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Topology Optimization of Electric Motor Installation

Methodology for Preliminary Design With Consideration to Crash Loads
HENRIK HELMFRID

JOAKIM LARSSON

Department of Industrial and Materials Science

Chalmers University of Technology

Abstract

Early design of a large component which is subjected to a wide range of complex
loads, from loads caused by extreme driving conditions to crash loads, is no easy
task. In the highly competitive automotive industry, reducing weight while retaining
performance is a big priority. This thesis has investigated topology optimization as
a tool to aid early design for an electric engine installation. Topology optimization
has the potential to produce a well defined topology while simultaneously consider
several load cases, design constraints and behavioural constraints.

The load cases investigated in this thesis are engine loads, road induced loads and
crash loads. The crash loads have a non-linear and transient behaviour and it has
been investigated whether they can be applied as linear and static loads in an early
design phase. A superelement has been used to reduce computational time while
still capturing the behaviour from the body in white. As the loads vary greatly in
magnitude, diLerknt constraints on dilerknt load cases have been investigated.

Through a display of di [erent trial cases a methodology has been produced. Although
more validation is desirable, the results are promising, robust and e [ciehtly generated.
As well as showing where material is needed, topology optimization can also indicate
where material is not needed.

Keywords: Topology optimization, Crash loads, Superelement, Electric engine installation.
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1

Introduction

This chapter presents the necessary information to get the reader a thorough
understanding of the background to the master thesis work with aims and
delimitations.

1.1 Background

The department Powertrain Suspension at Volvo Cars works with the installation of
the engine and focuses on damping out the vibrations and noise from the engine while
ensuring a smooth ride and responsive handling. Under extreme driving conditions
high loads can be exerted on the brackets holding the engine. The brackets are
attached to the transmission, engine and the car body side with screw joints varying
from M10-M12. The surrounding components and their position are shown in gure
1.1.

Figure 1.1: An overview of the di erent components in the system.

Currently, Volvo Cars uses a crossmember as a mount for some of their E-machines
(electric engine + gearbox), which in addition to securing the engine also have
important functions in some crash scenarios. In addition, because of the size and

1



1. Introduction

rigidity of the crossmember, many components are directly attached to it. To design
a component to optimally sustain such complex loads is a challenge.

Topology optimization is a method that can produce the optimal material layout for
given loads and boundary conditions within a design space. For complex loadings,
the early design stage of structures is often predominated by engineering experience.
Thus it could be time consuming and di cult to produce a well functioning early
design, while it is also di cult to divert from an early design at later stages when
more information is available. Using topology optimization in the early stages of
design could give the designers more information early in the development phase,
when the freedom in the problem is largest.

In the highly competitive automotive industry, it is of utmost importance to produce
lightweight components to improve the performance of the car while reducing costs.
Components that have not been optimized can be heavier than necessary since it is
hard to directly design the best topology considering that the optimal shape can be
counter intuitive. A light component will also result in a more e cient ride since
less energy will be needed to power the car. Manufacturing components also have
a negative impact on the climate as there is a signi cant carbon footprint when
producing metals. Topology optimization can therefor reduce the carbon footprint
of the speci c component since it will contain less material.

1.2 Purpose

The purpose of this thesis is to establish a methodology for topology optimization
in early design phases for a mounting crossmember in E-machine installation. The
optimization shall include loads which occur during regular and extreme driving, as
well as more complex loads which occur during frontal crashes. The methodology will
include choices of design parameters and constraints to propose suitable guidelines
when performing topology optimization.

1.3 Aims and objectives

The possibility of using topology optimization for complex loaded structures in
E-machine installations will be evaluated. Various optimization methods within
topology optimization will be analysed to reach a suitable approach when dealing
with complex loading and structures. Load cases will primarily include the engine
related loads and crash loads. The thesis will also evaluate if road induced loads are
of importance when optimizing the crossmember in an early design phase.

1.4 Delimitations
This thesis will focus on the methodology of topology optimization in early design

stages of a mounting crossmember. Intrinsically, the thesis will mainly consider the
procedures of the optimization process. As a consequence of including crash loads,

2



1. Introduction

the optimization process will be dependent on loads exerted by other components.
The loads will be modeled as static linear loads, which are given by measurements
from earlier crash tests and simulations. The crash loads imply permanent plastic

deformation, but only linear material and FE-models will be used.

Furthermore, there will be no physical validation of the model. The project will rely
to the extent that is possible on that the CAE results are trustworthy, and possible
encroachments of this assumption will be discussed. Finally, the optimization will
not take fatigue into account.
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Theory

This section will briey present theory of structural optimization and its
mathematical concepts in general. Further, the subclass topology optimization
and its application within commercial programs will be introduced. The majority

of the theory presented here is based on [Bendsoe and Sigmund, 2013] and
[Christensen and Klarbring, 2008] which the reader is encouraged to read for more
information about structural and topology optimization.

2.1 Structural optimization

A structural optimization seeks the best structure for a given load case.
Mathematically, it can be described as either minimizing or maximizing an objective
function (f ) dependent on design variablex) and state variable /). The objective
function is commonly the volume or the compliance, but it can be a wide range
of di erent objectives. The objective function returns a value which represents the
goodness of the design, which is often set up as to minimize its value. The design
variable describes the design as a function or vector which can be altered during the
optimization. Commonly it is the geometry of the design but can also be the choice
of material. Finally, the state variable is the response of the design. In other words,
it is chosen from some kind of requirement speci ed by the designer and could be
for example displacement, stress, strain or force. The state variable thus depend on
the design variable ag/(x). The problem then becomes

8
2 behavioral constraints ony (2.1)
subjectto _  design constraints orx

8
% minimize f (x;y(x)) with respect tox andy(x)
' equilibrium constraint

It is possible to have more than one object function, called multiple criteria
optimization problem. This can be written as

minimize (f1(x;y);fa(x;y); o0 fi(x;y)) (2.2)



2. Theory

wherel is the number of objective functions. This implies that there is no global
minimum for all f; as the di erent objective functions are dependent on the same
design and state variables. Therefor it is generally more suitable to use a so-called
Pareto optimality. One then searches for a design in which there does not exist a
design that satis es all the objective functions better. A desigr{x ;y ) is Pareto
optimal if there is no other design(x;y) that satis es the constraints as

fi(x;y) fi(x ;y) foralli=1;:::;l

2.3
fix;y) <fi(x ;y) for at least onei = f1;:::;lg (2:3)

One way to solve this is to introduce a scalar objective functions with weight factors

xl
f= wfi(x;y) (2.4)

i=1

wherel is the total number of objective functions and the sum of the weight factors
is

w =1 (25)

Depending on how the weight factors are specied di erent Pareto optima might
be found. Equation (2.1) references behavioral, design and equilibrium constraints.
The behavioral constraint is applied to the state variabley and is usually written
with a state function asg(y). The state function is usually constructed such that
g(y) 0. If, for example, the behavioral constraint is a displacement constraint, it
can instead be written agy(u(x)) whereu is the selected nodal displacements. For
a linear FE problem, these are obtained by solving:

Ku (x) = f (2.6)

whereK is the global sti ness matrix andf is the force vector. Thus the behavioral

constraint coincides with the equilibrium constraint, which is simply equation (2.6).

The design constraint is applied to the design variable and, as the name suggests,
infers constraints on the design or geometry. By structuring the state function as
a combination of state and design constraints, the structural optimization problem
can be stated as a nested formulation:

min f(x;u(x))

such that g(x;u(x)) O (2.7)



2. Theory

2.2 Topology optimization

Topology optimization is the most broad type of structural optimization. Within
topology optimization the material can take any form and is therefor bene cially
used in the early design phases of products. The method optimizes a material
layout within a de ned design space based on boundary conditions, load cases and
the given objective or objectives to optimize. The design space is the volume where
the component is allowed transform into its optimal shape. Contrarily, the volume
which is not allowed to transformed is called the non-design space. A nite element
discretization of the volume is done in order to begin the optimization.

Topology optimization is an iterative scheme where the FE-problem is solved for
the provided load case and material is thereafter removed or redistributed. Lastly,

a convergence check is executed. The convergence is a correlation between the
design of the previous iteration and the objective functions, the purpose is to see
if only insigni cant changes have been performed. If convergence has been ful lled
according to a de ned criteria, the optimization has been completed, otherwise the
iteration procedure starts over from the FE-problem.

2.2.1 Solid Isotropic Material with Penalization method

The objective isto nd o 2 Wwhere is the speci ed design space. The design
variables x de ned in section 2.1 is replaced with , which represents the density
where . is the density of each individual element in the volume. The component's
sti ness is then represented by equation 2.8. This formulations results in a discrete
design value problem, also known as a 0-1 problenk;y is the e ective sti ness
tensor and can be formulated as.

(

1if 2
B T BT i L2 28
together with the volume constraint:
z
d= Vol( mat) Vo) (2.9)

« = 1 indicates that an element is lled whilst =0 indicates that the element is
void. Ei?k| Is the sti ness tensor for the elastic material. To solve this problem
with a gradient based approach, the integer variables in equation 2.8 needs to
be continuous. A popular way of solving this is to implement the Solid Isotropic
Material with Penalization method (SIMP). SIMP is an interpolation scheme which
adopts a penalization factorp, that penalizes elements with intermediate densities
(0< <1).

_ 0 .
. Eiw = PEju p>1

d Vol) ; 0 1 (2.10)
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In SIMP, choosing a penalization factor ofp > 1 will lead to unfavorability
of intermediate densities since their gain (sti ness) will not outweigh their cost
(volume). The SIMP method's penalization is achieved without using an explicit
penalization scheme. To achieve a correct 0-1 solutiom, 3 is generally required.
Figure 2.1 depicts the e ects of the SIMP-method where a higher penalization factor
will result in an steeper curve. However, a higher value pfdecreases the robustness
of the solution.

Figure 2.1: The e ect of di erent penalization factors in relation to the sti ness
tensor, Ei?m , and the e ective sti ness tensor, Ejy .

2.2.2 Compliance

When designing a load bearing component a high sti ness and low weight is often
desired. To obtain this from topology optimization, one minimizes the compliance

of the component. If the sti ness requirement is known, the problem can instead

be to minimize weight (or volume) while having a constraint on the compliance.

Mathematically the compliancec is de ned as:

c=fTu (2.11)

where f and u are the external load and displacement vectors respectively.
Decreasing the displacement at the location of the force will decrease the compliance,
thus increasing the sti ness. One can think of the compliance as the inverse of the
sti ness, or the work generated by external forces. The optimization problem then
becomes

( min fTu (=0

such that K (Eju )u = f (2.12)
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2.2.2.1 Weighted compliance

A way to e ectively take into account multiple load cases is to minimize weighted
compliance [Altair, 2021]. It is calculated as

Cw= Wg (2.13)

whereW; is a weight factor for each load case angl is the compliance[Altair, 2021].
Introducing weight factors makes it possible to equalize load cases, as di erent load
cases can have large variation in compliance. The optimization problem can then
be de ned similarly as before, but with the weighted instead of compliance:

min Cw

such that K (Ejq )u = f (2.14)

2.2.3 Challenges with topology optimization

There are many challenges with topology optimization, and the designers need to
keep these in mind when conducting a topology optimization. The most prevalent
ones are checkerboarding, its dependence on mesh resolution and the problem of
attaining a global minimum. This section will explain why these problems exist and
how to avoid them.

2.2.3.1 Mesh dependency

The outcome of a topology optimization is heavily dependent on mesh resolution. A
ner mesh allows for more complex structures to be generated as illustrated by gure
2.2. Generally, by introducing more holes in a structure while still retaining the same
volume, its e ciency will increase. If the mesh is re ned enough, microstructures can
be generated which can not be assumed to be isotropic. As such there exists no single
solution to a topology optimization. One method of combating the non-unigueness
of topology optimization which has proved to be highly e ective is to introduce a
sensitivity Iter. The advantages are that it does not require much more CPU-time,
and no new constraints are needed on the optimization. The design sensitivity is
altered with respect to the objective function for a specic element based on the
weighted average of a xed number of neighbouring elements. It is done as

@f_ 1 X, of
@k klulqiizl IIC@i

i=1

(2.15)

where H; is the weight factor which is based on the distance to the neighbouring
elements. It is written as Iili = I'min dist(k;i) where dis(k;i) is the distance
between the center of the neighbouring elementand current elementk.
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(@) 800 elements. (b) 20000 elements.

Figure 2.2: Topology optimization of an MBB beam resulting in di erent optimal
structures depending on number of elements used. Generated in MATLAB using 88
lines of code [Andreassen et al., 2011].

2.2.3.2 Checkerboarding

Checkerboarding is when every other element is removed, leaving a checkerboard
pattern of solid and void elements, see gure 2.3. These structures can have a
very high arti cial sti ness, but the structures are non physical. They arise due
to numerical errors in the FE formulation which overestimates the stiness of
these patterns. To avoid this phenomenon, a sensitivity lter can be implemented
which acts similar as the Iter described in equation (2.15). This Iter makes the
design sensitivity of a speci c element depend on the weighted average of itself and
eight neighbouring elements. Another remedy to this problem is to implement a
minimum allowable member condition or higher order elements. The minimum
allowable member condition essentially prohibits the optimization algorithm to
create holes which are smaller than a specied value. The problem with higher
order elements however is that they signi cantly increase the computational time.
Thus if the purpose is only to avoid checkerboarding the other methods are more
computationally e cient.

(@) Sensitivity Iter turned on. (b) Sensitivity Iter turned o which
generates a checkerboard pattern.

Figure 2.3: Topology optimization of an MBB beam with and without sensitivity
Iter in MATLAB using 88 lines of code [Andreassen et al., 2011].

10



2. Theory

2.2.3.3 Large deformations

Large deformations are extremely complicated in topology optimization. Many
problems can arise, for example the topology optimization can generate a structure
which performs well for the given loads, but any alteration in magnitude or direction
of force may cause the structure to collapse. As such, the thesis will model large
transient loads (crash loads) which can produce large plastic deformation as static
loads.

2.3 Optimization in OptiStruct

The topology optimization in this thesis will be accomplished by using the solver
OptiStruct. The solver uses a gradient-based approach to achieve to the optimal
design. Gradient-based method are mainly used since they can handle multiple
constraints while being e ective in terms of computational speed. A drawback
is that the approach is sensitive to the initial conditions and is thus not robust.
The Method of Feasible Directions(MFD) [Altair, 2021] is the default algorithm

in OptiStruct. It is an iterative method which starts from a possible location in
the design space and then searches for the next improved feasible point. Other
algorithms such as Sequential quadratic programming and Dual Optimizer based on
separate convex approximation are also available.

OptiStruct also uses SIMP as default (see section 2.2.1). For a solid-dominant
structure, the penalization factor is set to two in the beginning of the optimization
and then gradually increased throughout the iterative cycles to further penalize the
intermediate density elements. The penalization factor can however be set to a xed
value if preferred.

11
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3

Requirements and set-up

This chapter will explain the requirements on the crossmember as well as the
constraints on the component. Further, the general set-up for the optimization
will be discussed.

3.1 Loads and fasteners

Three di erent load-types will be included in the optimization method for this thesis.
Figure 3.1 illustrates the crossmember (grey) and connecting side brackets (red) and
engine mounts (blue). It is assumed that the torque rods absorb all moments from
the engine, and thus they are excluded from the input loads.

Figure 3.1: Overview of the crossmember design space with connecting mounts
and brackets.

The di erent load cases on the engine mounts are listed in table 3.1. Each load case
consists of a maximum or a minimum load in a certain direction. The engine load
is distributed in the engine mounts viaRBE3 connections. A RBE3 connection is
commonly used to apply a load on a surface. The load is applied on a dependent
node with three translating DOFs, the dependent node distributes the force on the
connecting reference nodes. Unlike the RBE2 element, the RBE3 element does not
add an arti cial sti ness to the structure.
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Table 3.1: The six di erent load cases on the right and left hand engine mounts.
The magnitude has been scaled for con dentiality reasons.

LHM RHM
X-positive [N] 2.7 2.0
X-negative  [N] -3.0 -2.2
Y-positive  [N] 1 11
Y-negative  [N] -1.4 -1.3
Z-positive [N] 21 14
Z-negative  [N] -6.2 -4.5

In this thesis, three di erent crash scenarios have been implemented, where the rst
crash scenario is divided into two subcases on each side of the crossmember. They
will be referenced asrash 1 left crash 1 right crash 2 and crash 3 Crash 1 is
presented in gure 3.2, and crash 2 and 3 is presented in gure 3.3.

Figure 3.2: lllustration of crash scenario 1. Note that the loads on the left and

right side are applied in two separate load cases.

Figure 3.3: lllustration of crash scenario 2 (left) and crash scneario 3 (right).

The crashes generates high loads on the crossmember. These loads are of impact
character, they are very large but only acts under a short period of time. The
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contact area is estimated from visualization of a crash simulation and the loads will
be distributed evenly over the area with RBE3 elements. The magnitude of the
forces are given from crash simulations and are signi cantly larger than the engine
loads.

The road induced loads will enter the crossmember via the screw connections on
the side brackets. The road induced load arises from driving over rough terrain or
larger obstacles on the road they will be incorporated in the optimization model via
superelements. They will be applied in the spring tower of the BIW.

3.2 Requirements on crossmember

In addition to absorbing loads generated by the engine, the crossmember has some
additional vital functions. Because of its size, its behaviour during crashes is of
great importance. Certain rigidity of the crossmember is important to make sure

it behaves properly throughout the crash. As engine loads are less extreme, the
e ective stress should not be above the yield stress of the material when these forces
are exerted on it. Exceptions can be made if the high stresses are local.

3.3 Superelement

Running a full FEM-analysis multiple times can be costly and slow, furthermore, if

an error occurs somewhere in the model, there is a risk that the whole simulation
fails. To signi cantly reduce computational cost while still retaining a high accuracy,

a so called superelement will be used. The use of a superelement can reduce the
computational cost with 2-30 times compared to running a regular FE analysis
[Siemens, 2014]. A superelement is previously calculated solution that can be reused
without rerunning the whole simulation. The purpose is to be able to exclude almost
all surrounding components from the optimization process but still get realistic loads
and reactions from them. For each connecting node, the superelement returns a
reduced sti ness matrix which is then used in the optimization model.

The superelement used in the thesis represents the BIW of the front half of the
car, shown in gure 3.4. It will connect to the optimization model through
beam elements which represent the screws joining the crossmember with the side
brackets. As such, there will be four connections between the superelement and
crossmember. Additionally, the superelement can incorporate loads and di erent
boundary conditions. This will be used to model the road induced loads which
propagate through the spring towers of the BIW. The side brackets connecting
crossmember with the BIW are included in the superelement to increase the
computational e ciency. If the side brackets would be included in the optimization
model, a total of seven ASETs would be needed, contrarily, modelling the M12 screws
and connecting them to the superelement reduces the number of ASETs to four. An
ASET can also be created to apply a load or a displacement on the superelement.

15



3. Requirements and set-up

Figure 3.4: Representation of the BIW which is reduced to a superelement and
used in the optimizations.

3.4 Manufacturing Constraints

The crossmember is manufactured througidigh Pressure Die Casting(HPDC).
HPDC can produce complex geometrical structures and the casting method can
locally manufacture sections thinner than 1 mm [OpenLearn, 2017]. HPDC uses a
die split in two section, in the beginning of the casting process the die is pushed
together. Afterwards, the molten metal is released into an injection barrel and
pressed into the die to ensure that there is not any air inside of the mould. When
the material has hardened, the die opens and the component is pushed out by ejector
pins. HPDC is often used to cast non-ferrous metals such as zinc and aluminium.

In OptiStruct, casting manufacturing constraints can be implemented by specifying
a so calleddraw direction. The draw direction tells OptiStruct that material can
only be drawn from a certain direction, which makes it unable to create holes
perpendicular to the draw direction. To establish feasibility in a manufacturing
point of view, this setting will be used in all optimization runs. Though to ensure

a component that has good manufacturing properties, some post processing must
always be performed. Most important to ensure good manufacturability is to have
as similar thickness as possible on all parts of the component.

16



3. Requirements and set-up

3.5 Material

The crossmember is made of a highly ductile aluminium alloy, and some important
material properties parameters are presented in table 3.2.

Table 3.2: Material data for the crossmembers aluminium, wherey is the yield
stress, , is the ultimate stress,"; is the fracture strain, is the density,E is Young's
modulus and is Poisson's ratio.

y u ”f E
120 MPa | 200 MPa | 12 % | 2700 kg/m 1 70GPa | 0.3

3.6 General optimization set-up

Multiple settings for the optimization will be used in this thesis to evaluate di erent
approaches but some settings will remain the same for all cases. The model contains
ten screw connections, four M12 screws connecting the crossmember with the body
brackets and six M10 screws joining the engine mounts with the crossmember. The
M12 screws will be modeled with RBE3 and beam elements, to ascertain connection
to the superelement. To enable the possibility to include pre-tension, the M10 screws
will be modeled with solid elements. There are three contact locations that require
contact settings, see gure 3.5. The rst contact is between the screw head and the
engine mount, second contact is between the engine mount and the crossmember
and lastly, there is a contact inside the screw hole between the crossmember and the
screw.

Figure 3.5: The three contact locations around the screws.

Sliding will not occur in the rst and third contact and hence a so calledie or freeze
contact is used. This contact type will colligate the two pertaining surfaces. The
second contact can be speci ed in two di erent ways, either a freeze contact can be
chosen or one can allow sliding. Sliding is chosen if a pre-tension is applied on the
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screw. A sliding connection also requires a correct friction coe cient between the
two components as it is material dependent.

Certain parts of the crossmember have speci c purposes and can therefor not be
removed. For example, the screw holes need to remain and the two immersions
at the front of the crossmember are there to connect electrical components to and
through the crossmember. Hence, the design space need to be chosen carefully.
The full design space is shown in gure 3.6. For the purpose of optimization the
additional parts on the crossmember is removable as they do not add any signi cant
sti ness to the component.

(a) Top side of the design space. (b) Bottom side of the design space.

Figure 3.6: lllustration of the design space used in all optimizations.

3.6.1 Weight

A target weight is needed when minimizing compliance, which is in this case based
on the weight of the current crossmember. The target mass fraction was calculated
to 28%. Additionally, to ascertain manufacturability it is estimated that some 30%
extra weight is needed after optimization. As such, some trial cases has included this
constraint which lowers the total mass fraction to 20%. Volume fraction has been
used instead of mass fraction since the crossmember is made from a homogeneous
material.

3.6.2 Reanalysis of optimized model

Viewing the results of an optimization can be a bit misleading since the element
densities varies fronD:3< < 1. The reason for this is that elements with a density
less than0:3 has been removed as they have a negligible stiness. A reanalysis
with solely solid element is needed in order to get a more accurate result of the
optimized crossmember's properties. OptiStruct has the function OSSmooth that
smoothen surfaces and creates a new geometry from an optimized model which the
function remesh automatically. A drawback is that OSSmooth can not capture the
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exact geometry of the optimization and it often slightly enlarge the rib structure.
Also the element quality can be somewhat poor and surfaces can be locally rough.
Nevertheless, the results will better resemble a fully optimized and manufactured
crossmember.
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Results

This chapter will present the set-ups and results from di erent optimization runs.
The optimizations minimize the compliance and use a pre-calculated value for the
sought volume fraction.

4.1 FE analysis of existing component

An FE analysis of the existing crossmember has been done to have a benchmark
to compare the optimized component to. The compliance of the crossmember is of
particularly interest since it can be directly compared with the optimized model's
compliance. An analysis of the existing component also gives a better understanding
of how the stress distributes and how it deforms in di erent load cases. The most
interesting load case results will be presented in the end of this section.

The analysis of the existing crossmember uses a superelement to resemble the BIW to
get an accurate re ection of the sti ness of the surrounding components. The loads
will be placed on the same regions, with the same magnitude as in the optimization
model and as for the optimization model, ten di erent load cases will be investigated.
The simulation setup is summarized in table 4.1.

Table 4.1: Simulation con guration of the existing crossmember.

Type Linear Static
Mesh type Second order tetrahedrons
Number of elements | 1 261 060

Figure 4.1 and 4.2 illustrate the von Mises stress distribution on the crossmember
during crash 1 on the left side, as the rst crash load cases are the most severe. As
expected, the stresses are high in multiple areas. The crossmember will plasticize
during crash 1 due to the severe strain the component is subjected to. In gure 4.1
it can be seen that multiple ribs close to the load locations are under extreme stress
and in gure 4.2 the material surrounding the bracket screw holes shows high stress
concentrations. Overall, it can be noted that the stress is non uniform and that
stress concentrations are found in local regions.
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Figure 4.1: von Mises stress distribution on the bottom side of the crossmember
during crash 1 on the left hand side.

Figure 4.2: von Mises stress distribution on the top side of the crossmember during
crash 1 on the left hand side.

The Z-negative engine load is the largest load and it is therefore important to
investigate the stress in critical regions for this case. Figure 4.3 shows the stress
around the left engine mount and screw holes connecting the side brackets. The
material is close to yielding in the areas surrounding the screw holes. The stress
was also locally above 100 MPa in one of the ribs on the bottom side.
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Figure 4.3: von Mises stress distribution of Z-negative load case. In some local
areas the yield stress of the material is exceeded.

It is also of interest to investigate the strain for various cases. In table 4.2 the
maximum von Mises strain is tabulated.

Table 4.2: The maximum von Mises strain for the di erent engine load cases.

X-positive 7.39E-4
X-negative | 8.14E-4
Y-positive 2.97E-4
Y-negative | 3.77E-4
Z-positive 5.47E-4
Z-negative | 1.39E-3

For the load cases in the X and Y direction, the strains are largest in the engine
mounts. When the engine loads are applied in the Z direction the strains are largest
on ribs on the back side of the crossmember. The reason is that the crossmember
bends and the centre of the crossmember displaces vertically. Since the set-up is a
linear static analysis, the maximum strain for the crash cases are considered to be
non-physical and will thus not be compared with the optimized models.

The compliance for the load cases with largest loads are presented in table 4.3.
It will be of interest to compare the compliance of the existing crossmember with
optimized models since it gives a good indication of how sti the component is.

Table 4.3: The compliance of the existing crossmember for the largest load cases.

Crash 1 left | Crash 1 right | Crash 2 | Z-negative
[ c[mm/N] 2.36E+6 2.28E+6 1.8E+5 4.01E+4

4.2 Variables and parameters in OptiStruct

A wide range of variables and parameters are available in OptiStruct to specify the
optimization problem. Every optimization requires an objective to optimize with
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respect to, usually chosen as minimization of the compliance. Further, one or several
constraints can be applied to the design space, for example a maximum allowed mass
or volume.

Multiple parameters are o ered to re ne the optimization. MINDIM and MAXDIM
controls the minimum and maximum thickness of members that can be formed
during an optimization. An important setting when it comes to manufacturability

is MIN GAP which allows the user to control the minimum distance between ribs.
Another manufacturing parameter is labeledDRAW. It is a casting parameter
which species in what direction the die is lled in the casting process, the
parameter further allows the user to specify if holes are allowed in the design
space. A checkerboarding lter is always applied to ascertain solutions without
checkerboarding, and is a default setting in OptiStruct.

4.3 Optimization runs

Many trial runs have been conducted which will not be presented in this thesis. The
knowledge gained from them has been utilized to make informed decisions in further
optimization runs. As the optimization uses static and linear implementation of the
crash loads, the values of the stresses are not valid for these loads but the distribution
and comparison to the current crossmember are of interest.

4.3.1 Standard settings

The standard settings for all simulations is presented in table 4.4 and 4.5. If nothing
else is speci ed, these settings are used throughout this chapter. All simulations are
run on 16 cores to enable comparison of computational time.

Table 4.4: Basic simulation con guration.

Type Linear static

Mesh type First order tetrahedrons
Number of elements 15.179.694

Average element length | 2 mm

Table 4.5: Basic simulation con guration - optimization settings.

Parameter
Objective variable
Target volume fraction

Setting
Compliance index
28

[mm/N]
[%]

MINDIM 4 [mm]
MAXDIM 10  [mm]
MINGAP 30 [mm]
DRAW Z-direction  [-]
NO HOLE TRUE []

4.3.2 Case 1 - Standard settings

Case 1 does not deviate from the settings described in section 4.3.1. The rib structure
generated in this case is presented in gure 4.4. As expected, material is prioritized
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to account for the loads from crash 1. These settings created ribs with a thickness
varying from 4 to 10 mm. The required CPU time for this case was 419 hours.

Figure 4.4: Rib structure of the standard case.

The compliance for the load cases of the optimized model is presented in table 4.6.
As the crash 1 load cases have a signi cantly larger compliance than the rest, the
model is primarily optimized to these. The compliance is slightly larger than for
the existing crossmember, but this is due to that a large proportion of the elements
has a density < 1. A reanalysis is required to compare compliances between an
optimized model and the existing crossmember.

Table 4.6: Compliance case 1.

Load case Compliance  [mm/N]
Crash 1 left 2.50E+6

Crash 1 right 2.37E+6

Crash 2 2.08E+5

Crash 3 6.07E+4

Z-negative 5.19E+4

Other engine loads | 1-5E+3

Figure 4.5 shows the e ective stress distribution from crash 1 loads. The magnitude

of the stresses are comparable to the existing crossmember. Notably, the bottom
side of the crossmember plane seems to have low stresses. This is due to those
elements having a density < 1, which e ectively reduces their stiness. If a
reanalysis is done, these elements would have full density, and thus the stress along
this plane would be distributed more evenly through the thickness, resulting in a
stress magnitude approximating the one of the existing crossmember.
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(a) Top view. (b) Bottom view.

Figure 4.5: von Mises stress distribution in left crash 1 load case.

It is of interest to look at some other load cases as well. None of the engine loads give
stresses above the yield stress of the material with the exception of negative Z, shown

in gure 4.6. As can be seen, local areas such as in the vicinity of the engine mount

and bracket screw holes exceed the yield stress. Also, its compliance is one order
of magnitude larger than the other engine loads. It seems as the component lack

horizontal ribs between the lower side of the engine mounts, which would increase

the bending sti ness in Z-negative load case.

Figure 4.6: von Mises stress distribution of Z-negative load case. Some local areas
exceed the yield stress of the material.

Figure 4.7 shows the von Mises stress distribution from the crash 2 load case. The
most surprising result with this load case is the absence of vertical ribs in the center
of the crossmember. As the stresses are quite large and with the current angle of the
ribs, and considering the possibility of large plastic deformations, this design might
be susceptible to failure if the crash 2 load contact area deviates from the set-up
here.
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