the name, an independent
suspension works on its own and does not affect the suspension of the other wheels. With
careful design, several advantages of the independent suspension come to light. The
following four types of system [9] are all essentially a variation on the same theme. (a) and
(b) is Coil Spring type 1 and 2 for double-A arm suspension; (c) Double Wishbone and (d)

Multi-link suspension.
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QSA17385
HONDA

8.

HONDA Civic A-ARMS & D-ARMS
(Upper control arm)

BAW

LCARA404966 TUBULAR LOWER A-ARMS
LOWER A-ARMS LOWER A-ARMS

Figure 2.4  Conventional suspension arms
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(b)

(c) (d)

Figure 2.5 (a) Coil Spring type 1, (b) Coil Spring type 2,
(¢) Double Wishbone and (d) Multi-link suspension.
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2.3 Mechanical vibration

Automotive suspension is a vibration system. When designing suspension parts, the
vibration must be studied. Mechanical vibration is always associated with the fluctuation of
mechanical loads; therefore, with fluctuation of mechanical stresses, there is fatigue failure
of mechanical components such as the loosening of threaded connections, friction and
wear, and damage of electronics and other delicate components. Finally, vibration can
affect comfort, performance and the health of people subjected to it, as in sickness due to
ship (or high-rise building) oscillation. These facts make it imperative that engineers
understand the vibration behaviour of every mechanical component, machine, structure,

and system.

2.3.1 Acceptable vibration levels

Figure 2.6 shows their proposed recommendations for acceptable levels of vertical

vibration on standing and sitting human beings, expressed in terms of acceleration.
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Figure 2.6  ISO—suggested acceptable vertical vibration levels.

In other case, Figure 2.7 is a conversion nomogram, relating harmonic vibration
frequency, acceleration, velocity and displacement. The range of operating conditions for a

variety of systems is indicated on the same figure [9].
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2.3.2 Vibratory system and motion

To modelize a vibratory automotive system, there are many models in literature, for

instance Figure 2.8, it is one kind of vibrating automotive systems [9].

Figure 2.8  Modeling of Vibrating Automotive Systems.

The study of vibration is concerned with the oscillatory motions of bodies and the
forces associated with them. All bodies possessing mass and elasticity are capable of
vibration. Thus, most engineering machines and structures experience vibration to some
degree, and their design generally requires consideration of their oscillatory behaviour.

Oscillatory systems can be broadly characterized as linear (Figure 2.9) or nonlinear
(Figure 2.10) [9, 10 and 11]. For linear systems, the principle of superposition holds, and
the mathematical techniques available for their treatment are well developed. In contrast,
techniques for the analysis of nonlinear systems are less well known, and difficult to apply.
However, some knowledge of nonlinear systems is desirable, because all systems tend to

become nonlinear with increasing amplitude of oscillation.
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Figure 2.10 Spring nonlinearity.

There are two general classes of vibrations—free and forced. Free vibration takes
place when a system oscillates under the action of forces inherent in the system itself, and

when externally impressed forces are absent. The system under free vibration will vibrate at
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one or more of its natural frequencies, which are properties of the dynamical system

established by its mass and stiffness distribution.

2.3.3 Newton’s second law of motion

The generalized model representing this class of problems is shown in Figure 2.11.
The displacement x(¢)of the mass is measured from the static equilibrium position.
Displacement is positive in the downward direction, and so are the velocity x(¢)and the
acceleration X(¢) . A positive force on the mass m will produce a positive acceleration of the
mass and vice versa. Referring to the free-body sketch, the forces acting on the mass are (1)
the gravitational force mg, which is constant, (2) the spring force kx, which always opposes
the displacement, (3) the damping force cx, which always opposes the velocity, and (4) the

excitation force, which is assumed to equal to F| sin @t .

- ﬁ“‘t‘ J!L(:.\v'r
;[

$ Fo sin st

Figure 2.11 Viscously damped system with harmonic excitation.

Newton’s second law of motion states that the rate of change of momentum is
proportional to the impressed force and takes place in the direction of the straight line in

which the force acts. If the mass is constant, the rate of change of momentum is equal to the
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mass times its acceleration. From the free-body sketch in Figure 2.11, the equation of

motion of the system is [12]:

mx + cx + kx = F, sin ot 2.1

2.3.4 Motion for suspension system of automobile

Automotive suspension is a two-degree of freedom systems. We use a quarter car
suspension model as illustrated in Figure 2.12 [13] and suspension system as shown by

Figure 2.13 [14, 15].

]

|t

ki

th

Figure 2.12 Quarter car passive suspension model.



- 24

Force at
Lower ™
Pivot
Point

CiotCar

Force at
Jpper Bali

1100 = 1.1 in;

AARTRRTRRRRRRRRNREREY ATHLHRARTRETRRTITENN®

Figure 2.13  Suspension system.

Natural frequency is the rate of energy interchange between the kinetic and the
potential energies of a system during its cyclic motion. As the mass passes through the

static equilibrium position, the potential energy is zero [9].
w, = k/m (22)
where: @, is natural frequency

k is coefficient of spring
M is mass

In the case of the chassis natural frequency, we use the suspension rate and the chassis mass

in the equation above. Thus,

a)c = Vks/mc (23)

For the wheel natural frequency @, , it is necessary to take into account K. and

K, because the wheel oscillates between the suspension and tire springs. Although these



-25

two springs are on opposite sides of the wheel/hub/knuckle mass, the mass would feel the

same force if the two springs were in parallel on one side of the mass. In other words, the

two springs, K ;and K ;» are in parallel and their composite rate is their sum.

o, =k, +k,)/m, 2.4)

2.4 Optimization methods

Today, new and faster computer technology is increasing the use of software
iteratively to apply finite element analysis to design, while varying dimensional
characteristics of the design. This is called size and shape optimization. Most commonly,
shape optimization is the process of changing the physical dimensions of a structural part to
reduce weight while staying within design constraints, usually maximum stress or
deflection.

There are many optimization methods in the literature. Here present two shape
optimization methods: the Simplex optimization method and Fuzzy sets for multicriteria

optimization [16].

2.4.1 The Simplex optimization method

The simplex methods are based on an initial design of k+1 trials, where k is the
number of variables. A k+1 geometric figure in a k-dimensional space is called a simplex.
The corners of this figure are called vertices. With two variables, the first simplex design is

base on three trials (see Figure 2.14), for three variables, it is base on four trials, etc. This
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number of trials is also the minimum for defining a direction of improvement. After the
initial trials, the simplex process is sequential, with the addition and evaluation of one new
trial at a time. The simplex searches systematically for the best levels of the control
variables. The optimization process ends when the optimization objective is reached or

when the responses cannot be improved further.

Control variable 2

Control variable 1

Figure 2.14 A simplex defined by three different trial conditions for two control
variables.

2.4.2 Fuzzy sets for multicriteria optimization

1) Membership function

In fuzzy set theory, the term "target" can be represented with a characteristic

function varying with the response variable. This function, varying between 0 and 1, is the
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membership function of the variable in question. "Close to the target" can for example be
represented by all values above 0.7 [16]. It is shown in Figure 2.15. The membership
functions will of course vary significantly in shape depending on the characteristic
described. The basic idea is however the same: To translate, or transform, different
response variables into a measure that can be adequately compared and combined with
others. Example: In the MultiSimplex software, it is possible to define three types of
optimization objectives, with accompanying membership functions. Derringer and Such
first suggested these functions in 1980. The relative importance of individual response

variables can also vary. One may be very important, while another may be only moderately

important.

T

05 1

Walue of members hip

Response

Figure 2.15 Example of membership function for the fuzzy set "target".
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2) The maximization and minimization of membership function

The transformations used in the MultiSimplex software to create membership
functions for maximization problems (minimization of Y is equivalent to maximization

of Y ) are expressed as:

rO’Yi SYmin
Y-y |
m(yi):< Yi I)n,in DYmin<Yi<Ymax
max  * min (2.5)
Ll’Yz ZI,max

Where

Yuin 1s the low limit for acceptable values of V..

Y,.ax 1s the value above, which a further increase is without significance.
R is a constant that can take different values.

All responses where the objective is maximization or minimization can be
transformed compared and combined using these membership functions. By changing the
constant R, it is possible to specify many different membership functions (Figure 2.16).
Values of R above 1.0 will result in a slow increase from the unacceptable limit and fast
near the high limit. If the constant R has the value 1.0, the function will be strictly
proportional between the limits. Values of R below 1.0 will result in a fast increase from

the unacceptable limit and slow near the high limit.
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Ymin Y¥max

Figure 2.16 The shape of the maximization membership function with different values of
the constant R.

3) The target membership function
With a specific target for Y; the MultiSimplex software uses a two-sided transformation to

create membership functions expressed as:

(— R
Y. - Y .
— =, Y. <Y, £C
LCI_ijn
oy T
miy,)=4|——= |  C <Y, <Y,
(¥:) C Y.

L (2.6)
Where
Yuin 18 the low limit for acceptable values of Y.

Ymax 18 the high limit for acceptable values of Y.
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C; is the target value for Y.
R is a constant that can take different values.

By changing the constant R, it is also possible to specify many different
membership functions. Values of R above 1.0 will result in a slow increase from the
unacceptable limits and fast near the target value. If the constant R has the value 1.0, the
function will be strictly proportional between the limits and the target value. Values of R
1.0 in Figure 2.17 will result in a fast increase from the unacceptable limits and slow near

the target value.

08 7
os T
077
0B 1
0.5 7
047
0.3
0z
0.1 7

W

R=3 \

R=10

Ymin Y max

Figure 2.17 The shape of the target membership function with different values of the
constant R.

4) The aggregated value of membership

MultiSimplex uses a weighted geometric average to combine the membership
values of the individual response variables into an aggregated value of membership. The
influence values assigned to the individual response variables are used as weights. The

aggregated value of membership is expressed as:
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M(y)=|m(y ) xmly, P oxmy )P |7 @

Where
M(y) is the aggregated value of membership.

m(y;) is the membership value for the individual response variable.

E is the influence value for the individual response variable.

2.5 Shape optimization method

Shape optimization of elastic structures is a very important and popular field [17,
18, 19, and 20]. In “Une méthode de lignes de niveaux pour l’optimisation de formes” [21]
and “A level-set method for vibration and multiple loads structural optimization”[22] by
Grégoire ALLAIRE, Frangois JOUVE. They describe a new implementation of the level-
set method for structural optimization. It is a method for shape and topology optimization
to new objective functions such as eigenfrequencies and multiple loads. This method is
based on a combination of the classical shape derivative and of the Osher-Sethian[23, 24]
level-set algorithm for front propagation. In two and three space dimensions they maximize
the first eigenfrequency or they minimize a weighted sum of compliances associated to
different loading configurations. The shape derivative is used as an advection velocity in a
Hamilton-Jacobi equation for changing the shape. This level-set method is a low-cost shape
capturing algorithm working on a fixed Eulerian mesh and it can easily handle topology

changes. It is described below:
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1. Maximizing the first eigenfrequency

We start by describing the eigenvalue problem in linearized elasticity which allows

computing vibration frequencies and modes. Let Q = R“(d =2 or 3) be a bounded open set

occupied by a linear isotropic elastic material with Hooke's law A and density p > 0. For
any symmetric matrix &, A is defined by
AE =2ué + A(Tré)Id (2.8)
where y and A are the Lamé moduli of the material. Id is the identity mapping from R?
into R?. The boundary of Q is made of two disjoint parts

oQ=T, ul, (2.9)
with Dirichlet boundary conditions onI;,, and Neumann boundary conditions on I'y,. The
two boundary parts I',andT", are allowed to vary in the optimization process, although it is

possible to fix some portion of it.
We denote by @ >0 the vibration frequency and by u the associated mode, i.e. the
corresponding displacement field in<2, which are solution of the eigenvalue problem for

the linearized elasticity system

—div(dew)) =0’ pu in Q
u=0 on T, (2.10)
(de@)n=g,  on T,
As is well known, (3.3) admits a countable infinite family of solutions (o, ,

u)k>1 in R*xH'(Q)?, labeled by increasing order of the eigenfrequency. The

eigenfunction, or modes, are normalized by imposing that £p]u ' ]2 dx =1. Furthermore, the
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first (i.e. smallest) eigenfrequency is characterized as the minimum value of the Rayleigh

quotient, namely

| e)-e(v)ds
UEH%)I},U;:O Lp}l)‘Z e 2.11H)

v=00nlp,

2
a, =

To emphasize the dependence of the eigenfrequencies on the shape, we shall often denote
them by @, (Q2) .
The objective function is denoted by J(Q). In rigidity maximization it is common to

maximize the first eigenfrequency. Since, by convention, we always minimize the objective

function.J , we consider
J(Q) =-0,(Q) (2.12)
We introduce a working domain D (a bounded open set of R?) which contains all
admissible shapes Q. We define a set of admissible shapes of fixed volume V'
Uy ={Qc D such that Q=V} (2.13)
Our model problem of shape optimization is

inf  J(Q)

Qel

2. Multiple loads optimization
We consider n >1 possible loading configurations for a structure Q2 , indexed

byi: f; is the vector-valued function of the volume forces and g, that of the surface
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loads. The corresponding displacement field u, in Q is the solution of the linearized
elasticity system

—div(de(u,))=f, in Q
u, =0 on T, (2.14)
(Ae(ui))n =& on 1_‘N

-~

Since Q is varying during the optimization process, f, and g, must be known for
all possible configurations of Q. Therefore, introducing a working domain D c R? which
contains all admissible shapesQ, we take f € L*(D)? andg, € H'(D)?. We assume

further that the surface measure of I', is not zero (otherwise we should impose an
equilibrium condition on £, and g,). In such a case it is well known that (2.14) admits a
unique solutionu, € H'(Q)?. A multiple loads problem is a problem for which the

objective function J(Q) depends on the » displacement fieldsu,. For simplicity, we focus

on the sum of the compliances, i.e. we consider

J(Q) = z( L £ udx+ L g, -u,.ds) = 2 LAe(u,) -e(u,)dx, (2.15)

which is very common in rigidity maximization. The single loading case (n =1), as well as
various other objective functions. Recall definition (2.13) of the set U, of admissible

shapes, our model problem of multiple loads shape optimization is

inf  J(Q)

Qell 4
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3. Shape representation by the level-set method

From the previous sections, we have all the necessary theoretical ingredients to
introduce a gradient method for the minimization of an objective functionJ(€2). The

general form of its shape derivative is
J(Q)O) = _LQ 0 - nds, (2.16)

where 8 e W' (R*,R"), the function v is given by a result (2.13) or (2.14). Ignoring
smoothness issues, a descent direction is found by defining a vector field
0 =-vun,
and then we update the shape Q as
Q, =(ld +10)Q,
where t > 0 is a small descent step. Formally, we obtain

J(©Q)=J( @)t [ v’ds+0(t) 2.17)

which guarantees the decrease of the objective function. This objective function is used into
shape optimization software.

A suspension triangle is tested by this method. Figure 2.18 shows the working
domain, its unstructured mesh (mostly made of quadrangles but with a few triangles), the
boundary conditions and the two external forces. Each load is applied separately and
corresponds to different situations of driving (breaking and accelerating). The intensity of
the horizontal force is 8 times larger than that of the vertical force. The three disks (at each

extremity and at the corner of the part) are not subject to optimization and are made of a
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stiffer material (with Young modulus 80 times larger). The middle of the corner disk is
fixed while one point in the upper left part of the upper disk is fixed, only in the horizontal

direction. The loads are applied at the middle the lower right disk.

Figure 2.18 Boundary conditions and unstructured mesh of the suspension triangle.

Figure 2.19 Two initializations (top) and the resulting optimal shapes (bottom)

of the suspension triangle
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Figure 2.20 Convergence history of the objective function for the two initializations of
the suspension triangle of Figure 2.19: plain line (left), dotted line (right).

According to the initial design the multiple loads optimization yields the shapes
drawn on Figure 2.19. The resulting design is very sensitive to the initialization, even more
in the multiple load case than for single load compliance optimization. As can be checked
on Figure 2.20 the best design is obtained with the initialization of Figure 2.19 (right),

which is not obvious to guess a priori.

2.6 ESO Optimization method

Evolutionary Structural Optimization (ESO) is a new technology that draws
inspiration from nature to produce computer code that will always seek the optimum
structure under any set of single or multiple circumstances. This new development from

Australia can cater for size, shape and topology optimization.
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The process of structural optimization has traditionally followed a parametric or
design variable path where the shape or topology of an object was defined by a set of
parameters. An optimization objective was set, such as minimum volume or maximum
stiffness and the parameters adjusted, allowing for constraints, using a mathematical search
engine such as sequential quadratic programming (SQP), to achieve this. After more than
forty years of intensive research this still proves difficult and of limited success.

The ESO method developed in 1993 by Steven and Xie overcomes all of the
difficulties associated with traditional methods and is able to cater for size, shape and
topology optimization. It has also proved to be very general with its capabilities and can
support: Totally general and multiple load environments including thermal loads and
inertial loads. Totally general and multiple kinematics environments. Totally general
structural shapes in 2D and 3D. Totally general and multiple material environments. Static,
dynamic and stability optimization and combinations of these. Material and geometry non-
linearity.

The process of ESO starts with a high density finite element mesh. Following
multiple finite element analysis with all the load and kinematics environments catered for,
each element is assessed for its effect on the optimization objectives, be theirs stress,
stiffness, natural frequency or whatever, and if the element is not important to these
objectives then it is removed. Elements are removed in a slow orderly way and after many
analysis iterations, with tighter tolerances on the range of stress or strain, the final
optimized structure evolves. Many practical situations have been examined and some have

been manufactured to demonstrate the efficacy of the ESO method.
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Simultaneously with the activity to make the ESO process amenable to real world
situations is a parallel set of research activities directed towards establishing a formal
mathematical basis for the success of the method in solving many classical problems. That
the process be convex is important, that the optimums be global rather than local is
important, that the algorithms be robust is important, that bench-marking be undertaken is
important. It would be easy for engineers to say the answer is obvious, but has often been
found there has to be a formal mathematical process by which that answer is achieved. This
is where our research needs the assistance of mathematicians.

Through the literature review, we are familiarized with the properties of aluminum
and its application for weight saving. We have also studied suspension systems,
mechanical vibration and several optimization methods. Depending on these information
and methods, we can choose the method that is the most suitable for our research. The ESO

method has been chosen for this project.



CHAPTER 3
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CHAPTER 3 Design of suspension control system

3.1 Kinematics study of different sub-systems

The following section presents the kinematics equations of a vehicle [25].
As we can see Figure 3.1, the vehicle is composed of three main parts: the chassis, the
suspension and the wheel. In general, there are two suspension, four bars and three bars

mechanisms.

Smm—

Roue  Suspension Chassis

Figure 3.1  Simplified vehicle.
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3.1.1 Four-bar mechanism

The four-bar mechanism is shown in Figure 3.2. It is defined by the point ABCD.

Suppose the chassis rotate around the point P.

Figure 3.2  Four-bar mechanism.

The equations of position constraint:

The sum of the components at Y=0:
—L,sin@—- L, cos(@, —0)+ L,sinf, + L,cos(@,-60)=0 3.1
The sum of the components at Z=0:
L,cos@+L;sin(f,—0)—L,cos6, —L,sin(@, —0)=0 3.2)

The sum of the components of the upper chord members at Z is equal to 0:
L, . . L, .
70059 —L,sin@+ L, sin(8,, —0) —70059,) —L;sin@=0 (3.3)

By solving these three equations with the Newtonian method for non-linear systems, we

can find the values of 8, , €, and &, as a function ofé .
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The equations of speed constraint:

The speed at Z of the point E expressed with the superior chord members is equal to O:
L . . N A .

- ?sm 00— L, cosB6 + L, cos(8, -6)(0,, -0)+ 751n 6,0,—L.cos80=0 (3.4)

The speed at Z of the point E expressed with the inferior chord members is equal to 0:

L . . . . L .

751n 00 - L, cos60+ L,cos(6,-60)0,—-0)- —2—sm 6,6, — L ,cos00 =0 (3.5)

The sum of the speeds at Y of the two chord members is equal to:
~ L, cos00 + L, sin(0, —0)B, —0) - L,sin(@, —0)0, —6)+ L, cos6,6, =0 (3.6
By solving these three equations with the Newtonian method for non-linear systems, we

can thus find the angular velocities values of8,,, 6, and 6, as a function of .

3.1.2 Three-bar mechanism

The three-bar mechanism as shown by Figure 3.3, the sum of the components at

Y=0:

Figure 3.3  Three-bar mechanism.
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—L,cos6, —Lysin@, +L, =0 (3.7)
The sum of the components at Z=0:

L,sin@, —Lgcos@,+L, =0 (3.8)

By solving these two equations with the Newtonian method for non-linear system, we can
find the values of 8,, L, as a function ofé,, .

By finding the rate of change of L, as a function of time, we can find the force exerted by

the mass system, spring and shock absorber.

0, =n/2-6, (3.9)
0, =x/2-0,-6, (3.10)
L, = L0, cosb, (3.11)

We find that the force exerted by the mass system, spring and shock absorber is represented
by the following:

F,=K(S+L,-L,)+CL, (3.12)
where S represent the initial compression of the spring and C, the dynamic viscosity

coefficient of the shock absorber.

3.1.3 General suspension model

Generally, automotive suspension is represented by a two-degree of freedom

systems. The suspension system is described by the equation of motion (see Figure 3.4)

[13]:
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_ﬁw

Figure 3.4

mi =-K,(z,-2,)-C.(¢, -%,)

mz, =K (z. -z )+C (2, ~2,)~K (2,—2)

Where:

m,_ : Mass of chassis;

m,, : Mass of wheel with suspension;

ki

£1

The suspension model

(3.13)

K : Coefficients of linear stiffness for spring;

C.: Coefficients of damping for damper;

K, : Coefficients of linear stiffness for tire;
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(z, -z, ): Suspension deflection;

%, : Absolute velocity of the mass of chassis;

(z, —z,): Tire deflection;

z, : Absolute velocity of the mass of wheel;

%_: Absolute acceleration of the mass of chassis;
% : Absolute acceleration of the mass of wheel.

In this case, four springs and four dampers support a car weighing 1600 kg; the
chassis weight is 1200 kg. (300 kg on each wheel) and the wheel unsprung weight is 40 kg
/wheel. For illustrative purposes, we will use a simplified example as shown in Figure 3.4
that avoids suspension system kinematics complexities. we will only study a quarter vehicle

model. Figure 3.5 represents suspension arm structures [14]. R, and R, are upper and

lower arms. Our objective is the design of these two aluminum suspension arms that were

i

Hij—_j:—=ni’_# l e

originally in steel.

e Y

Figure 3.5  Suspension arm structures.
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3.2 Design of aluminum suspension arms

Our approach to realize this design is by the numerical method. The design of upper
arm is shown in Figure 3.6. The weight is 1.19 kg and the size is 320mm x 260mm x
68mm [26, 27 and 28].

We choose the thixoforming A357 for upper arm. The advantages of thixoforming
A357 are: a) Dimensional precision. b) Lightweight. ¢c) Complex net shapes. d) Low
porosity. e) High volume. f) Thin wall capability. g) Competitive pricing.
The properties of A357 [29]:
Density: 2670.3 kg/m?
Heat treat: T6
Tensile strength: 330-358MPa
Yield strength: 275Mpa
Elong.: 9%
Elastic modulus: 70-80 GPa

Poisson’s ratio: 0.33
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Aluminum alloy suspension upper control arm.
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The suspension lower arm design is shown in Figure 3.7. The weight is 1.56 kg and
the size is 335mm x 240mm x 50mm [26, 27 and 28].

We choose aluminum 6061-T6 for suspension control lower arms. The advantages
of aluminum alloy 6061 [30]: Excellent joining characteristics, good acceptance of applied
coatings; combines relatively high strength, good workability and high resistance to
corrosion. It’s also widely available.

The properties of Aluminum 6061-T6:
Density: 2700 kg/m?
Tensile strength: 310MPa

Yield strength: 275Mpa
Elong.: 12%

Elastic modulus: 73.1GPa

Poisson’s ratio: 0.33
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These typical automobile suspension arms have been chosen for the static, dynamic
and vibration analysis that will allow us to cut down weight and develop shape. This takes
advantage of the geometric modeling and automatic analyzing capabilities of the parametric
associative CAD system. In our situation, we are doing shape development by Abaqus.
This software can’t to do shape optimization automatically. But it can measure the strength
for each element and give us necessarily information. So we can do development parts by

ESO method. The ESO is evolutionary structural optimization, it is described below:

o
First, we have a safety factor defined by —=k (k=1.05-1.15), o, is yield strength and

max

O e 18 maximum strength of the part under the force. So o, should be less than o, .

. c
Then we verify that the rate ——<75% (o,<0,), where o, represent the stress of
o

max

element. So the objective function can be written as f (o) = %e_ < value (the value<75%).

max

In this area, we can cut the materials for reducing the weight. Depending on this function,
we can reduce the weight and optimizing the shape of parts.

In this chapter, we have studied automobile suspension kinematics and structure;
designed the suspension upper arms and lower arm; and introduced the objective function

to develop the suspension arms.



CHAPTER 4
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CHAPTER 4 Mechanical simulation and analysis of
suspension arms

4.1 Theory of modelization

4.1.1 Equations of elasticity

A problem in analysis of stress and strain arises from a situation in which a body is
subjected to certain actions. These may be applied forces, temperature changes,
accelerations, or specified displacements of certain points of the body, and the resulting
stresses, strains, and displacement are to be determined. The applied forces may act at
various points on the surface of the body (concentrated forces), or they may be distributed
over part of the surface of the body (distributed loads), or they may act on elements within
the body (body forces) if the body is accelerating. In here, we shall derive the equations of
elasticity whose solution will give the stresses, strains, and displacements of a loaded body.
A statement of the conditions imposed on a problem in elasticity is as follows [31]:

1) Every element of mass in the body is in a state of equilibrium or, more generally,

Newton’s second law must be satisfied.

2) The material of which the body is composed has specified stress-strain relations.
3) The strains are functions of the derivatives of the displacements.

4) The stresses, strains, and displacements must be consistent with the prescribed
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loading and constraints of the body.

The first of these is a physical law that must be satisfied, the second is a statement
of the properties of the material, the third is a geometrical condition, and the last is the
loading condition or, as it is sometimes called, the boundary condition. In order to make a
stress analysis of a body, the four conditions listed above must be stated in mathematical
terms. That is the equations of elasticity. For simplification reasons, we just consider plane
stress and plane strain in this research. Figure 4.1 show an element dx, dy, dz with these
stresses acting. In boundary conditions, the unit vector n normal to the surface and directed
out of the body as shown in Figure 4.2. The equilibrium, compatibility and boundary
conditions equations completely describe the problem, and the solution of these equations

gives the stress in the body for the plane stress and plane strain problems [31].

d- { Ty
|
{ { [ Mo ae
O, e w—— — | L ol P 4 —
1_ o, 4 . dx
X [ ax
dy o )_”
ROV R p—
P P
o - L e ol
- - ray + %r:" dy
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T
|
H
‘a -)-au"*" v

¥ n}.

Figure 4.1  An element dx, dy, dz with these stresses acting.
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Figure 4.2

Assumed: O, =7, =7, = 0

N

ot
éy—x+ ~+X=0
Ox
oo ot Equilibrium
—2+—2+Y=0
oy Ox )
o o oxX oY
2 +Z o, +o-y):—(1+v =+
ox~ Oy ox Oy
c.+o, O0,—-0C ,
0, == =+ ~c0s26 + 7, sin 260
o.—-0, .
T, =— —Zism 20 +1,,cos26
Where

~

Boundary condition.

4.1)

4.2)

Compatibility

Boundary conditions (4.3)

The forces X and Y are body forces per unit of volume that act in the x-and y-directions.

The vector n is normal to the surface.

V is Poisson’s ratio.
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4.2 Procedure of simulation

4.2.1 Numerical method software

The ABAQUS suite for finite element analysis (FEA) is known for its high
performance, quality and ability to solve all kinds of challenging simulations. Whether we
need to understand the detailed behaviour of a complex assembly, explore some concepts
for a new design, or simulate a manufacturing process. ABAQUS performs static and/or
dynamic analysis and simulation on structures. It can deal with bodies with various loads,
temperatures, contacts, impacts, and other environmental conditions. ABAQUS includes

four functional components [32, 33]:

Analysis Modules [34]

Preprocessing Module

= Postprocessing Module

= Utilities
There are eight steps to do analysis stress and deformation with Abaqus software

[35]:

1) The input file (In the part module): A finite element analysis in Abaqus is defined
by an input file; it can be created by using a text editor or by using a graphical pre-
processor. In this study, the “step” file is used as input file. Model data define the
nodes, elements, materials, initial conditions, etc..

2) Material definitions (In the property module): the properties of the material must be

defined.
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3)

4)

3)

6)

7)

8)

-57

Defining an assembly (In the assembly module): The geometry of a model can be
defined by organizing it into parts, which are positioned relative to one another in

an assembly.

Step definitions (In the step module): The step sequence provides a convenient way
to capture changes in the loading and boundary conditions of the model. In addition,
steps allow you to change the analysis procedure, the data output and various
controls.

Load definitions (In the load module): a) Boundary conditions: Zero-valued
boundary conditions (including symmetry conditions) can be imposed on individual
solution variables such as displacements or rotations. b) Amplitude force can be
defined for later use in specifying time-dependent loading.

Mesh (In the mesh module): Tools for prescribing mesh density at local and global
levels; model coloring that indicates the meshing technique assigned to each region
in the model; A variety of mesh controls, such as element shape, meshing technique
and meshing algorithm.

Job (In the job module): Perform analysis.

Visualization (In the Visualization module): Analysis results.

Analysis of strength of aluminum upper arms for weight cutting

In this analysis process, we are doing simulation analysis steps for suspension upper

arm in order to verify their stress. Furthermore, the position displacement and reaction

force are analysed as well.
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Input part: Suspension upper arm is designed with Solidworks. It is transformed to
STEP file, and then we input it to Abaqus. The overall size is
0.32mX0.26mX0.068m.

Property setting: The upper control arm is made in A357, so we set the density to
2670kg/m?, Elastic young’s modulus 7e+10P, and Poisson’s ratio 0.33.

Step setting: In simulation analysis, the step can calculate the stress response of
parts, especially to verify the stress of the parts. There are kind of steps that you
can choose such as static, dynamic, frequency and so on. In this step setting, we
choose dynamic analysis.

Load setting: 1) Boundary condition: According to the automobile suspension
system developed in chapter 3, we set the boundary condition at the two holds (see
Figure 4.3 and Figure 4.4). We consider two kinds of conditions: First, all direction
and rotation are fixed (axes: X=Y=Z=0; Rotation: URx=URy=URz=0). We call BC
fixed. The second one is axes X=Z=Free, Y=0; Rotation URz, URx=0, URy=0.52.
We call BC UR2. 2) Horizontal force 2500N [36] is loaded with amplitude curve in
X direction and vertical force 2500N [36] is loaded with amplitude curve in Z

direction (see Figure 4.5, Figure 4.6 and Table 4.1).
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Figure 4.3  Boundary condition fixed.

18

Figure 4.4  Rotation boundary condition.

Figure 4.5  Force loading.
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Amplitude curve data

Time (s)

Figure 4.6  Amplitude curve data of upper arm.

Mesh part: 1) Size control: Approximate global size is 0.004, minimum size is 0.2
and deviation factor is default. 2) Mesh control: element shape is Tet shape. 3)
Element type is C3D4, standard and linear with 3D stress. Total number of elements
is 72503 and number of nodes is 18283. Mesh part is shown in Figure 4.7

Job submits: Full analysis, analysis input file processor memory is 1000.

Visualization: upper arm output results: 1) Stress Mises contour is shown on Figure
4.8; boundary condition is in all directions and rotation is fixed. Maximum stress is
203.6 MPa (at element 39550, it is shown in Figure 4.9). It is less than yield
strength (275 Mpa) of aluminum A357. 2) Maximum displacement at node 687 is
3.7mm (see Figure 4.10 and Figure 4.11). 3) Maximum reaction force is 488N at

node 7744. It is shown in Figure 4.12 and Figure 4.13.



Figure 4.7

Mesh upper arm.



S, Mises

(Ave. Crit.: 75%)
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Node 5777

ODB: Job-upperarm-fix.odb ABAQUS/STANDAPD Version 6.5-1

Skep: Step-dynamic, Dynamic

Increment 12: 3tep Time = 0.1200

Primary Var: S, Mises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.8  S:Mises contour of upper arm, BC fixed.
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Figure 4.9  Max. S:Mises at element 39550, BC fixed.



U, Hagnitude
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Figure 4.10 Position displacement contour and location at node 687, BC fixed.
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Max. Displacement at node 687, BC fixed.
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Figure 4.12 Reaction force contour and location at node 7744, BC fixed.

PF:Magnitude PI: ALAPM-1 N: 7744
-~ RF:RF1 PI: ALAPM-1 N: 7744
RF:RF2 PI: ALARM-1 N: 7744
MO] RF:RF3 PI: ALAPM-1 N: 7744

Tl Ts aTa A"
0.40} RE NN

L

o|~ ! l TR
T
0.00 —

IRIRIRE
0 | | 'i[ IHA ll 1’ \T_
P 1 VY H \L

Max. RF (N) at node 7744, BC fixed

l || 1
1 \1‘} | 1 \ | 1 b | 1 )'- "‘ | MRy
0.00 0.50 1.00 1.50 2.00

Time(s)
Figure 4.13 Max. Reaction force at node 7744, BC fixed.
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Repeat all steps; modify the boundary condition to Rotation with axes Y. The range of

rotation is from -15° to +15°. The result is shown below:

1) The boundary condition is axes X, Z free and axis Y is fixed and rotation with axes Y.
Maximum stress is 109 MPa at element 39550 (see Figure 4.14) and Stress Mises

contour is shown in Figure 4.15. It is less than yield strength (275 Mpa) of aluminum

A357.

2) Maximum reaction force is 53N at node 3092 (See Figure 4.16 and Figure 4.17).

—— S:Mises PI: ALAPM-1 E: 39550 IP: 1

XMIN O0.000E+H00
XMAX 2.500E+00
YMIN 0.000E+00
YHMAX 1.098E+08

x10°]
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e

Mises at element 39550, BC UR2

s § §E &

-
.

Max. S
.8
__op ==

0.50 1.00 150 20 250

Time(s)
Figure 4.14 Max. S:Mises at element 39550, BC UR2.
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Figure 4.15 S:Mises contour of upper arm, BC UR2.
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Figure 4.16 Reaction force contour and location at node 3092, BC UR2.
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----- PF:Magnitude PI: ALAPM-1 N: 3092
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Figure 4.17 Max. Reaction force at node 3092, BC UR2.

g

From the results, we can see the design of aluminum suspension upper arm is successful to

replace the steel one. According to ESO method, we can continue to render the aluminum

piece lighter.
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4.4 Shape optimization for upper arm

4.4.1 Analyse strength of optimization upper arm with sinusoidal force

Shape development for upper arm depends on our objective function (in chapter 3).
The first simulation analysis is done; we change the design of upper control arm to Figure
4.18 below, then we proceed the same way as above to verify the strength of part. Repeat
all steps except the mesh step, because the shape changed.

" Mesh part: 1) Size control: Approximate global size is 0.004, minimum size is 0.2
and deviation factor is default. 2) Mesh control: element shape set to Tet shape. 3)
Element type C3D4, standard and linear with 3D stress. Total number of elements is
108996 and number of nodes is 26173 for developed upper arm.

* Visualization: upper arm output results after shape changed: 1) The boundary
condition states that all directions and rotation fixed. Maximum stress is 152.5 MPa
(at element 61192, it is shown in Figure 4.19) and the stress Mises contour is shown
on Figure 4.20. It is less than yield strength (275 Mpa) of aluminum A357. 2)
Maximum position displacement at node 794 is 4.2mm (see Figure 4.21 and Figure
4.22). 3) Maximum reaction force is 318N at node 13518. It is shown in Figure 4.23

and Figure 4.24.
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Figure 4.18 Development of design for upper arm.
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Figure 4.19 Max. S:Mises at element 61192, BC fixed.
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Figure 4.20 S:Mises contour of development upper arm, BC fixed.
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U, Magnitcude

Nax +4.267e-03
at node UPPEP-APM3-1.754
Nin +0.000e+00
at node UPPER-ARM3-1.56

Node 794

ODB: Job-upperarm-opt3-fix.odb ABAQUS/STANDARD Version 6.5-1
1

Step: dynamic, dynamic

Increment 12: Step Time = 0.1200

Primary Var: U, Magnitude

Deformed Var: U Deformation Scale Factor: +7.811e+00

Figure 4.21 Displacement contour and location at node 794, BC fixed.

U:Magnitude PI: UPPER-ARN3-1 N: 794
U:U1 PI: UPPER-ARM3-1 N: 794
U:W PI: UPPER-ARM3-1 N: 794

——— U:U3 PI: UPPER-ARN3-1 N: 794

XMIN 0.000E+00

XMAX 2.500E+00

YMIN -4.104E-03

YMAX 4.267E-03

:

2
=

000 [~ | | | | s e |

Max. Displacement (m) at node 794, BC fixed

B
&
&
&
-
&

Figure 4.22 Max. Displacement at node 794, BC fixed.



RF, Magnitude

Max +3.185e+02

at node UPPER~ARM3-1.13518
Nin +0.000e+00

at node UPPER~ARM3-1.1

Node 13518

ODB: Job-upperarwm-opt3-fix.odb ABAQUS/STANDAPD Version §.5-1

Step: dynamic, dynamic

Increment

12: Step Time = 0.1200

Primary Var: PF, !agmt.ude
CF

Deformed Var:

Figure 4.23 Reaction force contour and location at node 13518, BC fixed.

Figure 4.24

eformation Scale Factor: +1.000e+00

PF:Magnitude PI: UPPER-ARM3-1 N: 135138

= PRF:RF1 PI: UPPER-APM3-1 N: 13518
RF:RF2 PI: UPPER-ARM3-1 N: 13518
RF:RF3 PI: UPPER-ARM3-1 N: 13518

XNIN 0.000E+00

XMAX 2.S00E+00

YMIN -3.143E+02

YMAX 3.189E+02

x10")

Max. RF (N) at node 13518, BC fixed
g
ki "

Max. Reaction force at node 13518, BC fixed.
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Repeat all steps; only modift boundary condition to Rotation with respect to axis Y.
The range of rotation is from -15° to +15°. The result is shown in below:

1) The boundary condition is axes X, Z free and axis Y is fixed and rotation with respect to
axis Y. Maximum stress is 90 MPa at element 22571 (see Figure 4.25) and Stress Mises
contour is shown in Figure 4.26. It is less than yield strength (275 MPa) of aluminum

A357. 2) Maximum reaction force is 38.7N at node 2331. It is shown in Figure 4.27 and

Figure 4.28.

gwo‘l.

§ r“\l If"ﬁl I;ﬁ)l lf'nlll IH{]\I =
) 8000 | | |

3 'j) \"'. W VL A
S i |l||\|“|lll}||l|”
? | \'I\IWIH i
i‘“”'}'“u il l“/ﬂ ,H
i””‘(( i | I
NI
éw:a.oolo.solmlmlwlw

Time(s)

Figure 4.25 Max. S:Mises at element 22571, BC UR2.



S, Mises
(Ave. Crit.: 75%)
+9.316e+07
+8.542e+07
+7.769e+07
+6.996e+07
+6.222e+07
+5.449e+07
+4.675e+07
+3 .902e+07
+3 .128e+07
+2 .355e+07
1.581e+07
+8.080e+06
+3.452e+05

Max +9.316e+07
at elem UPPERP-APM3-1.22571 node 11720

Min +3.452e+05
at elem UPPEP-APM3-1.17847 node 4612

Element 22571
Node 11720
ODB: Job-upperarm-Opt3-ur.odb ABAQUS/STANDAPD Version 6.5-1

Step: dynamic, dynamic

Increment 12: Step Time = 0.1200

Primary Var: S, Mises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.26 S:Mises contour of development upper arm, BC UR2.
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| RF, Magnitude

+3.228e+00
+0.000e+00

Nax +3.873e+01

at node UPPER-ARM3-1.2331
Nin +0.000e+00

at node UPPER-ARM3~1.1

Node 2331

ODB: Job-upperarm-Opt3-ur.odb ABAQUS/STANDAPD Version 6.5-1

Step: dynamic, dynamic

Increment 12: Step Tiwe = 0.1200

Primary Var: RF, Hagnicude

Deformed Var: CF eformation Scale Factor: +1.000e+00

Figure 4.27 Reaction force contour and location, BC UR2.

PF:Magnitude PI: UPPER-APN3-1 N: 2331
RF:RF1 PI: UPPER-ARM3-1 N: 2331

~—— RF:RF2 PI: UPPER-ARN3-1 N: 2331
PF:RF3 PI: UPPER-ARM3-1 N: 2331

XXIN 0.000E+Q0

XMAX 2.S00E+00

YMIN -3.873E+401

YNAX 3.873E401 I

s
2

-]
8
T

Max. RF (N) at node 2331, BC UR2
8
X

0.00 0.50 1.00 150 200

Time(s)

S
W

Figure 4.28 Max. Reaction force at node 2331, BC UR2.
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4.4.2 Analyse strength of optimization upper arm with random force

We replace the sinusoidal amplitude curve with random amplitude curve that
represent the real case of main road excitation. They are shown in Figure 4.29 and Table
4.2. Then we verify its stress again. The stress is 156 MPa in BC fixed boundary condition
(See Figure 4.30 and Figure 4.31). The stress is 103.9 MPa in BC UR2 boundary condition;

they are shown in Figure 4.32 and Figure 4.33.

1.50E+00 :

I ozaiall

0.00E+00 — Sériet | ‘

-5.00E-01

-1.00E+00

‘ -1.50E+00

Figure 4.29 Random amplitude curve of upper arm.



Time(s)
0
1.00E-02
0.02
3.00E-02
0.04
5.00E-02
0.06
0.07
8.00E-02
0.09
1.00E-01
0.11
1.20E-01
0.13
0.14
1.50E-01
0.16
1.70E-01
0.18
1.90E-01
0.2
0.21
2.20E-01
0.23
2.40E-01
0.25
2.60E-01
0.27
0.28
2.90E-01
0.3
3.10E-01
0.32
3.30E-01

Amplitude
3.54E-01
2.15E-01
7.28E-02

-4 50E-02
-1.15E-01
-1.27E-01
-8.12E-02
5.29E-03
1.09E-01
2.03E-01
2.68E-01
2.92E-01
2.80E-01
2.42E-01
2.00E-01
1.73E-01
1.73E-01
2.06E-01
2.65E-01
3.38E-01
4.08E-01
4 60E-01
4.85E-01
4.82E-01
4 55E-01
4.10E-01
3.58E-01
3.03E-01
2.49E-01
1.97E-01
1.49E-01
1.05E-01
6.90E-02
4. 72E-02

Table 4.2

Time(s)

0.34

0.35
3.60E-01
0.37
3.80E-01
0.39
4.00E-01
0.41

0.42
4.30E-01
0.44
4.50E-01
0.46
4.70E-01
0.48

0.49
5.00E-01
0.51
5.20E-01
0.53
5.40E-01
0.55
0.56
5.70E-01
0.58
5.90E-01
0.6
6.10E-01
0.62

0.63
6.40E-01
0.65
6.60E-01
0.67

Amplitude
4.41E-02
6.13E-02
9.52E-02
1.36E-01
1.70E-01
1.81E-01
1.60E-01
1.02E-01
1.51E-02
-8.63E-02
-1.81E-01
-2.48E-01
-2.75E-01
-2.57E-01
-2.04E-01
-1.34E-01
-6.67E-02
-2.22E-02
-1.00E-02
-2.85E-02
-6.55E-02
-1.02E-01
-1.20E-01
-1.08E-01
-6.34E-02

2.10E-03

6.93E-02

1.16E-01

1.24E-01

8.45E-02

9.34E-04
-1.13E-01
-2.37E-01
-3.52E-01

Time(s)

6.80E-01
0.69

0.7
7.10E-01
0.72
7.30E-01
0.74
7.50E-01
0.76
0.77
7.80E-01
0.79
8.00E-01
0.81
8.20E-01
0.83
0.84
8.50E-01
0.86
8.70E-01
0.88
8.90E-01
0.9

0.91
9.20E-01
0.93
9.40E-01
0.95
9.60E-01
0.97
0.98
9.90E-01

Amplitude
-4.45E-01
-5.10E-01
-5.55E-01
-5.91E-01
-6.31E-01
-6.86E-01
-7.57E-01
-8.35E-01
-9.08E-01
-9.60E-01
-9.81E-01
-9.67E-01
-9.27E-01
-8.75E-01
-8.31E-01
-8.11E-01
-8.26E-01
-8.75E-01
-9.48E-01

-1.03E+00
-1.09E+00
-1.13E+00
-1.13E+00
-1.10E+00
-1.04E+00
-9.60E-01
-8.85E-01
-8.23E-01
-7.81E-01
-7.62E-01
-7.66E-01
-7.92E-01

1.05E-01

Random amplitude data of upper arm.
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S:Mises PI: UPPER-ARM3-1 E: 61192 IP: 1
XMIN 0.000E+00
XMAX 2.500E+00
YMIN 0O.000E+00
YMAX 1.560E+08
&
x10')
1 1 I 1 1
smme ] M _ =

Mises (Pa) at element 61192, BC

-
-

Max.S

Figure 4.30

8
=
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&
3
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‘_ __— I ___:.

_ &
__ __._:_ _‘__ | __... _ _

|
0.00 __)_:_ :__hﬁ_ . :_., | & . WY
000 050 100 150 200 250

Time(s)

Max. S:Mises at element 61192 with random force, BC fixed.




S, Hises

(Ave. Crit.: 75%)
+1.560e+08
+1.430e+08
+1.300e+08
+1.170e+08
+1.040e+08
+9.103e+07
+7.802e+07
+6.502e+07
+5.202e+07
+3.901e+07
+2 .601e+07
+1.301e+07
+2 .068e+03

Max +1.560e+08

at elem UPPER-APM3-1.61192 node 22315
Min +2.069e+03

at elem UPPER-APM3-1.27255 node 9388

Element 61192
Node 22315

ODB: Job-opt3-randonF--fix.odb ABAQUS/STANDAPD Version 6.5-1

1

Step: dynamic, dynamic

Increment 107: Step Time = 1.070

Primary Var: S, Mises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.31 S:Mises contour of development upper arm with random force, BC fixed.
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S, Mises

(Ave, Crit.: 15%)
+1.03%e+08
+9.523e+07
+8.660e+07
+7.798e+07
+6.935e+07
+6.072e+07
+5.209e+07
+4.346e+07
+3 .483e+07
+2 .620e+07
+1.757e+07
+8.936e+06
+3 .065e+05

Max +1.039e+08

at elem UPPEP-APM3-1.73666 node 22020
Min +3.065e+05

at elem UPPER-APM3-1.26682 node 9380

Element 736066
Node 22020

ODB: Job-Opt-randonF-ur2.odb ABAQUS/STANDARD Version 6.5-1

Step: dynamic, dynamic

Increment 107: Step Time = 1.070

Primary Var: 5, Mises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.32 S:Mises contour of development upper arm with random force, BC UR2.
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——— S:Hises PI: UPPER-ARM3-1 E: 73666 IP: 1

XMIN 0.000E+00
XMAX 2.500E+00
YMIN 0.000E+00
YMAX 1.03SE+H8

& o)

8
|
.
.

]

<3
8
T

5
8
1

Mises (Pa) at element 73666, BC U
3
a
——T—
sl

=

8
e — T
i_i::l

Max. S
g

Figure 4.33 Max. S:Mises at element 73666 with random force, BC UR2.

4.5 Strength Analysis of lower arm

In this analysis process, we are doing same procedures to do simulation analysis

steps for suspension lower arm in order to verify their stress.

4.5.1 Strength analysis of lower arm with sinusoidal force

* Input part: We input the suspension lower arm to Abaqus. The overall size is

0.32mx0.26mx0.068m.
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* Property setting: The lower control arm is made in T6061-T6, so we set the
density to 2700kg/m?, Elastic young’s modulus 7.31e+10P, Poisson’s ratio 0.33.

= Step setting: In this step setting, we setup two steps (Frequency and Dynamic). The
first step in the dynamic analysis calculates the natural frequencies and mode shapes
of the control arm. The second step then uses these data to calculate the dynamic
response of the lower arm, especially to analyses stress of the lower arm. In the
step setting, we choose dynamic analysis.

* Load seting: 1) Boundary condition: It is the same upper arm as section 4.3. 2)
Loading: There are 3 forces loading on lower arm with amplitude in Z direction (see
Table 4.3, Figure 4.34 and Figure 4.35). The vertical and lateral forces are from the

tire and another one from the chassis.

Amplitude curve data ‘

1.50E+00

1.00E+00

5.00E-01

0.00E+00
0.00

-5.00E-01

= .. 1
i—Série11

E+00

Amplitude

-1.00E+00

-1.50E+00

Time(s)

Figure 4.34 Sinusoidal amplitude curve data of lower arm.



Time(s) Amplitude Time(s) Amplitude Time(s) Amplitude
5.00E-03 6.28E-02 0.175 0.8096718 0.345 -0.9289652
1.00E-02 0.12527 0.18 0.7712437 0.35 -0.9503651
1.50E-02 0.1872874 0.185 0.7297748 0.355 -0.9680182
2.00E-02 0.2485665 0.19 0.6854289 0.36 -0.9818549
2.50E-02 0.3088655 0.195 0.6383807 0.365 -0.9918206
3.00E-02 0.3679469 0.2 0.5888156 0.37 -0.997876
3.50E-02 0.4255776 0.205 0.536929 0.375 -0.9999971
4.00E-02 0.4815304 0.21 0.4829256 0.38 -0.9981758
4.50E-02 0.5355847 0.215 0.4270183 0.385 -0.9924191
5.00E-02 0.5875275 0.22 0.3694272 0.39 -0.9827498
5.50E-02 0.637154 0.225 0.3103799 0.395 -0.9692059
6.00E-02 0.6842684 0.23 0.2501089 0.4 -0.9518409
6.50E-02 0.7286851 0.235 0.1888516 0.405 -0.9307231
7.00E-02 0.7702289 0.24 0.1268499 0.41 -0.905936
7.50E-02 0.808736 0.245 6.43E-02 0.415 -0.8775772
8.00E-02 0.8440548 0.25 1.59E-03 0.42 -0.8457586
8.50E-02 0.8760457 0255 -6.12E-02 0.425 -0.8106055
9.00E-02 0.9045828 0.26 -0.1236898 0.43 -0.7722566
9.50E-02 0.9295535 0.265 -0.1857227 0.435 -0.7308627
1.00E-01 0.9508594 0.27 -0.2470234 0.44 -0.6865876

0.105 0.9684166 0.275 -0.3073505 0.445 -0.6396057
0.11  0.9821557 0.28 -0.3664656 0.45 -0.5901021
0.115 0.9920226 0.285 -0.4241358 0.455 -0.538272
0.12 0.9979784 0.29 -0.4801339 0.46 -0.4843197
0.125 0.9999997 0.295 -0.5342391 0.465 -0.4284576
0.13 0.9980784 0.3 -0.5862379 0.47 -0.3709067
0.135 0.9922221 0.305 -0.6359258 0.475 -0.3118934
0.14 0.9824539 0.31 -0.6831062 0.48 -0.2516505
0.145 0.9688125 0.315 -0.7275935 0.485 -0.1904154
0.15 0.9513514 0.32 -0.7692122 0.49 -0.1284297
0.155 0.9301395 0.325 -0.8077983 0.495 -6.59E-02
0.16 0.9052606 0.33 -0.8431996 05 -3.19E-03
0.165 0.8768126 0.335 -0.8752765 ... ...
0.17 0.8449077 0.34 -0.9039028 2.56 0.6725683
Table 4.3 Sinusoidal amplitude data of lower arm
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s  Mesh part: 1) Size control: Approximate global size is 0.004, minimum size is 0.2
and deviation factor is default. 2) Mesh control: element shape is Tet shape. 3)
Element type C3D4, standard and linear with 3D stress. Total number of elements is

103697 and number of nodes is 23133. It is shown in Figure 4.36.



Job submit: Full analysis, analysis input file processor memory is 1000.

Visualization: upper arm output results:

Force from chassis

\

Lateral force vertical fﬁrce

Figure 4.35 Force loading on lower arm.

Figure 4.36 Mesh lower arm.
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1. Boundary condition BC fixed with SKN sinusoidal force:

-89

1) The boundary condition is defined in all directions and rotation with SKN force.

Maximum stress is 268 MPa at element 18744 (See Figure 4.37) and Stress Mises

contour is shown on Figure 4.38. It is less than the yield strength (275 Mpa) of

A357.

2) Maximum position displacement at node 238 is 9mm (see Figure 4.39).

3) Maximum reaction force is 779.2N at node 11399. It is shown in Figure 4.40.

ZMIN
XMAX
YMIN

S:Mises PI: LOWEP-APM-1 E: 18744 IP: 1

1.000E-02
2 .500E+00
3.626E+05
2 .684E+08

:
:

Max. S:Mises (Pa) at element 18744,

(x10]
240.00

tEEEE S
I MR v

g

}H |

R

T T T g T ™
L 1) lﬁ | ‘I‘] fl | Il\ ||.l | (!l f" | rl II"|

ot 1,

0.00 0.50 1.00

Figure 4.37 Max. S:Mises of lower arm with SKN sinusoidal force, BC fixed.
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S, Mises

(e, Crit.: '75%)
+2 .611e+08
+2 .393e+08
+2 .176e+08
+1.958e+08
+1.741e+08
+1.523e+08
+1.305e+08
+1.088e+08
+8.703e+07
+6.527e+07
+4.352e+07
+2.176e+07
+3.817e+03

Max +2.611e+08

at elem LOWER-APM-1.18744 node 2259
Min +3.817e+03

at elem LOWER-APM-1.23907 node 2506

Element 18744
Node 2259

ODB: Job-Skfix.odb ABAQUS/STANDAPD Version 6.5-1 %
1

Step: "Modal dynamics”, Modal dynamics

Increment 13: Step Time = 0.1300
Primary Var: S, Mises
2 Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.38 S:Mises contour of lower arm with SKN sinusoidal force, BC fixed.



U, Nagnitude

Max +5.829e-03
at node LOVER-ARN-1.238
Nin +0.000e+00
at node LOVER-ARN-1.50

Node 238

/

ODB: Job-Skfix.odd ABAQUS/STANDARD Version 6.5-1 .

Step: "Modal dynamics”, Modal dynamics

< Increment 13: Step Timwe = 0.1300

Primary Var: U, Bagmtude

Deformed Var: U eformation Scale Factor: +3.478e+00

= A

Figure 4.39 Max. Displacement, SKN sinusoidal force with BC fixed.

PF, Magnitude

+0.000e+00
Max +7.792e+02
at node LOWER-ARM-1.11399
Hin +0.000e+00
at node LOWER-ARM-1.1

Node 11399

ODB: Job-Skfix.odd ABAQUS/STANDARD Version 6.5-1 k|

Step: "Modal dynemics”, Nodal dynamics
emne 3: Step Time = 0.1300
Primary Var: RF, Hagnl\:ude
Deformed Var: CF eformation Scale Factor: +1.000e+00

Figure 4.40 Max. Reaction force with SKN sinusoidal force, BC fixed.
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2. Boundary condition BC fixed with 4KN sinusoidal force:

1) All directions and rotation fixed with 4KN force. Stress Mises contour is shown on
Figure 4.41; Maximum stress is 189 MPa at element 4217 (See Figure 4.42). It is

less than the yield strength (275 Mpa) of aluminum A357.

S, Mises

(Ave. Crit.: 75%)
+1.890e+08
+1.733e+08
+1.575e+08
+1.418e+08
+1.260e+08
+1.103e+08
+9.450e+07
+7.875e+07
+6.300e+07
+4.725e+07
+3.150e+07
+1.575e+07
+2.492e+03

Max +1.890e+08

at elem LOWER-APM-1.4217 node 11309
Min +2.492e+03

at elem LOWER-APM-1.23907 node 2506

Element 4217 R PR
Node 11309

ODB: Job-4kfix.odb ABAQUS/STANDAPD Version 6.5-1 T

1

Step: "Modal dynamics”, Modal dynamics

Increment 13: Step Time = 0.1300

Primary Var: 5, MNises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.41 S:Mises contour of lower arm with 4KN sinusoidal force, BC fixed.
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S:Mises PI: LOWER-ARM-1 E: 4217 IP: 1

XMIN 1.000E-D2
XMAX 2.500E+00
YMIN 1.604E+0S
YMAX 1.810E+08

:

zwo.l_l,plpl- ST T
8 <{ 1\ ( IH (Il\ (1 ﬂ |\ fS

Mises (Pa) at element 4217,
SR -

' |
{

Max. S
g

B

8

&

0.00 0.50 1.00

Time(s)

Figure 4.42 S:Mises of lower arm with 4KN sinusoidal force, BC fixed.

2) Maximum position displacement at node 238 is 7mm (see Figure 4.43).

3) Maximum reaction force is 519.4N at node 6991. It is shown in Figure 4.44.



U, Magnitude
+7.088e-03
+6

+5.907e-03
+5 S
+4.726e-03
+4.

+3 . 544e-03
+2.953e-03

+0.000e+00
Max +7.088e-03
at node LOVER-ARM-1.238
Min +0.000e+00
at node LOWER-APRM-1.50

Node 238

ODB: Job-4kfix.odb ABAQUS/STANDARD Version 6.5-1 Tue
1

/
Step: "Modal dynamics”™, Modal dynamics
Increment 13: Sctep Tiwe = 0.1300
2 Primary Var: U, Magnitude
Deformed Var: U eformation Scale Factor: +4.824e+00

Figure 4.43 Max. Displacement, 4KN sinusoidal force with BC fixed.

PF, Magnitude

+1.299e+02
+8.657e+01
+4.328e+01
+0.000e+00
Max +5.154e+02
at node LOWER-ARN-1.6991
Min +0.000e+00
at node LOVER-ARN-1.1

Node 6991

ODB: Job-4kfix.odb ABAQUS/STANDARD Version 6.5-1 T

Step: "Nodal dynemics”, Modal dynamics
Increment 13: Step Time = 0.1300

Primary Var: RF Hagmtude
Deformed Var: CF eformation Scale Factor: +1.000e+00

Figure 4.44 Max. Reaction force, 4KN sinusoidal force with BC fixed.
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3. Boundary condition BC UR2 with 5KN sinusoidal force:

The part rotates around Y axes with SKN force. Stress Mises contour and the
maximum stress is 116.3 MPa at element 15965 (See Figure 4.45 and Figure 4.46). It is

less than the yield strength (275 Mpa) of aluminum A357.

S, Mises

(Ave. Crit.: 75%)
+1.163e+08
+1.066e+08
+9.699e+07
+8.735e+07
+7.770e+07
+6.806e+07
+5.842e+07
+4.878e+07
+3 .914e+07
+2 .949e+07
+1.985e+07
+1.021e+07
+5.695e+05

Max +1.163e+08

at elem LOWEP-APM-1.15965 node 4367
Min +5.695e+05

at elem LOWERP-APM-1.20289 node 2504

Element 15965
Node 4367

ODB: Job-5Skur2.odb ABAQUS/STANDAPD Version 6.5-1 1

— 1
Step: "Modal dynamics"™, Modal dynamics
Increment 13: Step Time = 0.1300

Primary Var: S, Mises
Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.45 S:Mises contour of lower arm with SKN sinusoidal force, BC UR2.
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S:HMises PI: LOWER-APM-1 E: 15965 IP: 1

XMIN 1.000E-02
XMAX 2.500E+00
YMIN 6.306E+04
YHAX 1.167EH08

& o)
=1m T e T T T lil 1‘

T
—
i
—
et
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Max. S:Mises (Pa) at element 15965, BC
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Figure 4.46 S:Mises of SKN sinusoidal force with BC UR2.

4. Boundary condition BC UR2 with 4KN sinusoidal force:

The part rotates around Y axes with 4KN force. The maximum stress is 96.8
MPa at element 15965 (It is shown in Figure 4.47 and Figure 4.48). It is less than the

yield strength (275 Mpa) of aluminum A357.



S:Mises PI: LOWER-ARM-1 E: 15965 IP: 1

1.000E-02
2 .500E+00
1.067E+04
9.684E+H)7

[x10°]
100.00 T

—l

LB

Max. S:Mises (Pa) at element 15965

8

000 050

1.00 1.50 2.00 250

Time(s)
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Figure 4.47 Max. S:Mises of lower arm with 4KN sinusoidal force, BC UR2.
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S, Mises

(Ave. Crit.: 75%)
+9.655e+07
+8.854e+07
+8.053e+07
+7.252e+07
+6.451e+07
+5.651e+07
+4,850e+07
+4.049e+07
+3 .248e+07
+2 .447e+07
+1.646e+07
+8.452e+06
+4.427e+05

MHax +9.655e+07
at elem LOWER-APM-1.15965 node 4367

HNin +4.427e+05
at elem LOWEP-ARM-1.14161 node 10

Element 15965
Node 4367

ODB: Job-4kurz.odb ABAQUS/STANDAPD Version 6.5-1 1

Step: "Modal dynamics", Modal dynamics

Increment 13: Step Time = 0.1300

Primary Var: 5, Mises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.48 S:Mises contour of lower arm with 4KN sinusoidal force, BC UR2.

4.5.2 Analysis strength of lower arm with random force

We replace the sinusoidal amplitude curve with random amplitude curve in the

same rotation boundary condition. The amplitude data and curve are shown in Table 4.2
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and Figure 4.29 that represent the real case main road excitation. Then we verify its stress

again.
1. Boundary condition BC fixed with 4250N random force:

1) All directions and rotation fixed with 4250N random force. Maximum stress is
265 MPa at element 51125 (See Figure 4.49). Stress Mises contour is shown on Figure

4.50; it is less than the yield strength (275 Mpa) of aluminum A357.

S:¥Mises PI: LOWER-ARN-1 E: 51125 IP: 1

XMIN
XMAX
YHMIN
YHAX

1.000E-02
2 .500E+00
S.330E+HS
2 .650E+08

2 o)

3. 240.00
200.00

160.00

12000 - ,f ‘\n ]

Nl
-~ —frﬁl“} Ill o|ﬁ| A || i H
0.00 % -ll“"II | ll"l i :

000 050

80.00

Mises (Pa) at element 51125
|

Max. S

100 150
Time (s)

Figure 4.49 Max. S:Mises of 4250N random force with BC fixed.
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S, Hises
(Ave. Crit.: 75%)
+2 . 650e+08

+4.324e+03
Max +2.650e+08
at elem LOWEP-ARM-1.51125 node 16450
Hin +4.324e+03
at elem LOWER-APM-1.24103 node 2505

A N 0 g Y

vl ae
R N

ODB: Job-42S5kfix-randon.odb ABAQUS/STANDARD Version 6.5-1

SLep: "Modal dynamics"”, Modal dynamics

Increment 107: Step Time = 1.070

Primary Var: S, Mises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.50 S:Mises contour of lower arm with 4250N random force, BC fixed.
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2. Boundary condition BC fixed with 4KN random force:

All directions and rotation fixed with 4KN random force. Stress Mises contour is
shown on Figure 4.51; Maximum stress is 249 MPa at element 51125 (See Figure 4.52). It

is less than the yield strength (275 Mpa) of aluminum A357.

S, HNises
(Ave. Crit.: 75%)
+2.492e+08

+4 .063e+03
Max +2.492e+08
at elem LOWEP-APM-1.51125 node 16490

Min +4.063e+03
at elem LOWER-APM-1.24103 node 2505

ODB: Job-4kfix-randon.odb ABAQUS/STANDAPD Version 6.5-1

SLep: "Modal dynamics”, Modal dynanmics

Increment 106: Step Time = 1.060

Primary Var: S5, Nises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.51 S:Mises contour of lower arm with 4KN random force, BC fixed.



- 102

——— S:iMises PI: LOUEP-APM-1 E: 51125 IP: 1

XMIN 1.000E-D2
XMAX 2.500E+00
YMIN 9.257E+0S
YMAX 2.495E+08

[x10%)
240.00 —

25, BC fixed
|

120.00 | ) -

Max. S:Mises (Pa) at element 511
[

Figure 4.52 Max. S:Mises of lower arm 4KN random force, BC fixed.

3. Boundary condition BC UR2 with SKN random force:

The part rotates around Y axes, the maximum stress is 112.2 MPa at element 15965; they

are shown in Figure 4.53 and Figure 4.54.



S, Hises

(Ave. Crit.: 75%)
+1.122e+08
+1.029e+08
+9.361e+07
+8.431e+07
+7.500e+07
+6.569e+07
+5.639%e+07
+4.708e+07
+3.777e+07
+2 .846e+07
+1.916e+07
+9.851e+06
+5.439e+05

Max +1.122e+08
at elem LOWEP-APM-1.15965 node 4367

Min +5.43%e+05
at elem LOWEP-APM-1.14161 node 10

Element 15965
Node 4367

ODB: Job-SkurZ-randon.odb ABAQUS/STANDAPD Version 6.5-1

Step: "Modal dynamics"”, Modal dynamics

Increment 211: Step Time = 2.110

Primary Var: S, MNises

Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.53 S:Mises contour of lower arm with SKN random force, BC UR2.
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—— S:Mises PI: LOWER-ARM-1 E: 15965 IP: 1
ZMIN 1.000E-02
ZMAX 2.S00E+00
YMIN 3.466E+06
YMAX 1,125E+408
& x0°)
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Figure 4.54 Max. S:Mises of lower arm with SKN random force, BC UR2.

4. Boundary condition BC UR2 with 4KN random force:
The part rotates around Y axes, the maximum stress is 96.7MPa at element 15965; they are

shown in Figure 4.55 and Figure 4.56.



S, Mises

{Ave. Crit.: 75%)
+9.673e+07
+8.871e+07
+8.068e+07
+7.266e+07
+6.464e+07
+5.661e+07
+4 ,859e+07
+4.056e+07
+3 .254e+07
+2 .452e+07
+1.649e+07
+8.468e+06
+4.435e+05

Max +9.673e+07

at elerm LOWER-APM-1.15965 node 4367
Min +4.435e+05

at elem LOWEP-APM-1.14161 node 10

Element 15965
Node 4367

ODB: Job-4kurZ-randon.odb ABAQUS/STANDAPD Version 6.5-1

——Step: "Modal dynamics"”, Modal dynamics
Increment 211: Step Time = 2.110
Primary Var: 3, Mises
Deformed Var: CF Deformation Scale Factor: +1.000e+00

Figure 4.55 S:Mises contour of lower arm with 4KN random force, BC UR2.
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—— $S:Mises PI: LOWER-APM-1 E: 15965 IP: 1

XMIN 1.000E-02
XMAX 2.500E+00
YMIN 3.461E+06
YMAX 9.695E+07

[x10°]
g ‘m T I || ] T ] 1

I
e 0

- |
|

-
—
—
—
-

Max. S:Mises (Pa) at element 15965, BC
=

Figure 4.56 Max. S:Mises of lower arm with 4KN random force, BC UR2.

In this chapter, we studied the theory of modelization to analyse stress and establish
the simulation procedure. We have loaded different sinusoidal and random forces under
fixed and rotation boundary conditions. Through analysis and depending on the result of
the simulation, we can cut the weight of suspension arms by the ESO method. Finally we
verified the stresses and improved the upper and lower suspension arms. This method
efficiently helps us to quickly design parts, save time and process steps. Today it is a very

popular and useful method in optimization area.
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CHAPTER S Mechanical vibration analysis of suspension arms

5.1 Analysis of the vibration of lower arm

ABAQUS/Standard offers the Lanczos and the subspace iteration eigenvalue
extraction methods. The Lanczos method is generally faster when a large number of
eigenmodes is required for a system with many degrees of freedom. The subspace iteration
method may be faster when only a few (less than 20) eigenmodes are needed. We use the
Lanczos eigensolver in this analysis and request the first 30 eigenvalues. Instead of
specifying the number of modes required, it is also possible to specify the minimum and
maximum frequencies of interest so that the step will complete once ABAQUS/Standard
has found all of the eigenvalues inside the specified range. In lower arm dynamic analysis,
the response is usually associated with the lower modes. However, enough modes should
be extracted to provide a good representation of the dynamic response of the structure. One
way of checking that a sufficient number of eigenvalues has been extracted is to look at the
total effective mass in each degree of freedom, which indicates how much of the mass is
active in each direction of the extracted modes. The effective masses are tabulated in the
data file under the eigenvalue output. Ideally, the sum of the modal effective masses for

each mode in each direction should be at least 90% of the total mass. Specify direct modal
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damping and enter a critical damping fraction of 0.05 [32] for modes 1 through 10. The
time period is 2.5 and time increment is 0.01. During the simulation, we found that first 10
modes are enough in this case. Therefore, the results of frequency are just shown 10 modes

and several deformation shapes.

5.1.1 Analysis of the vibration with SKN sinusoidal force

1. Frequency of lower arm in boundary condition BC fixed:

The primary results for step Frequency with boundary condition fixed are the
extracted eigenvalues, it is shown by Table 5.1. We can visualize the deformation mode
associated with a given natural frequency by plotting the mode shape associated with that

frequency (See Figure 5.1).

EIGENVALTUE CUTPUT

MOLE NO EIGENVALUE FREQUENCY GENERALIZED MASS  COMPOSITE MODAL DAMPING
{RAD /TTME) {CYCLES/TIME)

1 1.94390E+06 1394.2 221.90 0.20368 0.0000
4 3. 76458E+07 6135.6 $76.51 0.258528 0. 0000
3 4_46407E+07 66814 1063. 4 0.22431 0.0000
4 1. 62449408 12746 2028.5 0.42107 0. 0000
5 1.75955E+08 13265. 2lll.2 0.l0gzz 0.0000
) Z.56975E+08 16030. 2551.3 0.15941 0.0000
? Z.98513E+08 17278, 2749.8 0.21251 0.0000
8 5.028110E+08 Z2z541. 3587.6 0.10162 0. 0000
9 6.05703E+08 24511. 3917.0 0.11285 0. 0000
10 7. 22474 E+08 26878, 4277.8 0.40529 0.0000

Table S.1 The extracted eigenvalues step frequency with BC fixed
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ODB: Job-lowsrmd-5Sk.odb ABAQUS/STANDARD Version 6.5-1 Fri

Sﬁep: "Extract Frequencies", First 10 modes
de 1l: Value = 1.94390E+06 Freqg = 221.90 [cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(a) Mode 1

QDB: Job-lowasrmd-Sk.odb ABAQUS/STANDARD Version 6.5-1 Fri i

SlEp: "Extract Frequencies", First 10 modes
Mode 3: Value = 4.45407E+07 Freq = 1063 .4 (cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(b) Mode 3
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ODB: Job-lowarmd4-5k.odb ABAQUS/STANDAED Version 6.5-1 Fri

S%Ep:

Mode

"Extract Frequencies’, First 10 modes
6: Value = 2.56975E+08 Freq = 2551.3 [cycles/time)

Deformed Var: U Deformation Scale Factor: +43.410e-02

(c) Mode 6

ODB: Job-Skfix.odb ABAQUS/STANDARD Version 6.5-1 Tue May 3

-]
Step: "ExXtract Frequencies'™, First 10 modes

Mode

9: Value = 6.05708E+08 Freq = 3917.0 icycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

Figure 5.1

(d) Mode 9

(a), (b), (c) and (d) are frequency modes with force SKN, BC fixed.
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2. Frequency of lower arm in boundary condition BC UR2:
The Step Frequency with boundary condition UR2 are the extracted eigenvalues
(Table 5.2), participation factors (Table 5.3), and effective mass (Table 5.4), as shown

below. The mode shape associated with that frequency are shown by Figure 5.2.

EIGENVALUE OUTPUT

MODE KO EIGENVALUE FREQUENCY GENERALIZED MASS COMPOSITE MODAL DAMPING
{RAD/TIME} (CYCLES/TIME)
1 -2.11588E-05 0.0000 0.0000 1.1079 0.0000
4 1.39265E-07 3.73183E-04 5.93939E-0% 0.62834 0.0000
3 4_.92787E-05 7.01988E-03 1.11725E-03 1.0481 0.0000
4 4. 29955E+0E z073. 5 330.01 0.35675 0. 0000
5 6. 528B9E+06 Z555.2 406.67 0.42133 0.0000
3 1. 18273E+07 3439.1 547.35 0.35é68 0.0000
7 1. 66802 E+07 4084. 2 650.02 0.24324 0.0060
8 1.14633E+08 10707. 1704.0 0.31420 0. 0000
9 1.36840E+08 11698. 1861.8 0.31E516 0.0000
10 1.75553E+08 13250. Z2108.7 0.14801 0.0000

Table 5.2 The extracted eigenvalues step frequency with BC UR2

AYAY,
ATiTATLY
¥y A YTATAYAY,
Ij'N\'VI’\.I\
FANRAAA
ODB: Job-lowarm4-5k.odb ABAQUSI/STANDAPD Version 6.5-1 Fri F
1
Step: "Extract Frequencies”, First 10 modes
Mode 4; Value = 4,29955E+06 Freq = 330.01 [cycles/tine)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(a) Mode 4
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ODB: Jobh-Skur?.odh ABAQUS/STANDAPD Version 6.5-1 Tue Mav 30

—1
9 Step: "Extract Freguencies”™, First 10 modes
Hode 8: Value = 1.14633E+08 Freq = 1704.0 (cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(b) Mode 8

i Way

ODEB: Job-lowarm4-5k.odb ABAQUS/STANDARD WVersion 6.5-1 Fri

1

Step: "Extract Frequencies', First 10 modes
Mode 10: Value = 1,.75553E+4+08 Freqgq = 2108.7 (cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(c) Mode 10

Figure 5.2  (a), (b) and (¢) are frequency modes with force SKN and BC UR2.



-114

The column for generalized mass lists the mass of a single degree of freedom
system associated with that mode. The table of participation factors indicates the
predominant degrees of freedom in which the modes act. The results indicate, for example,

that mode 3 acts predominantly in the 3(Z)-direction.

PARTICIPATION FACTORS

MODE NO ¥~COMPONENT Y-COMPONENT 2-COMPONENT KX-ROTATION T-ROTATION Z-ROTATION
1 -0.99725 -Z.05173E-12 0.114732 -1.09165E~-07 4.01737E-0Z -3.42366E-09
-4 -0.80174 3.34801E-13 0.31801 1.55339E-07 -0.17283 -3.64768E-07
3 0. 2301 -9.16007E-13 1.1895 -1.75563E-07 -0.17558 E£.88105E-08
4 1.48318E-13 Z2.90810E-02 —-6.54319E~-12 0.14409 1.53147E-12 ~1_.78111E-03
5 —-3.79541E-12 1.2151 Z.78E280E-1Z2 -5.32717E-03 -1.08l0DEE-13 1.84059E-02
5 -Z.80837E-13 3.84206E-02 -1.758Z4E-12 E5.82187E-0zZ —4.90857E-14 3.15688E-03
7 7.09937E-13 4.30444E-04 -8.16007E-1z Z.88596E-04 1.11369E-12 1.51298E-0&
8 1. 53340E-13 -6.96475E-04 -1.46834E-13 6.95579E-05 -4.77115E-14 -1.38476E-04
9 -8.84144E-14 -7 .58959E-02 Z.87199E-13 5.08287E-03 -3.83325E-14 -1.79082E-02
10 -1.0182ZE-13 -1.93781E-03 -?7.81271E-13 -1.36581E-05 1.44957E-13 -4 . 75653E-04

Table 5.3 Participation factors
The table of effective mass indicates the amount of mass active in each degree of
freedom for any one mode. The results indicate that the 3 modes with significant mass in

the 3 directions is mode 3. The total modal effective mass is 1.5612 kg.

EFFECTIVE MaASS

MODE NO X-COMPONENT Y-COMPONENT 2-C0MP 0N ENT KX-ROTATION Y-ROTATION Z-ROTATION
1 1.1018 4.56364E-24 1.45821E-02 1.32024E-14 1.78853E-03 1.298578-17
2 0.403839 7.04321E-28 6_35440E-02 1.51621E~14 1.87696E-02 8.36045E-14
3 5. 55zZZE-02 8.79430E-25 1.4831 3.23071E~14 3.2Z984E-0Z 3.62504E-15
4 7.84780E-27 3.01810E-04 1.527385E-23 7.40637E~03 8.36716E-25 1.13172E-06
5 6.09071E-24 0.62233 3.26737E-24 1.19737E~-058 4_93098E-27 1.42939E-04
5 Z.8l308E-26 5.26505E-04 1.10263E-24 1.2089ZE~03 8._59374E-28 3.55460E-0¢
7 1. 2Z613E-25 4 50683E-08 1.61969E-23 Z2.02733E~08 3.01697E-25 5.56815E-11
g 7.4360ZK-27 1.52411E-07 6.77418E-27 1.52019E~09 ?.15237E-28 6.02499E~09
S 2.46362E-27 1.81536E-03 Z.53952K-2¢ Z.60000E~05 4_63085E-28 1.0107ZE-04
10 1. 53452E-27 5.55788E-07 5.03422E-26 2.76100E~11 3.11003K-27 3.34864E-08
TOTAL l.5612 0.6Z563 1.5612 8.65329E~03 5.28565EK-02 Z2.48736E-04

Table 5.4 Effective mass

The total mass of the model is given earlier in the data file and is 1.56 kg. To ensure
that enough modes have been used, the total effective mass in each direction should be a

large proportion of the mass of the model (say 90%). The total effective mass in the 1- and
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3-directions is above the 90% recommended; the total effective mass in the 2-direction is
much lower. However, since the loading is applied in the 3-direction, the response in the 2-

direction is not significant.

5.1.2 Vibration analysis with sinusoidal force 4KN

1. Frequency of lower arm in boundary condition BC fixed:

Repeat the frequency step with a new loading. The results for step Frequency with
boundary condition fixed are the extracted eigenvalues, it is shown by Table 5.5. They are
visualized the deformation mode associated with a given natural frequency by plotting the

mode shape associated with that frequency (see Figure 5.3).

EIGENVALUE 0UTDPUT

MODE MD EIGENVALUE FREQUENCY GENRRALIZED MASS  COMPOSITE MDDAL DAMPING
({RAD /TIMRE) (CYCLES/TIME)
1 1.94390B+06 1394.2 221.80 0.20368 G.aococ
-4 3. 76458E+07 6135.6 976.51 0.25525 0.0000
3 4. 46407E+07 6681.4 1063. 4 0.22431 0. Qo000
4 1.62449E+08 12746. 2028.5 0.42107 0.0000
5 1.75955E+08 13265. 2111.2 0.1082z2 0. 0000
6 Z2.56975E+08 16030. 2551.3 0.15941 0.0000
7 2.98513E+08 17278. 2749.8 0.21291 0. 0000
8 5.08110E+08 22541. 3587.6 0.10162 0. 0000
] 6.05708E+08 24611. 3917.0 0.11285 0.0000
10 7.22424E+0B 26878. 4277.8 0.40529 0. 0000

Table 5.5 The extracted eigenvalues step frequency with BC fixed
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Step:
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Lower arm dynamic with frecuency
ODB: Job-~lowerarmd.odb ABAQUS/STANDAPD Version 6.5-1 Thu Fi
1
3tep: "Extract Freguencies", First 10 modes
2: Value = 3.,76458E+07 Freq = 976.51 (cycles/time)
+3.410e-02

Hode
Deformed Var:
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(b) Mode 2
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Lower arm dynamic with frecuency
ODB: Jobkb-lowerarmd.odb ABAQUS/STANDAPD Version 6.5-1 Thu Fe

1

Step: "Extract Frequencies™, First 10 modes
HMode 6: Value = 2.56975E+08 Fregq = 2551.3 {cycles/tine)

Deforwed Var: U Deformation Scale Factor: +3.410e-02

(c) Mode 6

Figure 5.3  (a), (b) and (c) frequency modes, force 4KN, BC fixed.

2. Frequency of lower arm in boundary condition BC UR2:
The results for step Frequency with boundary condition UR2 are the extracted
eigenvalues, participation factors, and effective mass (Table 5.6), as shown below. The

mode shape associated with that frequency (see Figure 5.4).
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Table 5.6

EIGENVALUE

-2.115B88E-08
1.39265E-07
4_92787E-08
4. 29955R+06
6. 52889 E+06
1.18273E+07
1. 66808E+07
1. 14633E+08
1. 36840E+08
1.75553E+08

PARTICIP

KX-COMP OWENT

=-0.939725

-0.80174

0.23016

1.48318E-13
-3.79541E-12
-Z.380837E-13
7.09997E-13
1. 53840E-13
-8.84144E-14
-1.01822E-13

EFF
X~-COMP QNENT

1.1018
0.40389
5.5522Z2E~02
7.84780E-27
6.09071E-24
Z.8l30BE~Z6
l.22613E-25
7. 43602E-2Z7
Z.4636ZE-27
1.5345ZE-Z27

1.5612

EIGENVALTUE

Y-COMPONENT

-2 _.08173E-12
3.34801E~13
-9.16007E-13
Z2.90910E-02
1.2151
3.84Z06E-02
4.30444E-04
-5.96475E-04
=7 .58959E-02
-1.93781E-03

ECTIVE

T-COMPONENT

4. 65364E-24
7.04321E-Z6
8.79430E-25
3.01910E-04
0.622598

5.26505E-04
4.50639E-08
1.52411E-07
1.81536E-03
5.55788E-07

0.EZ563

FREQUENCY

(RAD /TIME) {CYCLES/ TIME)
0.0000 0.0000

3.73183E-04 5.93939E-05

7.01988E-02 1.11725E-03
2073.5 330.01
25585.2 406 .67
3439.1 547 _35
4084. 2 650.02
10707. 1704.0
11698. 1861.8
13250. 2108.7
ATION FACTORS

Z-COMPONENT

0.11473

0.31801

1.1895
-6.54319E-12
Z2.78280E-12
=1.75824Ek-12
-8.16007E-12
~-1.46834E-13
2.87199E~13
=7.81271E-13

MASS

Z-COMPONENT

1.45821E-02
6.35440E-02
1.4831
1.52735E-23
3.26737E-24
1.10263E-24
1.61369E-23
6.77418E-27
2 .599E5ZE-Z26
9.0342ZE-Z6

l.58l12

OUTPUT

GENERALIZED MASS

X-ROTATION

-1.08165E-07
1.55339E-07
-1.75569E-07
0.14409
-5.32717E-03
5.82187E-02
Z2.88696E-04
6.95579E-05
9.08287E-03
~1.36581E-0S5

KX-ROTATION

1.32024E-14
1.51621E-14
3.23071E-14
7.40637E-03
1_19737R-05
1.2089ZE-03
Z.02733E-08
1.5Z019E-0%
Z .60000E-05
Z.75100E-11

8.65329E-03

step frequency with BC UR2
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COMPOSITE MODAL DAMPING

T-ROTATION

4.01797E-02
~0.17283
~0.17555
1.53147E-12
-1.08106E-13
-4_90857E-14
1.11369E-12
-4_77115E-14
-3.833Z5E-14
1.44957E-13

T-ROTATION

1.78853E-03
1.87696E-02
3.22984E-02
8.36716E-25
4.93098E-27
8.59374E-28
3.01697E-25
7.15237E-28
4.63085E-28
3.11003E-27

£ .28565E-02

Z-ROTATION

-3.4Z366E-09
-3.64768E-07
5.88105E-08
-1.78111E-03
1.84059E~-02
3.15688E-03
1.51Z98E~0S
=-1.38476E-04
=1.79082E-02
-4 _75653E-04

Z~ROTATION

1.29857E-17
8.36045E-14
3.62504E-1S5
1.13172E-06
1.42939E-04
3.55460E-06&
5.56815E-11
6.02499E-09
1.01072E-04
3.34864E-08

2.48736E-04

The extracted eigenvalues, participation factors and effective mass of
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Lower arm dynamic with frecuency
ODB: Job-lowerarmi.odb ABAQUS/STANDARD Version 6.5-1 Fri F

Slep: "Extract Frequencies”, First 10 modes
Mode 4: Value = 4,29955E+06 Freq = 330.01 {cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(a) Mode 4

ODB: Job-4kurz.odb ABAQUS/STANDAPRD Version 6.5-1 Tue May 3

Skep: "Extract Frequencies”, First 10 modes
Mode 8: Value = 1.14633E+08 Freqg = 1704.0 [cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(b) Mode 8
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Lower arm dynamic with Irequencg
ODB: Job-lowerarmd.odb ABAQUS/STANDAPD Version 6.5-1 Fri Fe

1
Step: "Extract Frequencies”, First 10 wodes
Hode 10: Value = 1,75553E+08 Freq = 2108.7 (cygcles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(c) Mode 10

Figure 5.4  (a), (b) and (¢) are frequency modes with force 4KN, BC UR2.

5.1.3 Vibration analysis with random force SKN

We use the random force amplitude instead of sinusoidal amplitude. Then repeat
paragraph 5.1.1 analyse vibration of lower arm again. The results of step Frequency with
boundary condition UR2 are the extracted eigenvalues, participation factors, and effective
mass as Table 5.7 shown below. The mode shapes associated with those frequencies are

represented by Figure 5.5.
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QDB: Job-Skur2-randon.odb ABAQUS/STANDAPD Version 6.5-1

Skep: "YExtract Frequencies', First 10 modes
Hode 1: Value = -2.,11588E-05 Freq = 0.0000 {cycles/tine)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(a) Mode 1

ODB: Job-5kurZ-randaon.odb ABAQUS/STANDARD Version 6.5-1 Wer

_.—»—'—'1
Step: "Extract Freguencies", First 1D modes
Mode 7: Value = 1.66808E+07 Freq = 650.02 (cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(b) Mode 7

121
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ODB: Job-SkurZ2-randon.odb ABAQUS/STANDAPD Version 6.5-1 We

1

Step: "Extract Fregquencies'", First 10 modes
Mode 8: Value = 1.14633E+4+08 Freq = 1704.0 [cyeles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(c) Mode 8
5
74
ODB: Job-SkurZ-randon.odb ABRQUS/STANDARD Version 6.5-1 We
—1
Step: "Extract Freguencies®, First 10 modes
Mode 10: Value = 1.75553E+08 Freq = 2108.7 [cycles/tine)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(d) Mode 10

Figure 5.5  (a), (b), (c) and (d) are frequency modes with force SKN, BC UR2.
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EIGENVALUE OUTPUT

MODE NO EIGENVALUE FREQUENCY GENERALIZED MASS  COMPOSITE MODAL DAMPING
(RAD/TIME)  (CYCLES/TIME)
1 -2.11588E-05 0.0000 0.0000 1.1079 0.6000
2 1.39265E-07 3.73183E-04 5.93939E-05 0.62834 06.0000
3 4.92787E-05 7.01988E-03 1.11725E-03 1.0481 0.0000
4 4.29955E+06 2073.5 330.01 0.35675 0.0000
5 £.52885E+06 2555.2 406.67 0.42193 0.0000
; 1.18273E+07 3439.1 547.35 0.35668 0.0000
7 1.66B0BE+07 4084.2 650.02 0.24324 0.0000
8 1.14633E+08 10707 - 1704.0 0.31420 0.0000
9 1.36840E+08 11698. 1861.8 0.31516 0.0000
10 1.75553E+08 13250. 2108.7 0.14801 0.0000
PARTICIPATION FACTQRS
MODE NO X-COMPQNENT Y-COMPONENT 2-COMPONENT  X-ROTATION Y~ROTATION Z-ROTATION
1 -0.99725 -2.05173E-12 0.11473 -1.09165E-07 4.01797E-02 -3.42366E-09
2 -0.80174 3.34801E-13 0.31801 1.55339E-07 -0.17283 -3.64768E-07
3 0.23016 -9.16007E-13 1.1895 -1.75569E-07  -0.17555 5.88105E-08
4 1.4831BE-13 2.90910E-02 -6.54319E-12 0.14409 1.53147E-12  -1.78111E-03
5 -3.79941E-12 1.2151 2.782B0E-12  ~5.32717E-03  -1.08106E-13 1.84059E-02
6 -2.80B37E-13 3.84206E-02 -1.75824E-12 S.B2187E-02  -4.90857E-14 3.15688E-03
7 7.09997E-13 4.30444E-04  -8.16007E-12 2.88696E-04 1.11369E-12 1.51298E-05
8 1.53840E-13  -6.96475E-04 -1.46834E-13 6.95579E-05 —~4.77115E-14 -1.38476E-04
9 -8.B4144E-14 -7.58959E-02 2.87199E-13 5.08287E-D3  -3.83325E-14 -1.79082E-02
10 -1.01822E-13  -1.93781E-03 -7.81271E-13  -1.36581E-05 1.44957E-13  -4.75653E-04
EFFECTIVE MASS
MODE NO X-COMPQNENT Y-COMPONENT Z-COMPONENT  X-ROTATION Y~ROTATION Z-ROTATION
1 1.1018 4.66364E-24 1.45821E-02 1.32024E-14 1.78853E~03 1.29857E-17
2 D. 40389 7.04321E-26 6.35440E-D2 1.51621E-14 1.87696E~D2 8.36D45E-14
3 5.55222E-02 8.79430E-25 1.4831 3.23071E-14 3.22984E-02 3.62504E-15
4 7.847BDE-27 3.01910E-04 1.52735E-23 7.40637E-03 8.36716E~25 1.13172E-06
5 6.09071E-24 0.62258 3.26737E-24 1.19737E-05 4.93098E~27 1.42935E-04
6 2.81308E-26 5.26505E-04 1.10263E-24 1.20892E-03 B.59374E~28 3.55460E~06
7 1.22619E-25 4,.506B5E-08 1.61569E-23 2.02733E-08 3.01697E~25 5.56815E-11
8 7.43602E-27 1.52411E-07 6.7741BE-27 1.52019E-09 7.15237E-28 £.02495E-09
9 2.46362E-27 1.81536E-03 2.59952E-26 2. 600D0E-DS 4.63085E~28 1.01072E-04
10 1.53452E-27 5.55788E-07 9.03422E-26 2.76100E-11 3.11003E-27 3.34B64E-D8
TOTAL 1.5612 0.62563 1.5612 8.65329E-03 5.28565E~02 2.48736E-04

Table 5.7 The extracted eigenvalues, participation factors and effective mass of step
frequency with SKN random force, BC UR2

5.1.4 Vibration analysis with random force 4KN

We use random amplitude replace sinusoidal amplitude. Then repeat paragraph
5.1.2 analyse vibration of lower arm again. The results for step Frequency with boundary
condition UR2 are the extracted eigenvalues, participation factors, and effective mass
(Table 5.8), as shown below. The mode shape associated with that frequency are

represented by Figure 5.6.
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1

ODB: Job-4kur2-randon.odb ABRQUS/STANDARD Version 6.5-1

Step: "Extract Frequencies"™, First 10 modes
Mode 1: Value = -2.11588E-05 Freq = 0.0000 cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(a) Mode 1

ODB: Job—-4kurz-randon.odb ABAQUS/STANDAPD Version 6.5-1

ékep: "Extract Frequencies", First 10 modes
Hode T7: Value = 1,66808E+07 Freq = 650.02 (cycles/time)

Deformed Var: U Deformation Scale Factor: +3.410e-02

(b) Mode 7
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ODB: Job-4kurZ-randon.odb ABAQUS/STANDARD Version 6.5-1 We

Skep: PExtract Frequencies”, First 10 modes

Mode 8: Value = 1.14633E+08 Freq = 1704.0 [cycles/tine!
i) Deformation Scale Factor: +3.410e-02

Deformed Var:

(¢) Mode 8

n e

AL

ABAQUS/STANDARD Version 6.5-1 e

ODB: Jobh-4kur?-randon.odb

First 10 modes
2108.7 cycles/time)

1

3tep: "Extract Frecgquencies”,
Mode 10: Value = 1.75553E+08 Freq =
Deformation Scale Factor: +3.410e-02

U
(d) Mode 10

Deformed Var:

Figure 5.6 (a), (b), (c) and (d) are frequency modes with force 4KN, BC UR2.
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EIGENVALUE OUTPUT

MODE NO EIGENVALUE FREQUENCY GENERALIZED MASS  COMPOSITE MODAL DAMPING
(RAD/TIME)  (CYCLES/TIME)

1 -2.11588E-05 0.0000 0.0000 1.1079 0.0000
2 1.39265E-07 3.73183E-04 5.93939E-05 0.62834 0.0000
3 4.92787E-05 7.01388E-032 1.11725E-03 1.0481 0.0000
4 4.29955E+06 2073.5 3320.01 0.35675 0.0000
5 6.52889E+06 25855.2 408.67 0.42193 0.0000
6 1.18273E+07 3439.1 547.35 0.35668 0.0000
7 1.66808E+07 4084.2 650.02 0.24324 0.0000
8 1.14633E+08 10707. 1704.0 0.31420 0.0000
9 1.36840E+08 11698, 18¢1.8 0.31516 0.0000
10 1.75553E+08 13250. 2108.7 0.14801 0.0000
PARTICIPATTION FACTORS
MODE KO X-COMPONENT Y-COMPONENT Z-COMPONENT X-ROTATION Y-ROTATION Z-ROTATION
1 -0.99725 -2.05173E-12 0.11473 -1.09165E-07 4.01797E-02 -3.42366E-089
2 -0.80174 3.34801E-13 0.31801 1.55339E-07 -0.17283 -3.64768E-07
3 0.23016 =9.16007E-13 1.1895 -1.75568E-07 -0.17E58 5.88105E-08
4 1.48318E-13 2.50910E-02 -6.54319E-12 0.14409 1.53147E-12 -1.78111E-03
5 -3.79941E-12 1.2151 2.78280E-12 -5.32717E-03 -1.08106E-13 1.84059E-02
[ ~-2.80837E-13 3.84206E-02 -1.75824E-12 5.82187E-02 -4.90857E-14 3.15688E-03
7 7.09997E-13 4.30444E-04 -8.16007E-12 2.88696E-D4 1.11369E-12 1.51298E-0Q5
g 1.53840E~-13 -6.96475E-04 -1.46834E-13 6.95579E-05 -4.,77115E-14 -1.38476E-04
9 -8.84144E-14 -7.5895%E-02 2.87199E-13 9.08287E-03 -3.83325E-14 -1.79082E-0D2
10 -1.01822E-13 -1.93781€E-03 -7.81271E-13 -1.36581E-05 1.44957E~13 -4_FEEE3E-Q4
EFFECTIVE MASS
MODE NO X-COMPONENT Y-COMPONENT Z-COMPONENT X-ROTATION Y-ROTATION Z-ROTATION
1 1.1018 4.66364E-24 1.45821E-D2 1.32024E-14 1.78853E-03 1.29857E-L17
2 0.40389 7.04321E-26 €.35440E-02 1.51621E-14 1.87696E-02 8.36045E-14
3 E.55222E-02 8.79430E-25 1.4831 3.23071E-14 3.229B4E-02 3.62504E-15
4 7.84780E-27 3.01910E-04 1.52735E-22 7.40637E-03 8.36716E-25 1.13172E-06
5 6.05071E-24 0.62298 3.26737E-24 1.19737E-05 4.93098E-27 1.42939E-04
[ 2.81308E-26 5.26505E-04 1.102¢3E-24 1.20892E-03 §.59374E-28 3.55460E-05
7 1.22619E-25 4.50689E-08 1.61969E-23 2.02733E-08 3.01697E-25 E.E6815E-11
8 7.43602E-27 1.52411E-07 6.77418E-27 1.52013E-09 7.15237E-28 6.02499E-09
9 2.46362E-27 1.81536E-03 2.59952E-26 2.60000E-05 4.63085E-28 1.01072E-04
10 1.53452E-27 5.55788E-07 9.03422E-2¢6 2.76100E-11 3.11003E-27 3.34864E-08
TOTAL 1.56l12 0.62563 1.5¢€l12 §.65329E-03 5.28565E-02 2.48736E-04

Table 5.8 The extracted eigenvalues, participation factors and effective mass of
step frequency with 4KN random force, BC UR2

In the simulations above, we have loaded different sinusoidal and random forces
under the fixed and rotation boundary condition. We can visualize that part deformation
shape associated with its frequency by the simulation. To analyse the load deformation with
the eigenvalues and effective mass avoid the range of resonance in the design of parts.
Through the simulation of vibrations, we verified vibrations and improved the suspension
arms. The results of the vibration analysis for the arms are not shown in all condition of

them, but it is satisfy enough.
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CHAPTER 6 Results and discussion

6.1 Comparing results of upper arm with different boundary
conditions and constant force

We can compare the result of the upper arm in fixed boundary condition (axes
X=Y=7Z=UR1=UR2=UR3=0) and boundary condition rotation with respect to the Y-axis
(UR2=0.52, axes Y=UR1=UR3=0). The stress of the part in BC fixed is higher than the
stress of part in BC UR2 (See Figure 6.1 to Figure 6.3). However, their maximum stresses
are less than average yield strength 275MPa. Therefore the upper control arm is

successfully developed.

BC Fixed
BC Rotation(UR2)

Force 2500N
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a) Comparing the stress of the upper arms with sinusoidal force:

Aluminium upper arm stress

2.50E+08
2.00E+08 -
1.50E+08 -
1.00E+08

5.00E+07

Mises stress (Pa)

0.00E+00

Time (s)

Figure 6.1  Compare stress of aluminum upper arm.

b) Comparing the stress of the shape developed upper arm with sinusoidal force:

Developed upper arm stress

1.60E+08
1.40E+08
O 1.20E+08
2 1.00E+08 - P
5 8.00E+07 1)L [ L {7 L VIS AL )
600407 fr N[s s\ ¥ Y[ ol F Y1 A E Yy & —
@ ao0ev07 { | ! f ; : A
2.00E+07 | 4
0.00E+00 - !
0 0.5 1 15 2 25

Time (s)

Figure 6.2  Comparing the stress of developed upper arm with sinusoidal forces.
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¢) Comparing the stress of the developed upper arm with random force:

6.2

Developed upper arm stress with random force

1.60E+08 -
= 140E+08 -
o 1.20E+08
g 1.00E+08

8.00E+07
6.00E+07
@ 400E+07
2.00E+07
0.00E+00 -

Figure 6.3 Comparing the stress of developed upper arm with random forces.

Comparing the stress of the lower arm with different force in same
boundary condition

We compare results of the stress under different forces with the same boundary

conditions. Higher forces are associated with higher stress; lower force, with lower stress

(See Figure 6.4 to Figure 6.7). The maximum stress of the aluminum lower arm is less than

the average yield strength 275MPa. Therefore, the aluminum suspension lower arm is

successfully developed.

a) Boundary condition fixed with sinusoidal force:

force =5250N

BC  fixed
force = 4000 N
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Aluminium lower arm, BC fixed

3.00E+08

W

2.50E+08 .

2.00E+08 _

SKN force
1.50E+08 |

— — — -4KN force
W |

1.00E+08

Mises stress (Pa)

5.00E+07
0.00E+00 -

Time (s)

Figure 6.4  Comparing stress of lower arms, BC fixed.

b) Boundary condition of rotation with sinusoidal force:

_ force =5250N
BC rotation(UR2)
force = 4000 N

Aluminium lower arm, BC UR2

1.20E+08 -
1.00E+08 -
8.00E+07 - | 4

5KN force
— — — - 4KN force

6.00E+07 -
4.00E+07 -

Mises stress (Pa)

2.00E+07

oooso0 —1 1 T { ¥V [
0 05 1 15 2 25

Time (s)

Figure 6.5  Comparing the stress of lower arms with sinusoidal force, BC UR2.
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¢) Boundary condition fixed with random force:

force = 4250N

BC  fixed
force = 4000N

Aluminium lower arm with random force, BC fixed

—~ 2.50E+08 - A
a .WH heos. i
g e A ?1 ] R A ~ — —-4.25KN random
g 1.50E+08 - £ :K’yr force

1.00E+08 - . f A R 4KN random force
3 A E il
8 ! | ] I S LA <V
=

i /
5.00E+07 - A | | | LAWY 1A
0.00E+00 “ \/‘Wf ,M/Uﬂ ar l\/\l’n

0 0.5 1 1.5 2 25
Time (s)

Figure 6.6  Compare the stress of lower arms with random force, BC fixed.

d) Boundary condition of rotation with random force:

Aluminium lower arm with random force, BC UR2

1.20E+08
1.00E+08
8.00E+07 -

5KN rando}h force

6.00E+07 -
4.00E+07

— — — - 4KN randomforce

Mises stress (Pa)

2.00E+07

0.00E+00 — -
0 0.5 1 1.5 2 25

Figure 6.7  Compare the stress of lower arms with random force, BC UR2.
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We load different forces (sinusoidal and random are same) 4KN to SKN on the

lower arm and obtained the same frequency data. It is shown in table 6.1 and table 6.2. The

frequency is a natural frequency, because the natural frequency just relates part mass but

not the force on the part. This result indicates that the part is designed well and its natural

frequency is same.

a) The frequencies of force from 4000N to 5250N with BC fixed

mbE W

QORI R AR N

™

SOQQO\GAQNF

HODR WO

Boovanswunr

SICRNALUE

1.943908¢06
3. WASHRH0?
4. 464073407
1, 624493408
1.75955%+08
2. 569758408
2. 995133408
5. 001101408
€. 0572082408
7. 224243408

IIGRIVALUX

1. 943508406
3. 964581407
4. 464073407
1. 624451408
1. 755553+08
2. 565753400
2.985133+08
§.081103+08
6. 057082406
7.224243408

1.943903+05
3. 264582407
4. 464078407
1.62449%+08
1.769552+08
2.565753+08
2.985133408
§.081102408
6. 052083408
7. 224240408

EIGENVALYUR cevVrIPUT

FREGUENCY
(RAD/TINR)  {CYCLES/TDNE)
194.2 224.90
6135.6 9%.51
681, 4 1063. 4
R46. 228. 5
23268, 211.2
16030 2581.3
%, M. 8
22541 5972, 6
24611, /o
26878, «77.8

CINMALIZED MASS

RIGCENVALUZR 0UTPUT

FREQUENICY
(RAD/TDR)  (CYCLES/TIAR)

1994.2 1.9
6135.6 97%.52
6681.4 1063. 4
12746, 2028. 8
13265, a2
16030, 256).3
1727, iM9. 8
nea. 35872.6
24611, 3912.0
26878, @77.8

GEHERALIZED MASS

0.20358
0.28828
0.22431
6.42107
0.20822
0.255%41
0.2129)
0.10162
0.11288
0.40529

BIGCENVALUZX oUIPUT

FREQUENCY
(RAD/TIME}  (CYCLES/TINR)

1394.2 221.90
6135.6 9%.51
6681.4 1063. ¢4
12746. 22e. 5
13265 ai.2
160%0. 2561.3
inn. ¥M9.8
22541, 3587.6
4611, 3917.0
26878. 77.8

CAERLIZED MASS

0.20368
0.25528
0.22431
0.42107
0.10822
0.15941
0.20291
0.10162
0.112588
0.40529

COIPOSIYE MODAL DAMPING

T

5383888388

COMPOSITE MODAL DAMPING

T

« 5250N, BC fixed

— 4250N, BC fixed

«— 4000N, BC fixed

Table 6.1 Comparing frequencies with different forces under BC fixed
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b) The frequencies of force 5250N and 4000N with BC UR2

IXGENVALUE oUTPUT

DR W EICKRVALUR FREQUINCY CENERALIZED MASS  COMPOSITE MODUL DARPING
(RAD/TING)  {CYCLES/TIER)

L 211888805 0.5000 0.0000 1107 0. 0006
T LaSeSE-7  3.7IBAL-04 5993306 0.62834 0.0000
3 4RWII-05 7.0I%EE-03  LURS-03  1.048 0.0000
+ 4TS WALS 3.0 035675 0.0000 « 5250N, BC UR2
S GRG0 2852 5.7 0.42153 0, 0000
6 LIZMBT WML 47,35 0.3566 0, 0000
7 LeSETOT 40842 630,02 0.24%4 0, 0000
8 LMERHE 00, 17040 0.30420 0. 0000
5 LMMOBE L1638, 191, 8 031546 0. 0000
0 LISSIBNE MRS 21087 0.14801 0. 00
ITGINVALUL OQUTPUT
WO EIGINALIR RV CINMMLIZID MASS  COMPOSITE MODAL DAGPING

{ND/TOR}  (CYCLE3/TINE)

1 -Z1LEER0E  0.0000 0.0000 11079 0.0000
i 135065800 3.731031-04  5.33%398-05 0.62634 0.0000
1 4RWI-0E 7.01%81-03 LMD 1041 0.0000
i LIMSDOE 20005 0.01 0.35675 0.0000
5 6. 52009008 2555.2 906,67 t.42153 0. 0000
€ 1L1Mne el 547,35 0.35668 0.0000
7 LE6MBTI0T 4842 650.02 0.24324 0.0000 « 4000N, BC UR2
: 1. 14633008 10907, 1%4.0 0.35420 0.0000
$  L6MOB0R Lg%, 18618 0.31806 0, 0000
10 17555308 LR2EO0. 2108.7 014601 0.0000

Table 6.2 Comparing frequencies with different forces under BC UR2
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Comparing weight of aluminum suspension control arm vs steel.

Suspension upper | Material Yield Density | Mass | Weight
control arm strength save
(Pa) (kg/m”3) | (kg) (7o)
QsAl738s Steel 2.9¢+008 7800 2.04 N/A
A357 | 2.75e+08 | 2670.3 | 0.996 51.2
Suspension lower | Material Yield Density | Mass | Weight
control arm strength save
(Pa) | (kgm™3) | (kg) (o)
Steel 3.45+008 | 7800 2.6 N/A
T6061- | 2.75e+08 2700 1.56 40
T6

Table 6.4

Comparing suspension lower control arms
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In these results, we have modify the shape and weight of the part under given stress
conditions through the use of modelization and simulation software and the ESO method. It
can help engineer to do per-design efficiently, save time, materials and reduce the cost of
productions. Now we have successfully designed the suspension arms and achieved 51.2%
weight saving for upper arm and 40% weight saving for lower arm. Therefore, the more
and more aluminum is possible to instead of the steel in transportation area. It will make a
good condition environment to the world. However, it should be noted that mechanical

design of the parts are only theoretical, it must be verified with performance test and road

test in real life.
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CHAPTER 7 Conclusion

Through this research, we have shown that modelization and simulation software
with ESO method is efficient and timesaving tools in helping engineer to design
mechanical parts and systems. It is far more economical than the traditional experimental
method which is more consuming in material, cost and time. The method is very flexible
and their many parameters enable us to closely imitate real life conditions and make
accurate predictions based on the set boundaries. Through this research, the use of
modelization and simulation software with ESO method allowed us to compare the
properties and advantages of aluminum alloy versus steel in the manufacturing of an
automobile control arm. The results based on those models demonstrated that the aluminum
alloy under specific designs is able to sustain efficiently the stress acting on the control arm
with the advantage of being lighter than steel parts. The simulation and modelization
software with ESO method also enables us to optimize the shape of the part with respect to
the stress constraints in order to reduce the amount of material required and thus the weight
of the part as well. This advantage is significant since it will not only allow considerable
savings in the manufacturing process, but a lighter car also improves its energy
consumption and driving performances, leading to a reduction in cost for both the
manufacturer and the consumer and a better and safer driving experience. On the other

hand, through this automobile suspension arms design, we studied kinematics mechanism
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systems, aluminum properties and application of aluminum parts in automobile. We did

complex part design with the CAD system and the knowledge of mechanical design. This

research also enables us to study the vibration movement of a dynamic system and the

amount of stress it induces on a mechanical part, this is important to analyze in order to

prevent failures of the part which is crucial in ensuring the safety of the passengers. We

simply present the conclusions by point below:

1.

Dynamic behavior of automobile was studied.

Evaluated stress analysis for two aluminum automobile parts with advanced

methods.
Dynamic analysis of vibrations for aluminum lower control arms was simulated.

We reduced the weight through material comparison between steel and aluminum

parts.

We demonstrated that the aluminum suspension complex parts with advanced

design can be used for automobile applications.

Through this research, the use of modelization and simulation software with ESO
method allowed us to compare the properties and advantages of aluminum alloy

versus steel in the manufacturing of the automobile.

Through this research, we can accomplish weight reduction and shape development
with advanced method. This method is one of the best ways for engineers to design

easily, saving time, material and cost.
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