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Abstract

Sustainable engineering within product development is becoming increasingly important with the
ever-growing amounts of resources used to sustain the human way of life in modern times. An
effective way of helping to deal with this problem is to reduce the resources used in products and
components across the world.

This thesis explores the effectiveness of the topology optimization method in achieving significant
material reductions whilst maintaining structural strength and integrity when designing an aircraft
component. The part is an engine handling mounting bracket which will be optimized to be produced
by additive manufacturing, and so restrictions imposed by traditional manufacturing methods are
not considered, allowing for larger material reductions to be achieved.

The original bracket part was provided by GE Electric, and the computer software Abaqus
computer aided engineering with integrated TOSCA was used to solve the problem.

Two trials were conducted, with the first being used to gain knowledge and understanding of the
optimization features of the software. The basic requirements for the optimized design were that it
should be able to withstand four given static load cases without undergoing plastic deformation, and
these load cases were applied separately in trial 1 for simplicity.

The second trial was conducted with a higher complexity, utilising multi-objective topology
optimization which allowed the load cases to be weighted individually whilst being applied
simultaneously during optimization. The resulting bracket part that was created with the help of the
optimized topology from trial 2 reduced the volume of the original part by over 75%. This also left
potential for further material reductions as the optimized part did not undergo plastic deformation
when subject to any of the four load cases of the study.

In conclusion, topology optimization seems to be extremely helpful when designing components
that have clearly defined load cases, producing results that designers and engineers can have
confidence in. The method does however have its flaws, such as difficulties in utilising the optimized
topology directly to create a computer aided design part file. The post-processing process needed to
achieve such a part is also time-consuming although it must be implemented to create a digital part
that can be analysed and verified by FEA.

Keywords: Topology Optimization, TOSCA, Finite Element Method, aircraft engine bracket, Multi-
objective topology optimization, Additive Manufacturing.
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1 Introduction

This chapter introduces the project with a short background on how the topology optimization (TO)
method is implemented in the aerospace industry today, the importance of using such technologies,
and what the future might hold for this optimization technique in the aerospace sector. An
explanation of the problem that will be the focus of this thesis will also be presented, followed by the
purpose and goals, and limitations of the project. Finally, the project management strategy that has
been utilised throughout the project is given.

1.1 Background and Motivation

Structural optimization (SO) is a field that is growing rapidly in importance in the modern era where
sustainable product development that produces resilient infrastructures is essential. Many of the
earth’s resources that are utilised in construction are finite, and so it is wise to use them efficiently,
eliminating redundancy by optimizing every single structure that is produced.

The aerospace industry has the potential to contribute massively to this goal and is one of the
torch bearers of SO techniques as reducing the weight of aircraft can have a significantly positive
impact on the global environment. Future predictions made by important players in the industry
seem to highlight that SO will be integral in the way aircraft are designed. The French company Airbus
S.A.S predicts that cabin constructions will be of a bionic nature by the year 2050, mimicking the bone
like structures of animals to save weight whilst functioning optimally as a load bearing structure,
seen in figure 1.1. These kinds of advancements will not only improve aircraft in terms of fuel
economy, but also in practical ways such as facilitating the inclusion of oversized entrance/exit
doorways which would make aircraft safer and provide a more pleasant passenger experience.

Figure 1.1. Futuristic concept of a topology optimized aircraft cabin structure [1].

Since the early days of aircraft building, every material imaginable from wood to plastics to
composites to the cutting edge of lightweight metal alloys has been tested and utilised in some shape

1
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or form to give humans the ability to fly. However, until recently, over-engineering using these
materials has meant that aircraft have been, and still are unnecessarily heavy. One of the main
reasons for this is the limited nature of traditional manufacturing techniques that are unable to
produce the complex geometries created when designing parts with ultimate efficiency as the goal.

Still, the aerospace industry is one that continually strives for improvement and evolution to
provide the most economically and environmentally friendly services possible, and with the
emergence of advanced additive manufacturing (AM) methods the possibilities for SO could become
limitless in this sector.

1.1.1 Part specification

The company GE Electric published a “GrabCAD challenge” which had the aim of redesigning a
titanium jet engine handling bracket by crowdsourcing. The goal of the redesign was to reduce the
weight as much as possible without undergoing plastic deformation. All necessary requirements for
the challenge were provided entirely by GE electric [2]. The specifications for the component
redesign are as follows:

Material and geometry:

Interface 1

Interface 5 Interface 2

Interface 4 Interface 3

A
\4
A

178mm 107mm

e Model using the titanium alloy Ti-6Al-4V

e Youngs modulus: E =110 GPa

e Poissons ratio: v=0.31

e Yield strength: g, =903 MPa

e Density: p = 4420 kg/m3

e Minimum material feature size (wall thickness): 1.27mm

e Interface 1: 19 mm diameter pin which can be considered infinitely stiff.

o Interfaces 2-5: Holes secured using the standard machine bolt 0.375-24 AS3239-26. Nut face
10.29mm max inner diameter and 14.17mm max outer diameter. The machine bolts can be
considered infinitely stiff.

v

63mm
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e Optimized bracket should fit inside the geometrical envelope of the original bracket which
has approximate dimensions: L = 178mm, W = 107mm, H = 63mm

e Original bracket weight is approximately 2 kg which should be reduced as much as possible
when subjected to a predefined load cases.

Load Conditions:

F42 Fv

F Load case 1: Fy = 35590 N
oy S Load case 2: Fy = 37816 N

Z I Load case 3: Fa =42257 N

Load case 4: M1, = 565 Nm

9

1.1.2 Consequences of Using a Non-Optimized Bracket

Aircraft engine handling brackets which are only used for the manual handling of an engine that is
disassembled from an aircraft, are always mounted to the engine which results in a lot of extra weight
being carried that has no real function during flights. The brackets are however particularly
important as they must be able to withstand the weight of the engine during manual handling without
failing, and so obtaining a significant weight reduction in the brackets whilst maintaining structural
requirements would be desirable.

Parts of this type are generally manufactured using traditional manufacturing methods which
limits designers when deciding on what kind of shapes and details that can be included. By utilizing
TO for AM, the structure can be optimized to use the material in a more efficient way, imposing far
less restrictions on possible solutions and making significant weight savings possible whilst also

meeting the structural requirements.
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1.2 Problem Statement

The initial questions asked when approaching this project were how far can modern aircraft
components realistically be optimized to make substantial weight savings whilst maintaining structural
integrity? Also, could the use of expensive manufacturing techniques to produce these optimized parts
be justified?

One way to try and answer these questions is to implement a TO method and use it for the redesign
of this aircraft component. With the help of modern technology, TO has gained many areas of use in
the design of continuum structures, becoming a well-established technology with many types of
structures being produced daily using the method. With this in mind, TO could be a suitable method
capable of producing results that are simply unimaginable when compared with design using
traditional engineering methods.

1.3 Project Purpose and Objectives

The purpose of this project is to determine if it is relevant to use TO as a method to redesign an
aircraft component that can offer a significant weight saving whilst being constrained to produce a
solution that does not exceed the dimensions of the original part or exceed the yield strength of the
material Ti-6Al-4V. The project objectives are as follows:

e Perform finite element analysis (FEA) of the original engine bracket for all four load cases, to
obtain references to which solutions to the optimization problem can be compared, see
Chapter 1.1.1.

e TO of the original engine bracket to produce solutions that can withstand requirements of all
four load cases whilst constrained to:

- The hole dimensions and internal dimensions between interface 1 and interface 2 cannot
be changed or optimized which are specified in Chapter 1.1.1.

- Thereis no specific material volume reduction target, however the von Mises stress levels
in the part must not exceed the yield limit of the material.

- Solution geometry must not exceed the original engine bracket domain size.

o Use the results from the TO process to create a new optimized part.

e Perform a final FEA of the newly designed engine bracket to confirm that the requirements
of all four load cases can be met by the single part. The von Mises stress levels of the solution
must not exceed the yield limit of the material Ti-6Al-4V when subject to any of the four load
cases provided in the original project specification.
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1.4 Limitations

Jet engines are generally heavy structures, and depending on the chosen transportation method
utilised when handling a loose aircraft engine, the mounting brackets used to keep it in place on the
transport vehicle will be subject to vibration forces. This thesis is however delimited to account for
the static loads exerted on the mounting brackets by the jet engine.

Fluctuating temperatures will influence the material used for the engine mounting brackets,
however these effects will not be considered as a part of this study.

The workpiece material used will be a type of titanium alloy (Ti-6Al-4V), and the free parameters
available to manipulate will be the pseudo material density p of the Solid Isotropic Material with
Penalization (SIMP) TO method, and the volume of the optimized engine bracket.

1.5 Project Management

This thesis will be carried out primarily using the experiment research method, and more specifically,
computer aided modelling, structural simulation, and optimization. However, no physical
experiments could be conducted to verify results as access to 3D printing technology capable of
printing metal components was not available.

Virtual simulations can be immensely helpful when the goal is to improve, optimize or explain a
structure or mechanism, however they can never completely replace empirical
observations/experiments since simulation results have to be compared/verified against their
physical counterparts for the results to be considered correct [3].

An advantage of utilising virtual simulations however is the iterative nature of the method
allowing for gradual improvements with each reiteration, moving slowly towards an optimal solution
[3]. This is helpful as it ensures a more accurate result, and with the help of powerful computers in
the modern day, does not really slow down the process.

1.6 Report Overview

An investigation of the currently available AM processes that could be relevant for producing the
optimized part designed during the thesis will be presented. The original part is made of the titanium
alloy Ti-6Al-4V, and so the methods available to produce parts using this material will be researched.

The FEA method is presented next with a short explanation of what it is and how it will be utilised,
followed by the TO method. Some common approaches used to implement TO and the typical
complications that can occur will also be explained.

Furthermore, a presentation and evaluation of the methodology used to implement the SO of the
engine bracket will be given, results and conclusions will be presented, and finally some possibilities
regarding future work on this topic will be suggested.
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2 Theoretical Frame of Reference

This section of the report will be used to present and explain knowledge of relevant theories that are
important to understanding the work carried out, and have been researched during or acquired prior
to the thesis project.

2.1 Additive Manufacturing in the Aerospace Industry

The aerospace industry is responsible for generating 18.2% of all AM industry revenue as of 2019
[4]. This statistic, together with the fact that aerospace is the fastest growing industry with an annual
increase of 1.6% in 2016 [4], the fabrication of aerospace parts by AM seems set to increase and
develop further in the future.

Aerospace parts are required to perform to an extremely high standard, whilst being of a
lightweight nature and having high strength and heat resistance properties [4]. To achieve this,
designers can utilise methods like TO to keep component weight to a minimum, however this in turn
increases the complexity of the part. This is often impractical or extremely expensive if
manufacturing with conventional machining methods such as milling or casting, however AM allows
the production of parts with virtually any shape imaginable [4].

2.1.1 3D-Printing with Titanium

Recent studies show that using an AM process such as 3D printing could be a much more effective
way of producing parts for the aerospace industry. Many parts used in this sector are unique and
highly customised, however the complexity limits of conventional machining have historically
hindered the uncompromised optimization of parts.

The costs involved in extracting titanium from the earth are only a small fraction of the total cost
of producing a titanium part by conventional machining [4], and so using a 3D printing method to
mitigate the complexity limit problem could be a viable alternative.

The two most common approaches to producing titanium parts by 3D printing are direct energy
deposition (DED) and powder bed fusion (PBF) [4]. The DED approach can utilise both metal wire
and metal powder feedstocks making it somewhat versatile see figure 2.1, with wire feedstock
processes able to produce parts that require minimal finishing operations on parts that are printed
extremely close to net-shape. The only limiting factor seems to be the size of the vacuum chamber in
which printing takes place.
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Figure 2.1. (left) The components of a typical DED process utilising wire feedstock [5]. (right) The components of a typical DED
process utilising metal powder feedstock [6].

The metal powder feedstock method within the DED approach is usually used to produce smaller
parts with higher complexity. This process is more time consuming when compared to using wire
feedstock and uses significantly more raw material making it a less suitable choice when producing
extremely large 3D printed parts.

The PBF approach however can only accommodate raw material in metal powder form but has
the advantage of being able to produce parts that require more precision such as hollow cooling
passages [4]. A part created using PBF is made by melting and fusing metal powder inside a build
platform with either a laser beam or an electron beam. After the first layer of the part has been
created, a roller successively adds and fuses new layers of metal powder in the shape of the part being
created see figure 2.2.

e\
New layer

\

Titanium

Laser guide (mirror)

New layer material
roller

Workpiece

powder stock

Printing

platform

Figure 2.2. An example of how PBF printing can be set up.
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2.2 Finite Element Method (FEM)

The Finite Element Method (FEM) is a computational tool used by engineers and constructors in
industry to aid them in the design and development of their products. The main purpose of this
method is to provide a visual representation of the material behaviours of structures in specific
situations, modelled virtually to represent the real-life version as accurately as possible. Simulation
results can display properties such as material displacements or stress distributions for example,
making FEM a valuable tool when the optimization of things such as product materials or cost is
important.

FEM enables loads and boundary conditions to be applied to almost any type of structure,
constructed from any type of material, so long as the structure can be modelled virtually, and the
material properties are known. FEM is a particularly versatile method that allows the user to modify
amultitude of settings and parameters within the simulation to obtain as realistic a model as possible.

There are however some drawbacks to using FEM which should be taken into consideration when
analysing simulation results. It is easy to blindly accept the obtained results as correct, however users
should be critical and remember that they have manually created the structure and analysis, and
often with a specific result in mind.

In this project the FEA method is fundamental to the TO process by carrying out structural
analyses on the initial designs and providing FEA results. These results are then utilised and
optimized by the software to create the most efficient design possible.

2.3 Topology Optimization

The TO method was introduced as a computational tool by Bensdge and Kikuchi in 1988 [7]. The
objective of TO is to find the optimal design in terms of material distribution of a structure for a
specified region called design domain by implementing mathematical tools. To perform a TO, certain
criteria must be known, such as load cases, support conditions and the volume of the structure.
Further design restrictions such as the size and locations of holes, or areas that must be left
untouched can also be applied to the structure. A structure is represented by a set of distributed
functions defined for a design domain. These functions represent the parametrization for the
stiffness tensor of the continuum, and it is the appropriate choice of this parametrization which will
lead to the correct design formulation for TO.

There are different classifications of optimization problems regarding the arrangement of
structural elements and the connections between them presented below, however only the TO
method was utilised in this thesis project. These classifications are relatively distinct for truss
structures (figure 2.3), however in other cases it may not be so obvious.
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Topology optimization
This is the most challenging but also versatile optimization method where no information regarding
shapes of internal boundaries is required beforehand [8]. It is the method that should be used when
the engineer is unsure about what the final shape or size of the final structure should be.

As shown in figure 2.3a, the 4-node truss structure on the left is transformed into the 5-node
structure on the right. This would be impossible to achieve if the number of nodes must be kept
constant, however such restrictions are not imposed by the TO method.

Shape optimization

In shape optimization, the boundary or contour of the final structure is unknown. This is shown in
figure 2.3b, which demonstrates that the locations of the nodes of a truss structure can be optimized
to change the final shape of the topology, however the number of nodes in the shape will remain
constant. This optimization can be seen as simply changing the angle in the truss structure, easily
transforming one shape into the other. Changing the length to height ratio for the structure is another
way to implement shape optimization.

Size optimization

Size optimization is used to describe the optimization of a structure that has a known shape, however
the size of the individual members that make up the shape are unknown. For the truss structure in
figure 2.3c, this could involve optimization of the cross-sectional areas of the truss members,
modifying the dimensions of the existing design without changing the overall shape.

ANYAVANIIE AN

A

Figure 2.3. a) Topology optimization. b) Shape optimization c) Size optimization, taken from [8] p. 20
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2.3.1 General Mathematical Form

To define the minimum compliance design problem which is described in [9], a function f{x,y) is
created, where f defines an objective that can either be maximized or minimized.

x is a design variable that describes the design of the structure and is contained within design
constraints. y is a state variable used for the response of the structure, and can contain information
about properties such as stress, displacement, or strain. A usual situation is that y is defined for a
given x [10]. The objective function used in this thesis is the maximizing of structural stiffness by
means of minimizing the strain energy of the component during optimization referred to minimizing
compliance. Compliance usually denoted C, is a scalar value that is applied to the strain energy that
is calculated in an FE analysis. The main goal when implementing a TO method is usually to minimize
this scalar value, which in effect maximises the stiffness of the structure being optimized. The value
for compliance is calculated using,

C=F()T™u 2.1)
The general form of the SO problem is presented below:

miniminze f(x,y) with respect to x and y
behavioral constraints on y
subject to{ design constraints on x
equilibrium constraint

(2.2)

To create a constraint that can be used to optimize the design problem, the state variable (y(x)) can
be replaced with a state function (g(y)) which can for example be used to express material stress or
material displacement. Furthermore, these behavioural constraints are typically expressed as g(y)<0
where g is a function that for example represents displacement. The equation to determine the
displacement for a linear elastic system is given as,

K(x)u = F(x) (2.3)
where K is the stiffness matrix and is a property of the structural system which is completely
dependent on the design variables, material property and geometry. Moreover, F is the load vector.
The state variables can subsequently be substituted for u(x) giving,

u(x)=K(x)"1F(x) (2.4)

Now consider u(x) as a function which can be substituted for the equilibrium constraints, and assume
that the state and design constraints can be written as gu(x)<0,
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min f(x, u(x)
x ( ) (2.5)
subject to g(x,u(x)) <0
This is a so-called nested formulation where the state function replaces the equilibrium constraint.
The optimization problem can also include several objectives, and in this form is called a multiple
criteria problem. A problem that contains n different objective functions may look like,

minimize (f1(x.}’);f2(x’Y):---:fn(x’Y)) (26)

Considering that all objective functions are not minimized with respect to the same x and y, there will
not be an optimal solution. Instead, Pareto Optimality (PO) is used to solve the problem. This means
that there is a trade-off within the set of solutions, and it is not possible to decrease one object
function without increasing the other object functions [11]. The typical way to achieve PO is to set up
a scalar objective function with weighting factors (equation 2.7). By weighting the objective functions
higher of lower, different pareto optima are gathered giving each objective function different levels
of importance and therefore impacting the end results.

When adding multiple load cases, the function is like the multiple criteria problem (equation 2.6).
A simple multiple load formulation with a weighted average for each individual load case where M is
the sum of the load cases, f; the objective function associated to a load case and w; the weight factors
can be expressed as,

M
f= Zfiwi 2.7)
i=1

The sum of all weighted functions ), w; = 1. If there is a load case of greater importance it can be
weighted to reflect this receiving a higher weight factor.

2.3.2 Material Interpolation

The original TO problem is an integer problem and difficult to solve therefore it is relaxed so the
density can attain a value between 0 and 1. To obtain a solution of the relaxed problem, material
interpolation schemes are introduced that penalize the young’s modulus of the material.

The Tosca software offers two alternatives when choosing a material penalization scheme, SIMP
and Rational Approximation of Material Properties (RAMP). SIMP is better to use when there are only
static loads and RAMP when there are dynamic loads applied on the model because the interpolation
scheme is concave [12]. The optimization algorithm chooses the SIMP method with p=3 by default if
all load cases are static [12]. The component optimized in this thesis will only be subjected to static
loads and therefore SIMP is applied.

11
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2.4 Popular Solution Methods

As with most technologies, different methods are usually developed to implement them over time,
which is what has transpired with the TO method since its inception in the 1980s. One of the first
implementations of this technology was the homogenization method, introduced by Bensdge in 1989,
and has since been used as a basis in the emergence of other TO methods.

To gain a better understanding of TO, several approaches were researched, however the method
that was selected to be used for this project is the SIMP method. The main reasons for choosing SIMP
is because the optimization process requires few iterations compared with other methods, and it is
also well suited for use with multiple load case problems [13]. This method is also utilised by the
software TOSCA which is included in the FE solver software Abaqus computer aided engineering
(CAE) which was available during the thesis project.

2.4.1 Homogenization

The homogenization method works (simply put) by dividing a design domain into an infinite number
of micro-voids and then allowing the optimization process to identify the optimal geometrical
parameters for each one and decide how they will behave in isolation [14].

Each micro-void becomes a design variable, so it is quite clear that this approach significantly
increases the total number of variables in the optimization problem [15]. These variables are then
optimized to represent a desired property, for example material stiffness or thermal conductivity by
placing voids (areas with no material) and solid material in appropriate locations within the design
domain. The impact of these optimizations can then be quickly predicted.

This method was introduced as a means of relaxing the material distribution integer
parametrization problem [16], making the optimization problem well-posed by enlarging the space
of admissible solutions.

An effective way of applying TO is by using an FEM software which divides the global SO problem
into smaller ones by utilising a mesh made up of elements that can have a variety of forms, one being
a 2D square. For design domains modelled using isotropic materials, each mesh element can have
one type of microstructure, with each unit cell of the material structure containing a rectangular void
of height a, width b, and orientated at angle 0 seen in figure 2.4 [14].
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Figure 2.4. Unit cell of an isotropic material used for optimization by homogenization method [14].

These unit cells are then optimized to find the best design for maximum stiffness (minimum
compliance) which is the same as optimizing to find the maximum potential energy [14]. In this case,
the problem is optimized using the formula and constraints:

Maximize: Potential energy

N
Subject to:Z(l — Aehe)Ve — Vs <0

e=1

and:a, —1<0 (2.8)
—a, <0
bo—1<0
—b. <0
e, be,0.:6 =1,2,...,N

This method is useful for creating initial domain designs that are incredibly detailed such as lattice
structures, enabling the engineer to characterise desired material properties on a microstructural

level.

2.4.2 SIMP

The Solid Isotropic Material Penalization (SIMP) method utilises a similar approach to the
homogenization method by relaxing the integer parametrization problem, however the SIMP method
achieves this without increasing the number of design variables in the problem. As a result, SIMP has
been used as an alternative to the homogenization method [15].
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A density function is utilised with a value ranging from 0 to 1 that is assigned to each finite element
cell of the design domain, where each respective element is attached with a penalty, and material
properties parameterized by

E=pPE%0<p<1 (2.9

where p is the density of the material, E is the fourth order elastic tensor of the base material, E is
the fourth order elastic tensor that has been interpolated into the optimization problem, and p is an
exponent used to determine the non-linearity of the equation [15].

This in turn gives a density that varies between the material properties with a value 0, denoting
empty space and E° where p = 1, denoting solid material [7]:

E(p=0)=0 (2.10)
E(p=1)=E° (2.11)

The values in between 0 and 1 are so-called “pseudo-density materials”, and the material in this value
range is widely regarded as being in the “grey” area [17].

The desired goal when using any TO method is to achieve a completely “black and white” design,
meaning a design containing only elements with densities 0 or 1. The SIMP method uses the
penalization exponent p to easier obtain this where choosing a value such that p > 1 would make it
uneconomical for material with densities in the grey area to exist in the sense that the obtained
stiffness is extremely low compared with the total volume of material being optimized [7].

2.4.3 Level Set Function (LSF)

The design domain when using the Level Set Function (LSF) method is divided into small square
grids, each with a different value. A threshold value is then determined which will be used to cut the
LSF at a single level. As a result, the topology optimized model will be represented by the remaining
grid elements that have a higher value than the threshold [17].

2.4.4 BESO

The Bi-directional Evolutionary Structural Optimization (BESO) method works in simple terms by
slowly identifying inefficient material in a design domain and removing it, eventually reaching an
optimal design shape. The method can also identify where efficient material is needed, and this can
be added at the same time as the inefficient material is being removed [18]. This method can be easily
applied as a “post-processing” procedure in FEA simulation software and is popular due to its
efficient way of generating an accurately optimized topology that doesn’t include “grey” areas. The
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method employs the elements of the design domain as the design variables as opposed to their
associated physical parameters [18].

2.5 Complications

When using a material distribution based TO method there are two important problems that can
significantly influence the obtained results. These are the formation of checkerboards and the mesh
dependency problem [7]. These phenomena can be mitigated by some different methods however,
which will be presented in the following two sections.

2.5.1 Checker board Problem

The first of these issues is the formation of “checkerboards” which is a problem that can occur causing
the material in a domain to be organised into alternating regions of solid material and empty space,
much like the pattern on a checkerboard, cf. figure 2.5.

(a

Figure 2.5. (a) Design problem (b) Solution using 400 elements (c) Solution using 6400 elements [7].

The cause of this problem has been shown to be related to poor numerical modelling of the domain
stiffness [19]. This issue is an over estimation of the stiffness for elements that only have corner
contact, resulting in a discretization error of the FE model [13]

The formation of the checkerboard problem is also typical for analyses that have not obtained FE-
convergence [19] and is more likely to occur when using the homogenization or the more simplified
SIMP approach.

There are however various ways in which the checkerboard problem can be prevented:
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Smoothing

The result of the optimization which includes checkerboard formations, can be smoothed using
image-processing techniques. This however ignores the underlying cause of the problem and is a
prevention method that should ideally be avoided [19].

Use of Higher Order Elements

Using finite elements of a higher order such as 8 or 9-node elements have been shown to prevent the
formation of the checkerboard problem when optimizing using the homogenization approach [19].
This method can also be used to prevent checkerboards when using the SIMP approach, however in
this case the penalization power p should be smaller than 2.29 [19].

Restriction Methods

There are several restriction methods used to prevent mesh-dependency that are also effective for
reducing the formation of checkerboards [19]. The methods work by applying a global or local
restriction on the density variation of the initial TO problem, and include perimeter control, global
gradient constraint, local gradient constraint and mesh-independent filtering [19].

2.5.2 Mesh-dependency Problem

The second important issue that can arise is the mesh-dependency problem which is evident when
the mesh-refinement of a given optimization problem results in a qualitatively different and generally
more detailed structure compared with the same problem being solved using a coarser mesh see
figure 2.6 [19]. The main root cause of the issue is the non-existence of solutions to the given problem
[7]. This kind of development is not desired, as refining the mesh of a given problem should instead
result in a better FE modelling of the same optimal structure, and describe the boundary conditions
in a better way [19].

113

(a)

(b)

(c)

(d)

Figure 2.6. (a) Design problem (b) Topology optimized solution using 2700 elements (c) Solution using 4800 elements (d)
Solution using 17200 elements [7].
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The most effective way of preventing the mesh-dependency problem is by utilising one of the
methods outlined in Chapter 2.5.1 “Restriction Methods”, which are also described in detail in [19].

2.6 Machining Constraints

With the help of TO, several different design proposals can be obtained for a given structure, however
they are often difficult to manufacture when utilising traditional machining processes. This is an
important aspect to consider when interpreting the design results of TO, where some areas of a
structure may need to be left untouched by the optimization process, for example to meet the
requirements of a specific machining process. It can therefore be desirable to add constraints to a TO
process that helps to produce a design that is more suited to production by traditional machining
methods. These constraints prevent undercuts and ensure the topology optimized structure can be
demolded.

However, in this thesis project the engine bracket part will be optimized for the 3D printing
manufacturing method, and so machining restrictions have not been considered.
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3 Method

This chapter describes how the methodology for analysing and optimizing the original bracket
structure has proceeded. First, a description of how Abaqus CAE and the TO method has been used
in this thesis project will be given, followed by the modelling and configuration that was applied
when designing the TO process within the software. Finally, a detailed description of the mesh
convergence analysis (a step within TO process configuration) will be given as this step is important
to attaining accurate results.

3.1 Topology Optimization Method

In this thesis the commercial computer software Abaqus CAE is used as an FEA solver which in turn
uses the fully integrated TOSCA structure software for TO. The analysis model is created within the
Abaqus environment and then TOSCA is used for the optimization task where it calculates the best
material distribution for the model. The FEA is needed as an input in the optimization process. During
TO new material and element properties are generated and are returned from the optimization
module to the FEA solver. The objective function depends on the results from the FEA, and the values
of interest must be taken from the FEA results to determine the objective function and functional
constraints.

In TOSCA there are two algorithms for solving TO problems [12]. These are the controller-based
optimality criteria approach (OC) and sensitivity-based approach which uses an algorithm based on
Method of Moving Asymptotes (MMA). When using the first algorithm OC, TOSCA decides
automatically which material interpolation scheme is best suited for solving the problem depending
on what constraints are applied in the problem [12]. The OC approach can be faster for easy
compliance problems, but for more advanced problems with more loads and constraints attached to
the model the sensitivity-based MMA approach is better, however it is more time consuming. In the
controller-based algorithm, the purpose of the object function is to maximize structural stiffness, and
the constraint is always the volume of the component [12].

TOSCA maximizes the stiffness of a structure during TO by minimizing its compliance. The strain
energy derived from FEA results defines the compliance which when minimized will lead to a higher
stiffness.

For this thesis, the controller-based method is sufficient in solving this problem as there is only
one constraint and there are no dynamic loads on the model. A flowchart of the optimization process
is shown in figure 3.1 where the optimization utilises FEA to test the suggested design and iterate the
process [12].
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Figure 3.1. Flowchart of topology optimization. Freely interpreted from Tosca manual

3.2 Loads and Constraints

The optimization was performed as two separate trials to facilitate the use of two different
optimization methods. However, the same loads and constraints were used in both trail cases.

3.2.1 Trial 1 - Load cases optimized separately

In the first trial, TO was carried out separately for each load case, with the intention of combining the
results from each study into one single optimized topology.

The forces of each load case are applied to a reference point which is connected to the surfaces of
the holes in the Clevis bracket by a coupling, simulating an infinitely stiff pin in accordance with the
original project requirements. The locations and applications of these surfaces can be seen in figures
3.2 and 3.3 for all the load cases.
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Load case 1: Vertical upwards

Load case 2: Horizontal

Figure 3.2. (left) Interaction constraint control surfaces used to apply load case 1. (right) Interaction constraint control
surfaces used to apply load case 2.

Load case 3: 42 Degrees
upwards

Load case 4: Torque

Figure 3.3. (left) Interaction constraint control surfaces used to apply load case 3. (right) Interaction constraint control
surfaces used to apply load case 4.

Furthermore, the location of the point used to apply each of the loads is shown in figure 3.4 left. A
boundary condition is applied to the four bolt holes to fix translation in all degrees of freedom (DOF)
and to represent the bracket being securely fastened with bolts. This is shown in figure 3.4 right.
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) . . Boundary condition applied to all four bolt holes to
All forces are applied at the interaction control . ) )
fix translation/rotation for all DOF

point located in the centre of the clevis bracket

Figure 3.4. (left) Interaction control point location used to apply all load cases in the study. (right) Areas of the bracket
constrained to zero movement for all DOF by the application of a boundary condition.

Frozen areas are areas of the part that are excluded from the design constraint during the TO process.
All the areas of the part that are subject to boundary conditions and loads are set as frozen areas
shown in figure 3.5, with circumferences of 16 and 32 mm being used to define the sizes of these
untouched areas around the four bolt holes and clevis bracket holes, respectively. The frozen areas
at the bolt holes were sized according to the bolt heads of the bolts that will be used as fasteners. No
material is removed in this area to provide a supportive structure for the four bolts to be fastened to.
The frozen area around the clevis bracket was defined to retain a strong and symmetrical structure
in a critical area of the part, and to keep it equal between load case optimizations.

Figure 3.5. Areas of the original bracket defined as "frozen areas” that will be left untouched by the TO processes for all load
cases.

A single design response is created and used for the objective function and one for the constraint,
only one load case is used for each TO run. The elements that can be optimized are determined when
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creating this design response, which was set as the whole model for both objective function and
constraint. The volume of the model is set as the design constraint, with an 80% material volume
reduction set as an initial target for the TO process. Minimization of the strain energy which
maximizes stiffness is set as the target of the objective function.

3.2.2 Trial 2 - Multi-objective topology optimization

The second trial study was set up as a multi-objective TO with multiple load conditions. This
approach allowed for the separate load cases to be weighted according to importance, however no
specific weighting requirements were specified in the original problem by GE Electric, and so
therefore an equal weighting factor of 0.25 was assigned to each load case during TO. It could be
assumed that the same results as “trial 1” would be achieved because of this, however this was not
the case as all four load cases were applied simultaneously during the second trial.

The four load cases are created each in their own step during the configuration of the TO, which
gives more control in the Abaqus CAE software allowing weighting factors to be assigned to each
given step in the optimization section of the software. This allows for all load cases to be applied
simultaneously with correct corresponding weighting factor during TO.

The interaction controls, forces, boundary conditions and frozen areas are applied in the same
way as in the first trial, see Chapter 3.2.1.

A total of four design responses are created and used for the objective function one for each load
case, differing from the single design response used in trial 1. One design response is created for the
constraint which is the volume same as in the first trial, and an 80% volume reduction is once again
specified as the initial target. Elements of the whole model are used to define what can be optimized
in the design domain with frozen areas overriding specific regions.

3.3 Mesh

To perform FEA, a mesh structure must be applied to the bracket model which effectively divides the
model into smaller elements that can be solved individually by integration. In Abaqus CAE the user
has the choice of applying either a linear or quadratic integration scheme depending on what is best
suited to the application.

Tetrahedral elements with a linear integration order were chosen for the mesh in this project
mainly because of computational efficiency when compared to using elements of a higher order, and
because linear order elements make it easier to get good results. A good assumption would be that
using elements of a higher order would produce superior results, however this is not always the case
because of two reasons [20]: It has been shown that numerical integration requires a significant
computational effort that increases with the order of integration [20], making it an ineffective
approach if used in conjunction with TO that also demands high computational power when
optimizing a 3D solid that utilises a mesh consisting of many thousands of elements. Furthermore,
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integrating using higher order elements overestimates the stiffness of the structure relative to its
actual stiffness, and instead a more inaccurate integration together with a corresponding stiffness
approximation can give a better FEA result [20].

The engine bracket in this project was given a mesh consisting of approximately 846 000 linear
order tetrahedral elements of type C3D4. This number of elements was determined by a mesh
convergence analysis which converged within 0.6% for a global element size of 1.4 mm across the
whole engine bracket part see Appendix C. The resulting mesh is presented in figure 3.6.

By achieving convergence in the mesh study, the risk of running into complications such as the
checkerboard or mesh dependency problems see Chapter 2.5 has been greatly reduced.

Figure 3.6. The mesh consisting of 846 000 elements obtained from the convergence study.
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4 Results

Two trials were conducted during the TO process, resulting in two computer aided design (CAD) part
files. The first was created by combining four separate topology optimized design shapes, creating a
possible solution for the new bracket design. The second was created by utilising multi-objective TO
which allowed all four load cases to be applied simultaneously and allowing a completely different
shape for a possible solution to be obtained.

The goal of the optimizations is to minimise the weight of the bracket as much as possible whilst
maintaining the structural integrity of the material Ti-6Al-4V, which means creating an optimized
part that does not undergo plastic deformation when any of the four load cases are applied to it.

The relatively complicated post-processing methods used will be explained along with the final
proposal for the new design. Finally, the analysis results of the optimized engine bracket with
comparisons to the original part will be presented.

4.1 Post-Processing

The TO process generates mesh shapes which can be exported and used in various ways such as the
creation of an .STL file that can be 3D-printed immediately, however major post-processing is
required if it is desired to use the shapes as CAD part files.

4.1.1 Trial 1 - Load cases optimized separately

Four separate TO procedures were conducted on the part, using each of the loads specified in Chapter
1.1.1 Load Conditions. Each procedure generated a mesh shape, which had been optimized to
withstand the forces of each load case, mesh shapes can be seen in Appendix B.

The optimized shapes are generated without geometric properties which means that they are just
shells displaying shapes, and not geometric bodies with properties that can be altered or analysed.
Attempts were made to convert these shells into solid CAD format models, however the process was
extremely time consuming, required a significant computational effort and produced results that
were exceptionally difficult to work with in CAD software.

The enormous number of mesh facets that had to be converted was the main reason causing the
process difficulty. The open-source software Blender was used to reduce this number however it
could only be lowered to a certain level as going too low would cause the shape of the shells to be
altered significantly. Even with a significant reduction in facets (92% of original), the resulting
combined mesh still consisted of approximately 80 000 facets. In turn, the CAD part file created from
this combined mesh shape, seen in figure 4.1 then had this number of surfaces, making it near
unusable. Attempts were made to load this part file into Abaqus CAE to perform structural analyses,
however the software crashed time and time again during the importing process.
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Figure 4.1. The meshes from all four TO processes were combined and converted into a CAD part file.

4.1.2 Trial 2 - Multi-objective topology optimization

A single TO procedure was all that was needed to generate the mesh shape in the second trial, the
result of which is shown in figure 4.2. The main reason a second trial was conducted was to see if a
simpler optimized shape could be achieved as the mesh shapes generated by the four separate
studies varied quite significantly, creating an overly complex shape when combined, as can be seen
in figure 4.1.

The complications and inability to use the resulting CAD part file experienced in trial 1 when
converting from mesh shape to solid CAD part were considered when deciding what the best
approach would be to achieve a better result this time around.

Figure 4.2. Optimized mesh resulting from the TO process conducted in the second trial.
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One of the biggest problems considered when deciding on the approach to take was the relatively
high complexity of the mesh shape, and although this is not such a big problem if producing the parts
by AM, it is challenging and time consuming to produce the shape generated in trial 2 as a converted
CAD part file. To this end, a simpler method that did not involve converting the facets from the mesh
into solid part faces was used.

In short, the generated mesh shape was imported into the CAD software Inventor and assembled
within the original bracket part. It was then used as a 3D template to modify the original part seen in
figure 4.3. An important step to this was ensuring that both parts were orientated identically,
enabling the bolt holes and clevis bracket of the parts to be perfectly aligned with each other.

Figure 4.3. Mesh shape results from TO added to original engine bracket part allowing for simpler modelling of the optimized
part.

The original part was then displayed transparently within the assembly to facilitate the next process
which was to “carve” away any unwanted material.

This new design was then ready to be analysed using FEM to ensure that it would meet the structural
requirements of the four load cases.

4.2 Final bracket design

The result obtained from trial 2 and subsequent post-processing process was taken as the final design
for the optimized bracket part. It has a strong arch shape and four-legged base. A truss-like structure
is located on the front base of the part for added strength.

The most untouched area of the part is the clevis region which has the same diameter of solid material
around the holes, and the same thicknesses as the original bracket. The areas surrounding the four
bolt holes have however been significantly optimized resulting in far less material being utilised
around the four holes as well as a large reduction in material thickness.
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Most of the removed material from the original bracket has been taken from the bottom/back
portion, which has allowed for the structurally robust arch shape of the final design to be achieved.
Some features of the mesh shape (complex tunnel-like features) were not included due to their
complexity and difficulty to recreate in the CAD environment. This was however compensated for by
adding material to the “leg base” structures when compared to the optimized mesh shape. A render
of the final bracket design is shown in figure 4.4.

Figure 4.4. Final bracket design rendered in titanium material finish.

A substantial material volume reduction was achieved in the final design, going from 463 215 mm3
down to 112 000 mm3. This amounted to 75.8% less material being utilised in the design, driving the
original bracket weight of 2.050 kg down to 0.495 kg.

An assembly of the original and optimized brackets are shown in figure 4.5 to allow for a quick visual
comparison of the two parts.

Rear view: Side view:

N

Figure 4.5. Assembly of optimized bracket part inside original for comparison.
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4.3 Analysis of the new design

The final design produced a bracket with a weight that has been significantly reduced, however the
capability of the part to withstand the loading requirements of the original project specification must
be met for the new bracket design to be a viable solution to the original problem. FEM analyses were
carried out on the optimized bracket part in Abaqus CAE to determine if the part was able to meet
these requirements. The four load cases were applied separately to the part and analysed as four

separate studies.

4.3.1 Displacement Analysis

The loads in all four load cases are applied at a point in the centre of the clevis bracket, cf. figure 3.4,
left, and so an investigation was carried out to compare the displacement of this point between the
original and optimized brackets for all four load cases. This would give valuable insight into how the
material in the optimized part behaves, and if the deformations are higher or lower than in the
original part. The expectation was that higher deformations would be obtained because of the large
volume of removed material, however they were not expected to be significantly higher. Load cases
1 and 2 had similar displacement increases, however load cases 3 and 4 showed smaller increases
with load case 3 significantly lower, see Table 1. This could be indicative of the possibility that load
cases 1 and 2 have a higher impact on the bracket part and will be kept in mind when moving forward
with material stress analyses to see if any comparisons can be made.

Table 1. Displacement comparison of clevis point between original and new brackets.

Load Case Displacement (mm) Increase/Decrease
Original Optimized
bracket bracket
1: Vertical point load 0.157 0.512 +226 %
upwards (35590 N)
2: Horizontal point load 0.125 0.462 +269 %
(37816 N)
3: 42 Degrees point load 0.0715 0.119 +66 %
upwards (42257 N)
4: Torsion load in horizontal 0.0380 0.113 +197 %
plane (565 Nm)
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4.3.2 Von Mises Stress Analysis

It is critical that the von Mises stress levels of the material in the optimized bracket design do not
exceed the yield strength limit for Ti-6Al-4V (903 MPa) when subject to the four load cases of the
study. If this occurs in any of the FEM analyses, it will mean that there is a high risk of the part
undergoing plastic deformation when in use as a jet engine support under the usage conditions
reflected by the given load cases. This would be a bad result of critical importance and would mean
that the bracket would have to be re-designed.

The limit for the coloured scale representing von Mises stress levels was set at 903 MPa which
means that red coloured elements represent areas of the part that are close to the stress yield limit
of the material, and grey elements show areas of the part that have exceeded the material yield limit
and are subject to plastic deformation. However, in the following four FE load case studies, areas
consisting of grey elements are singularities that occur because of boundary condition modelling, cf:
figure 3.4 right, or the coupling of surfaces to interaction constraints, cf. figures 3.2 & 3.3. A separate
study to show the existence of these singularities was conducted using load case 1 and can be seen
in Appendix D.

Areas of the part that lie within the range of orange all the way down to blue coloured elements
lie comfortably within the stress limits that the material in the part should be exposed to. The fact
that that no specific safety factor was specified meant that the yield limit of the material had to be
used as the maximum allowable level of von Mises stress in the optimized part.

Table 2. Von Mises stress comparison between original and optimized parts for all load cases.

Load Case Von Mises stress (MPa) Increase/Decrease
Original Optimized
bracket bracket
1: Vertical point load 290 770 +165 %
upwards (35590 N)
2: Horizontal point load 185 590 +218%
(37816 N)
3: 42 Degrees point load 150 270 +80 %
upwards (42257 N)
4: Torsion load in horizontal 110 260 +136 %
plane (565 Nm)
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4.3.3 Load Case 1: Vertical point load upwards (35590 N)

The von Mises stress levels in the material caused by the vertical load case are well within the yield
limit for Ti-6Al-4V of 903 MPa, however this is not so obvious when looking at the results obtained
in Abaqus CAE seen in figure 4.6.

The grey areas seen in figure 4.7 left can be explained as singularities that occur because of the way
the boundary conditions have been modelled in that area. As a result of this the material in the
surrounding areas (within 5-10 mm) of the boundary conditions was investigated instead and was
found to be within the material yield limit. The highest obtained stress disregarding of singularities
was however found in one of these areas and amounted to approximately 770 MPa.

Elements in the clevis bracket region of the part were also found to exceed the material yield limit
seen in figure 4.7 right, however this is caused by the interaction constraint that was created to
simulate the clevis bracket pin pressing against the top section of the clevis bracket holes shown in
figure 3.2 left. These higher stress levels are singularities and so the material within a close proximity
of this area was investigated instead, which showed stress levels well within the material yield limit.

S, Mises
(Avg: 75%)

+2.834e+09
+9.030e+08
+8.281e+08
+7.532e+08
+6.783e+08
+6.034e+08
+5.285e+08
+4.536e+08
+3.787e+08
- +3.038e+08
+2.28%e+08
+1.540e+08
+7.909e+07
+4.191e+06

Figure 4.6. Full part view of von Mises stress levels with legend, that occur in the part when subjected to load case 1 vertical-
upwards load.
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S, Mises

(Avg: 75%)
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S, Mises
(Avg: 75%)
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+8.281e+08
+7.532e+08

+6.783e+08
+6.034e+08

+7.909e+07
+4.191e+06

Figure 4.7. (Left) Close-up view of singularities that occur because of boundary condition modelling. (Right) Close-up view of
singularities occurring because of interaction constraints in the clevis bracket area of the part.

4.3.4 Load Case 2: Horizontal point load (37816 N)

The von Mises stress levels obtained in the material and caused by the horizontal load case are similar
to those obtained for the vertical load case.
Singularities occur at the locations of the bolt hole boundary conditions shown in figure 3.4 right, and
in the clevis bracket at the edge of the interaction constraint surface shown in figure 3.2 right.

The highest von Mises stresses were located on the underside of the two front bolt holes and
amounted to a maximum of approximately 590 MPa, seen in figure 4.8. This value is well within the
yield limit of the material Ti-6Al-4V.

S, Mises

(Avg: 75%)
+1.153e+10
+9.030e+08
+8.280e+08
+7.530e+08
+6.780e+08
+6.030e+08
+5.280e+08
+4.530e+08
+3.780e+08
+3.030e+08
+2.280e+08
+1.530e+08
+7.799e+07
+2.994e+06

Figure 4.8. Full part view of von Mises stress levels with legend, that occur in the part when subjected to load case 2 (horizontal
load).
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4.3.5 Load Case 3: 42 Degrees point load upwards (42257 N)

The von Mises stresses that emerge when the optimized part is subjected to a load 42 degrees
upwards see Chapter 1.1.1, are significantly lower than the stresses produced by load cases 1 and 2.
This is also in accordance with the findings of the displacement analysis in Chapter 4.3.1 which
showed significantly less material displacement for load case 3, and therefore less stress in the
material.

Singularities occur at the boundary condition shown in figure 3.4, right and interaction constraint
locations shown in figure 3.3, left. The optimized part can withstand the requirements of this load
case exceptionally well with maximum stress levels amounting to approximately 270 MPa
disregarding singularities and surrounding areas as seen in figure 4.9.

S, Mises

(Avg: 75%)
+8.601e+09
+9.030e+08
+8.282e+08
+7.534e+08
+6.786e+08
+6.038e+08
+5.290e+08
+4.542e+08
+3.793e+08
+3.045e+08
+2.297e+08
+1.549e+08
+8.011e+07
+5.302e+06

Figure 4.9. Full part view of von Mises stress levels with legend, that occur in the part when subjected to load case 3 (42 degrees
upwards load).

4.3.6 Load Case 4: Torsion load in horizontal plane (565 Nm)

The FEM analysis results for this load case show figure 4.10 and 4.11 that the application of a moment
force of magnitude 565 Nm has the lowest structural impact on the optimized part of all the four load

cases.
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Figure 4.10. Full part view of von Mises stress levels with legend, that occur in the part when subjected to load case 4 (Torsion
load in horizontal plane).
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Figure 4.11. Close-up view of singularities that occur because of interaction constraint modelling in the clevis bracket area of
the part. Highest von Mises stresses occur in the transition from clevis bracket to part main body disregarding singularities.

The optimized part is well suited to withstand the requirements of this load case with von Mises
stress levels reaching approximately 260 MPa disregarding singularities and surrounding areas. The
material located in the transition between clevis bracket and the main body of the part was the area
subjected to this maximum stress magnitude, as can be seen in figure 4.11.
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5 Discussion
o What effects did the change of thesis project mid-way through have?

From the beginning, this thesis project was intended to research if TO could be used to design an in-
process workpiece with maximum possible stiffness for a thin-walled cylinder machined by turning.
However, the project had to be changed approximately halfway (mid-term) into the course when it
was realised and decided that the project would be difficult to complete or achieve any meaningful
results if at all even possible to be carried out as intended. It was agreed with the university
supervisor and examinator to change the project, keeping the same literature research as a basis
(TO). This entailed a risk of not being able to complete the project on time and thereby not complete
the course. This risk of not being able to complete the thesis was of course not included in our original
time plan, however we had calculated for project members having to take time off for sickness, taking
care of children etc, and so there was a little bit of leeway regarding available time. After finding a
new project quite quickly, the thesis project was finished on time and with good results.

e  How would a more realistic modelling of boundary conditions, bolt tension and clevis bracket
pin affect the results of the TO?

There are high stresses around the bolt holes and at the clevis bracket where the surfaces used for
boundary conditions and interaction controls have their perimeters. These high stresses are
singularities that arise, however they could possibly have been avoided or reduced if we had
modelled these interactions in a more realistic way, for example by using a modelled bolt for the
boundary conditions in the bolt holes instead of securing the part in place by restricting the
movement of surfaces. A contact problem could then have been created to secure the part in place in
a more realistic way. Bolt tension could have also been applied which would have further helped to
reflect reality and produce more accurate results.

Another modification could have been to model a pin inside the clevis bracket. A contact problem
could then have been created for the interaction between the pin and clevis bracket holes. All loads
could then have been applied to the modelled pin which would have interacted with the bracket part
more realistically than the interaction controls that were used in the thesis project.

o  What would happen if the TO process was performed using different weighting factors for each
load case, and how could these be determined?

The load cases were weighted equally in the TO process of this thesis project, and it is unknown
whether this reflects reality in a realistic way as no specific data regarding this topic was provided
by GE Electric. It is likely that safety and weighting factors have been “built in” and reflected in the
load cases provided by adjusting the magnitudes of the forces accordingly, enabling the design of a
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part that better deals with the load cases that are most likely to lead to catastrophic part failures.
However, this is only an assumption made based on the nature of the project and the data provided.

The results of the initial FEM analyses performed on the original part however seem to indicate
that the four load cases have different levels of importance (possible weighting factors), where load
cases 1 and 2 caused the highest levels of von Mises stresses. This information could in turn be used
to determine new weighting factors for each load case where a higher value is assigned to load cases
that cause higher material stresses. Performing TO with the load cases weighted in this way could
produce an optimized shape that deals with load cases 1 and 2 (cause highest material stresses) in a
better way and further improves the TO process.

e (an the post-processing process be implemented in a better way or replaced with a more
effective technique?

The post-processing process that produced the final design was relatively time consuming, and
alternative techniques were researched during the process. It was obvious that converting the mesh
produced by the TO process into a CAD part file would produce the most accurate results. Research
showed however that many of the alternative techniques used to accomplish this requires access to
more advanced software that were not available to use via the university.

One method that could have been implemented was to use the open-source software Blender to
smooth the mesh shape (exported from TO result), effectively removing the huge numbers of facets
present. This process would have to be repeated multiple times until the mesh no longer had any
rough edges. This smoothed mesh could then in theory be converted into a solid CAD part file with
significantly less faces than before the smoothing process, and possibly produce a part that could be
imported and analysed in a FEM software such as Abaqus CAE.

e s the final design optimal or can it be optimized even further to achieve larger weight
reductions whilst maintaining structural integrity?

The optimized part does not come close to reaching a state of plastic deformation when subject to
any of the four load cases provided in the study, however more realistic modelling of boundary
conditions and interactions would change results in one way or another. Even so, there could still be
room to optimize the part even further and remove even more material volume without
compromising on strength. The possibility of removing the truss structures on the front bottom of
the optimized design was discussed. It is likely that this modification would not cause the bracket to
undergo plastic deformation when subject to the four load cases, however it would simplify the
production process (3D printing) in terms of time savings and easier post-processing if any is
required less detailed structures.

It is always a good idea to keep in mind that the design shape of the final bracket part is just one
possible solution to this problem, with specific TO process constraints and modelling techniques
playing a major role in defining the final optimized shape.
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e What is the effect on TO when utilising more or fewer design cycles?

The TOSCA manual states that 15 design cycles should be enough to achieve convergence (an
acceptable result) when performing a TO process. Optimizations were conducted using both 15 and
60 design cycles to compare and see if there were any significant differences with an increased
number of iterations. The final design of the thesis project was based on the results of the 60 cycle
TO, however the differences between 15 and 60 cycle optimizations were minor. The major
difference that did exist was the amount of time taken when optimizing with a larger number of
iterations, as each design cycle took approximately 20 minutes to complete.

o  Would it have been advantageous to use sensitivity based TO instead of condition based?

With the sensitivity based TO approach many constraints besides material volume such as
displacement, rotation, reaction force and centre of gravity to name a few can be used in conjunction
with single or multi-objective functions. Although this is a particularly useful feature, it is not needed
for this thesis project as the only constraint that had to be considered was the material volume.

Another positive aspect of the sensitivity based approach is the increased parameter control such
as the ability to manually specify a value for the penalization factor p. The default value is set to p=3,
however performing TO with different values could possibly produce a better solution.

One major negative aspect of the sensitivity based approach however is the computer resource
demand. This in turn leads to significantly increased optimization times as the minimum number of
recommended design cycles to obtain a converged result is set at default 50 in Abaqus CAE.

e Have we interpreted the load cases correctly? Does a change in application (simultaneously or
separately) affect results?

For this thesis project, load cases were applied simultaneously within the multi-objective TO
approach. This means that the part is subject to all load cases at the same time for every design
iteration in the optimization process. It was unknown if this reflected reality sufficiently as no
information was provided by GE Electric regarding this issue, however there was a curiosity to find
out if applying load cases separately (but still using multi-objective TO) would produce different
results.

A TO was conducted to apply load cases separately, producing significantly different results when
compared to those obtained as the final design solution of the thesis.

It is difficult to determine if one approach is better than the other for our specific problem,
however in general it seems as though this is an important consideration to make, and real-life load
case application should be researched thoroughly to enable the most accurate TO results to be
obtained.
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5.1 Technology, Society, and the Environment

We are in an era of sustainable and resilient infrastructure, where redundancy is a key factor, and
unnecessary resource use should be kept to a minimum. The rate of resource use will likely continue
to grow if we continue the projected upward trajectory that is the curve for technological
advancement, which is why every structure that is designed and engineered should be optimized for
ultimate efficiency.

It is becoming ever more important that engineers are prepared for the challenges of creating

sustainable products and solutions as the demands placed on the earth’s resources increases because
of a rapidly growing global population [21].
A good way of managing the use of resources for structural applications could be to find a way of
producing solutions that meet structural demands but utilise far fewer material resources. TO is one
such method, and has the potential to impact the economic, social, and environmental aspects of
sustainable development in a positive way. In a world that is limited by its finite supply of many
materials and resources, it is important that these reserves are used in the most efficient ways. This
renders TO an extremely powerful tool. Traditionally, optimization was done manually by an
iterative-intuitive process where the results heavily depended on the knowledge of designers [10].
By using TO in the beginning of the design process it reduces the need for iterations when designing
prototypes by attaining a design proposal directly which is sound from an economic perspective.

This thesis project produced results that could potentially decrease the raw material resource use
of an aircraft component by approximately 75%. In connection with this, the bracket would be
manufactured by an AM method which utilises 70% less overall energy consumption of what
traditional manufacturing would use [22]. The life-cycle assessment (LCA) analysis that was
conducted in the article states that traditional machining has a greater impact on human health and
resources. With the help of TO and AM, material consumption can be reduced which leads to lower
energy consumption. To answer the question posed in Chapter 1.2, these positive aspects of AM
would help to justify the use of such a process to produce parts like the one designed during this
thesis project on a large scale.

The social impact of the TO method will also increase in conjunction with a growing use of the

method in industry. One of the biggest effects could be the way TO will help shape the future of
manufacturing, with the possibilities of creating high complex design geometries requiring advanced
AM techniques for part manufacturing. In time this could reduce the number of traditional machining
production lines required, affecting the employment of industry workers.
Another social effect of TO could be the way it affects designers and engineers when implemented.
After an education and work experience shaping the way engineers instinctively assess the strengths
and weaknesses of designs, difficulties could be experienced with accepting TO results that differ
significantly from something that would normally be designed.

37



University of Skovde School of Engineering Science

6 Conclusions

The objective of creating an optimized part within the size restrictions of the original part domain
that does not undergo plastic deformation when subject to any of the four load cases was achieved.
This part also retained the geometric relationships between the hole dimensions and internal
dimensions of “interface 1” (pin through clevis bracket) and “interface 2” (bolt holes) which was a
requirement of the original project specification.

TO is a good method to use when the goal is to design an optimized component that is more
efficient by utilising far fewer material resources than the original. The results of this thesis project
were clear and showed that non-optimized components are likely significantly over-engineered to
account for problems such as machining restrictions.

The results of the displacement analysis seen in Chapter 4.3.1 show that load cases 1 and 2 have
the highest impact on the optimized bracket, with 226% and 269% increases in displacement
respectively between the original and optimized brackets. Load case 3 has the lowest impact on the
optimized bracket with a 66% increase in material displacement. The results of the von Mises stress
analyses show the same trend as the displacement analysis in terms of increase when comparing the
original and optimized parts. Load case 2 has the highest increase of material stress, followed by load
case 1, load case 4 and finally load case 3 with the lowest increase. The highest magnitude of von
Mises stress was however caused by load case 1 and amounted to approximately 770 MPa.

The result of a TO process is just one of many possible solutions and can therefore be considered
as a design proposal. Many factors such as weighting factors, frozen areas and boundary condition
modelling can influence results, and so there is no perfect solution. Great care should be taken to
reflect reality as closely as possible when designing a TO process as accurate results become more
important when designing parts that have less material available to provide strength and support.

The way the part was designed in the CAD environment was based on TO results and encouraged
the use of our engineering skills and judgement. Significant time and effort must be put into this step
to get a good result. The current available methods of developing a product from a TO process are
not easy to implement, and the processes are constantly improving. The time limit of this thesis
project made it difficult to try more methods.
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7 Future Work

e Evaluate differences in TO results if a sensitivity based optimization was performed
instead of the condition based optimization that was used.

e Research and use better post-processing techniques that enables resulting meshes from
TO processes to be converted into CAD part files that are much more user-friendly and
usable.

e Perform simulations utilising more realistic boundary conditions at the clevis bracket and
bolt holes.

e Research and use manufacturing constraints when performing TO. There is potential for
significant weight savings even for components that are manufactured using traditional
machining practices.
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Appendices

Appendix A: Time Plan

The project was changed at half time as our initial project was not able to be completed within a
reasonable time. With that said, the time plan for this new project was specified according to the first
project proposal and was not very precise. The old schedule was then transferred to the new project
but with some minor adjustment. We reckoned that we were at least two weeks behind when the
new project was decided and started at half time.

Figure A-1 and A-2 shows the initial time plan for the first project which was incorporated in the
transition to the new project.

Tidsplan
v3 v4 v5 v6 v7 v8 v9 v10 v1l
Projekt specifikation
Litteratur undersokning
Designa CAD
Analys
Resultat
Presentation
Opponering
Inldamning Handledare
Inldamning Examinator
27 Jan draft 9 mars
submit, midterm
specification submit

Rapport
Figure A-1 GANT chart part 1.
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v12 v13 v14 v15 v16 v17 v18 v19 v20 v21 v22
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Figure A-2 GANT chart part 2.
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Appendix B: Mesh from trial case 1

Shows the different topology results from trial case 1.

Load case 1 - vertical (Mesh A) Load case 2 - horizontal (Mesh B)

Load case 3 - 42 degrees up (Mesh C) Load case 4 - torque (Mesh D)

Figure B-1 Large variances in the optimized mesh shapes generated by individually loading the original bracket with each
load case separately.
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Appendix C: Convergence

This shows the results from mesh convergence study which was done to get a mesh size to provide
reliable results. The mesh size used during TO is highlighted in orange, can be seen in table C-1 .

Table C-1. Results from mesh convergence study.

Number of Global mesh Max. V.Mises Load (N) Convergence
elements element size stress (Pa)
(mm)
137 000 3 1.80 1 Within 2.2 %
212000 2.5 1.84 1 Within 2.9 %
333000 2 1.895 1 Within 1.8 %
657 000 1.5 1.929 1 Within 1.6 %
846 000 1.4 1.961 1 Within 0.6 %
908 000 1.3 1.949 1 Within 1.22 %
1099 000 1.2 1.973 1 Within 0.6 %
1337000 11 1.984 1 Within 0.6 %
1687 000 1 2.015 1 Within 1.5 %
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Appendix D: Study of singularities

To know if there were singularities in some areas, a study was conducted where mesh sizes were
increased and at the same time the stresses were rising in these areas. In table D-1 there can be seen
how the stresses are rising in the right leg of the model. Figure D-1 there can been seen how
singularities may occur when analysing. Another leg is shown in the figure D-2 where it can be seen

how a singularity has arisen due to boundary condition for the bolt.
Table C-1. Shows stresses rising in the right leg of the newly designed part with load case 1 applied.

6000000
5000000
4000000
Number of 3000000
elements
2000000
1000000
0
0 1000 2000 3000 4000 5000 6000 7000
Stress (MPa)
S, Mises
(Avg: 75%)
+5.728e+09
+5.317e+09 Max: +5.728e+09

+4.905e+09
+4.493e+09
+4.082e+09
+3.670e+09
+3.259e+09
+2.847e+09
+2.435e+09
+2.024e+09
+1.612e+09
+1.200e+09
+7.887e+08

Max: +5.728e+09
Elern: MULTL_OBJ_OPTIMIZED-1.1739975
Mode: 262934

Figure D-1. This shows the right leg at the edge of the boundary condition for the bolt holes.
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3, Mises

(Avg: 75%)
+1.026e+09
+9.493e+08
+8.727e+08
+7.960e+08
+7.194e+08
+5.428e+08
+5.661e+08
+4.895e+08
+4.123e+08
+3.362e+08
+2.596e+08
+1.829e+08
+1.063e+08

Max: +1.026e+09
Elern: MULTI_OBJ_OFTIMIZED-1.488735
Node: 2155

Figure D-2. Another image from the convergence showed the boundary condition from the bolt edge
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