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Abstract—A finite dement analysis (FEA) computer software
HyperWorks is utilized in re-designing an automotive component to
reduce its mass. Reduction of components mass contributes towards
environmental sustainability by saving world’'s valuable meta
resources and by reducing carbon emission through improved overall
vehicle fud efficiency. A shape optimization analysis was performed
on arear spindle component. Pre-processing and solving procedures
were performed using HyperMesh and RADIOSS respectively. Shape
variables were defined using HyperMorph. Then optimization solver
OptiStruct was utilized with fatigue life set as a design constraint.
Since StresssNumber of Cycle (S-N) theory deals with uni-axia
stress, the Signed von Misses stress on the component was used for
looking up damage on S-N curve, and Gerber criterion for mean
stress corrections. The optimization analysis resulted in mass
reduction of 24% of the original mass. The study proved that the
adopted approach has high potentid use for environmenta
sustainability.

Keywords—Environmental Sustainability, Shape Optimization,
Fatigue, Rear Spindle

|. INTRODUCTION

NE of product improvement objectives in an automotive
manufacturing is to use less materia by reducing weight
of components. At the same time, reducing stresses in
components is essential, as this can improve the product
durability and reliability. To redlize this objective, virtual
product development using computer software is becoming
more and more important. In virtua product development
process, optimization and fatigue analyses are progressive
methods. Several literatures discuss optimization of structural
components based on fatigue [1]-[3].
When a component is subjected to fatigue or cyclic loading,
a progressive and localized structural damage fatigue occurs.
The time to failure is calculated from the history of fatigue
damage, and a safe life is determined [4]. In strength and
fatigue anaysis, normally critica zones are sought for in the
final stage of a structural component study.
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However, the results of shape optimization, an optimization
method used in this investigation, differ from those for
durability. The main step of a shape optimization procedure is
to detect where critica locations (with high damage values)
can occur. Then the geometry of these local regions will be
modified using optimization analysis.

In this study, the vehicle component chosen is rear spindle.
It is part of a vehicle steering and suspension system. The
shape optimization anaysis is performed using HyperWorks
software which contains several modules.

I1.OBJECTIVE AND AIM

Objective of this study is to achieve weight or mass
reduction of a rear spindle component under fatigue loading
using shape optimization by the gradient based method,
considering fatigue constraint. Reduction of component’s
mass will not only save world’s valuable metal resources, but
will aso improve vehicle s fuel efficiency dueto lesser energy
requirement to move a lighter vehicle. Therefore, mass
reduction will contribute towards environmental sustainability
as well as saving costs.

I11. METHODOLOGY

In applying a shape optimization based on fatigue analysis,
different calculation-based procedures must be adopted. The
component to be optimized is set as an dastic body. Finite
element analysis is used to get basic data for the fatigue
analysis. Since the objective of the optimization is to decrease
damage in the system, the fatigue anaysis and the
optimization itself are needed [4]-[5].

CAD modd is the basis of the whole process. It provides
data of the mechanica component, in this paper, the rear
spindle. This consists of coordinate systems, geometries,
masses and mass inertias. This data is required to build the
finite element. The solver RADIOSS [6] calculates the results
of the so-called unit load cases for the fatigue stress a(x). The
loads L(t) and the stresses of the unit load cases o(x) are the
input data for the fatigue analysis. The value x represents all
nodes of the finite element mesh. In the fatigue anaysis, the
data are derived from the superposition of L(t) and o(x), and
the damage D(x) of the component is calculated in each nodal
position x. By changing the geometry, this damage D(x) will
be reduced during the optimization. With the new finite
element mesh, the same sequence starts again.

Fig. 1 A short description of the process is given and
illustrated in Fig 1.
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Fig. 1 Methodology flowchart

IV. MODEL DEVELOPMENT AND UNDERLYING THEORIES

Finite element model for rear spindle is showifig. 2. In
actual test, the rear spindle is welded when gubkjected to
the load. To represent this condition it is coriged from the
back with six degree of freedom constraints.
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Fig. 2 Automotive rear spindle model

The applied material properties are presented bieTla

TABLE 1

MATERIAL PROPERTIES
Material S48C
Density 7.85e-6 kg/mrh
Poisson’s Ratio 0.3
Modulus of elasticity 200000 MPa
Yield Stress 578.32 MPa
Ultimate tensile stress 752.18 MPA

After simulation of the loads and calculation oé tresults
of the unit load cases, all data are then preplareithe fatigue

analysis. The first step of the fatigue analysis tige
superposition, as shown in Fig. 2 [7]. The resalts the
stresses for every node of the finite element nesr the
time sparo(x¥, t)
n
U(xk,t)= ZS ak(xk)ﬂ
k=1 Ly

1)

The quasi-static superposition uses stresses atdduivith
a static finite element analysis. The variabledescribes the
number of unit load cases anf} lthe applied unit load.

In the stress time series, the number of load peais
troughs are counted with the rain flow method [B)e result
is the rain flow matrix, which contains informatitimat can be
compared to an S-N curve. Since S-N theory dedls wni-
axial stress, the Signed von Misses stress on thesss
components was used to look up for damage on S#Mecu
The S-N curve provides a relationship between titede
strength ('S’ oro) and the fatigue life ('N’) and can be

described with
k
N o
= — 2
o @

Where N, is the fatigue limit cyclesgp the endurance limit
and k the slope of the S-N curve [11]. The Gerb#erion is
used as mean stress corrections.

The damage Dis given by the relationship between the
cycle n and the fatigue limit cycle N at the santess
amplitude i

. 3)

To obtain the damage for a load case with diffesdrdss
amplitudes over the time, the linear damage accatioul by
Pilmgreen-Miner can be used [6].

n n
D= —L (4)
2N
A fatigue analysis based on finite element caldomat
calculates damages for every node of the finitenel@ mesh.
The result D(Y) can be used as an objective function in the
shape optimization.
S-N curve for rear spindle material (S48C) is shawfig.
3. In this analysis a load case was applied froradLdime
History of car at 48 km/h as shown in Fig. 4. Loweund of
fatigue Constraints Life is 300000 cycles, thisueals based
on the actual fatigue test.
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Fig. 3 S-N curve of rear spindle material (S48C)
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Fig. 4 Load time history at 48 km/h

Using a shape optimization based on finite elemeslts,
the nodal coordinates of the finite element mesh the
optimization variables. To reduce calculation tinaesmall
location to be optimized should be chosen [9,10].

The objective function of a shape optimization lbasa
fatigue analysis is the maximum damage in the desfgace.
A constraint on the volume can be used. The easiagtis a
reduction of the damage with the same material. 3iomes it
is also possible to reduce the used volume. Otbestraints
such as a constant displacement between two paititsjted
maximum stress in the whole structure, or a lirotaof the
design space, may also be possible.

Generally the optimization task can be given as

£ = £(x59) = min{ f(x**)| x*¢ O X} (5)

with
X ={x*00™| g(x**) <0, h(x*?) =0}

The function ;;S%d) is the objective function of the
optimization and
stars mark the objective function and design véemlat the

optimum, which is formally a minimum. The range tbe
design variables is restricted by the functions“(and
h(x*%, which can be equality and inequality constraints

The design variables“% of both optimizations are the
coordinates of the finite element nodes. For thepsh
optimization based on static stress analysis, teulkated
maximum principal stress1(x“) for the design variables is
the objective function. The maximum value of allside
variables and of the load case with the maximunuesdas
minimized. The shape optimization based on fatignalysis
minimizes the maximum damage Bfx of the design
variables. A choice of a tensor component or |lcagkds not
necessary, because the fatigue analysis comprassta to
one relevant damage value for each node. The gtian
restrictions are the same for both optimizationshe T
displacementAu of the nodes ¥ is restricted to preserve
functional surfaces of the housing. The volume Vhef whole
housing is constant. Some nodes of the finite eldmeesh
near to the design variables can move in orderotnier a
mesh deformation. The optimization task for theirojation
based on static stress analysis is

7 =min{max(o,(x“?))| x** O X} (6)
with
X ={Xk’d oom |Au(xk’r) =0V -V, =0}

The optimization task for the optimization basedfatigue
analysis is
" = min{max(D(x“*))| x*¢ O X} (7)
with
X ={x**00"|Au(x*")=0,V - =0}

start

The results in the shape optimization are for aiqdar
location [11]. Therefore, a typical field of apg@ion is the
reduction of local stress peaks in a componenteGihat the
fatigue analysis becomes more important in anatyzine
geometry, it follows that the automated reductidbrd@mages
is also needed. To reduce the damage, the homadgeniz
method is used.

Design variables were determined using HyperMorph.

Seven design variables were defined as shape pesha
shape 3, shape 4, shape 5, shape 6, and shapsh@dvas in
Fig. 5.

shape 2

is the vector of the design variables. The
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shape 4

shape

a) 1st iteration b) 4th iteration

Fig. 7 Fatigue life contour plots

For the optimization process, seven shape variabkre

Fig. 5 Shape definition of rear spindle ) e ) - - .
defined and optimized by taking into consideratfatigue

V.RESULTSAND DISCUSSION constraint.

Critical parameters in a fatigue analysis are maxmnvon
Misses stress and fatigue life of rear spindle. Bignd Fig. 7
show both of critical parameters contour plot foe first and
last iteration, respectively. It shows that the imaxm von
Misses stress plot at last iteration is not mudfedint than
that of the first iteration. This is also true foinimum fatigue
life contour. These indicate that shape changinesd® have
significant effect on critical parameters.

Fig. 8 shows the shape optimization results thatewe
obtained using OptiStruct solver.

Fig. 8 Shape change contour plot

a) 1st iteration . b) 4th iteration Shape 1 and 6 had the most reduction among alleshap
Fig. 6 Von-misses contour plots The limit of the shape change depends on the dlaitiesign
space. In the scale of 0 to 1 of shape changinghawn in
Fig. 9, most of the design variables meet uppentdacale 1)
of design variable value. It can be said that ojatition
process has met optimal design variable value.
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Fig. 10shows the graph of mass versus the iteration o
shape optimization process. The mass reduachieved was

24%.
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VL.

Shape optimizatiors used in this study to reduce the m
of a rear spindle using HyperWorks softw. The results of
the optimization analysiswithin the given design spe
showed that the mass reductiachiever was 24% of the
original massThe approach adopted in this study is succe
in achieving significant component mass reductibrtan be
applied to other vehicle components and therefaas b
potential to contribute towardsnvironment sustainabili by
betterconserving world’s metal resources and reducingara
emission through improved overall vehicle fuel @éncy

CONCLUSION
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