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Abstract

One of the most applied optimization methods in mechanical engineering is topology
optimization (TO). The benefits of its integration in the product development process are
several, such as reducing material usage in manufacturing, shortening the design cycle,
and enhancing product quality. However, the implementation of TO is characterized by the
following bottlenecks: the geometrical complexity of its optimized designs, the long
optimization times, the sensitivity of its results to the given parameters, and the need for
numerous inputs during its workflow. All these issues make TO a complex and time-
demanding procedure dependent on designers’ starting guesses and choices during its
implementation. It is clear that there is a need for a more automatic and effective
optimization procedure.

In this thesis, the author uses TO for the weight reduction of structures in mechanical
engineering. First, he explores the workflow of the TO and identifies interesting practical
aspects in its implementation. The most popular TO-methods, such as SIMP and BESO, are
described, categorized, and compared. In addition, the three following TO-practices are
developed with respect to the size of the available design space for optimization: TO with
limited design space, TO with maximum possible design space, and combined
size/shape/topology optimization. The author states that the designer’s choices (inputs)
affect the TO-results and categorizes them into five clusters of parameters: design
constraints, supports and connections, loads, geometric restrictions due to manufacturing
constraints, and software constraints. The sensitivity of the TO-results to the variations of
these parameters is explored.

Furthermore, different multi-objective, multi-level, and multi-scale optimization
workflows are used in the pursuit of the lightest design solutions. To identify the software
constraints, a literature review is conducted among the most applied TO-software
platforms. As a result, an online library of 70 commercial and open source TO software is
developed in the form of a table. This table encompasses the name, company, optimization
types, and methods that software uses, as well as its available objective functions and
constraints in TO. Moreover, relative research works and representative literature for each
software are included. Different 3D models are designed, optimized, and used as case
studies to support the theory and tie the academic text to real-world applications of TO.
Finally, the educational perspective of TO is checked. The author developed an educational
framework of a topology optimization-based learning (TOBL) combining the CDIO-
approach and TO. The implementation of the developed TOBL-framework in any study
program in CAD-engineering can educate modern CAD-designers to conceive, design,
implement, and operate optimized products.

The current research work is addressed to practitioners, researchers, teachers, and
other engineers looking for new lightweight design concepts. Hence, the aim of this thesis
is to provide them, through valuable insights, with a better understanding of TO, as well
as to advise them with guidelines and recommendations to avoid common pitfalls.



Sammendrag

En av de mest anvendte optimaliseringsmetodene innen maskinteknikk er
topologioptimalisering (TO). Det er mange fordeler ndr TO er integrert i en
produktutviklingsmetode, for eksempel reduksjon av materialbruk i produksjon, forkorting
av designprosessen og forbedring av produktkvalitet. Implementeringen av TO er imidlertid
preget av fglgende flaskehalser: den geometriske kompleksiteten til de optimaliserte
designene, de lange optimaliseringstidene, den sensitiviteten til resultatene for de gitte
parameterne, og det behovet for en rekke input under arbeidsflyten til TO. Alle disse
problemstillingene gjgr TO en kompleks og tidskrevende prosedyre som er avhengig av
designere starter gjetninger og valg under implementeringen. Det er tydelig at det er
behov for en mer automatisk og effektiv optimaliseringsprosedyre.

I denne oppgaven bruker forfatteren TO for vektreduksjon av konstruksjoner i
maskinteknikk. Fgrst, utforsker han arbeidsflyten til TO og identifiserer interessante
praktiske aspekter ved implementeringen. De mest populaere TO-metodene, som SIMP og
BESO, beskrives, kategoriseres og sammenlignes. I tillegg, utvikles de tre fglgende TO-
praksisene med hensyn til stgrrelsen pa tilgjengelig designplass for optimalisering: TO med
begrenset designrom, TO med maksimalt mulig designrom og kombinert
stgrrelse/form/topologioptimalisering. Forfatteren uttaler at designerens valg (inndata)
pdvirker TO-resultatene og kategoriserer dem i fem klynger av parametere:
designbegrensninger, stgtter og forbindelser, belastninger, geometriske restriksjoner pd
grunn av produksjonsbegrensninger og programvarebegrensninger. Den sensitiviteten til
TO-resultatene pd grunn av de variasjonene av disse parameterne er utforsket.

Videre, brukes forskjellige arbeidsflyter for optimalisering med flere mal, flere nivaer
og flere skalaer i jakten pd de letteste designlgsningene. For & identifisere
programvarebegrensningene, gjennomfgres en litteratursgk blant de mest brukte TO-
programvarer. Det ble utviklet et nettbibliotek med 70 kommersielle og apen kildekode
TO-programvare i form av en tabell. Denne tabellen omfatter navn, firma,
optimaliseringstyper og tilnserminger som programvaren bruker, samt tilgjengelige
objektive funksjoner og begrensninger for TO. I tillegg, er inkludert relative
forskningsarbeider og representativ litteratur for hver programvare. Ulike 3D-modeller er
designet, optimalisert og brukt som ‘case studies’ for & stgtte teorien og knytte den
akademiske teksten til virkelige applikasjoner av topologioptimalisering. Til slutt, sjekkes
det pedagogiske perspektivet til TO. Forfatteren utviklet et pedagogisk rammeverk av en
topologioptimaliseringsbasert laering (TOBL) som kombinerer CDIO-metoden og TO. Den
implementeringen av det utviklede TOBL-rammeverket i ethvert studieprogram i CAD-
teknikk kan utdanne moderne CAD-designere til & tenke, designe, implementere og drifte
optimaliserte produkter.

Det utfgrte forskningsarbeidet i denne oppgaven er rettet mot praktikere, forskere
leerere og andre ingenigrer pd jakt etter nye lette designkonsepter. Malet til denne
oppgaven er & tilby dem, gjennom nyttig innsikt, en bedre forstaelse av TO, samt & gi dem
retningslinjer og anbefalinger for & unnga vanlige fallgruver.
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Chapter 2: Background

1 Introduction

This chapter introduces the Ph.D.-thesis to the reader by presenting its research's aim,
scope, and stakeholder analysis. In addition, the posed research questions are stated,
while a list together with a short summary of each of the involved academic contributions
are included. Furthermore, the correlations between the academic contributions and the
research questions they address are identified. Finally, the structure of the thesis is
presented.

1.1 Aim and Scope

Topology optimization (TO) is a popular mathematical method that optimizes the
material layout of a structure by removing inefficient material or placing it in areas that
are more crucial for its robustness (Bendsge & Sigmund, 2013). This thesis is focused on
the practical implementation of TO for material savings in mechanical engineering. The
lessons learned from the used case studies and the applied research work within the thesis
framework offer valuable insights to CAD (computer-aided design) designers. Hence, its
aim is two-folded; first, to provide a better understanding of TO to CAD-designers, and
secondly, to advise them through recommendations to avoid common pitfalls.

Structural optimization (SO), together with its categories, are described. Different semi-
automatic workflows combining these categories are developed, decreasing the
optimization time and resulting in lightweight structures. A particular focus of the research
is the identification of benefits and limitations of TO with respect to the designer’s inputs.
The differences in the implementation of TO are explored when it is oriented either to
conventional manufacturing processes (CMP) or to additive manufacturing (AM). In
addition, the application of TO in different structural levels, macro-meso- and micro-scale,
are researched, showing the benefits of lattice structures. However, the TO on the micro-
scale level is omitted.

Furthermore, a library of the identified TO-software platforms is created while a
comparative study among three of them is conducted. However, this study is limited to
commercial software platforms. Finally, the educational contributions from TO are explored
and a novel educational framework based on TO is developed, inspired by the CDIO
(Conceive, Design, Implement, and Operate) approach.

1.2 Stakeholder analysis

The author conducted a stakeholder analysis prior to the research to identify all the
involved key stakeholders in TO, select the most crucial topics related to the TO-
implementation, and state the research questions that guided his research. A stakeholder
is every person that is involved and affects or is affected by a project or a product
(Frooman, 1999). The chosen methodology for the stakeholder analysis in this report is
based on the work of Andersen and Fagerhaug (2006, pp. 15-25) and consists of the
following five steps:

1. Identify the key stakeholders
2. Gain insight into the strengths and the weaknesses of the stakeholders
3. Understand their vision, strategy, needs, and expectations

1
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4. Anticipate the stakeholder’s behavior in the project
5. Plan and implement actions to handle them

1.2.1 The key stakeholders of the Ph.D.-research
The identified key stakeholders related to the context of this Ph.D.-research are:

o CAD-designers

¢ Software engineers

e Academia

e Software industries

e Manufacturing industries

e Other optimization technologies

¢ Additive manufacturing engineers
e Environment

e The public

e The scientific community

CAD-designers: CAD-designers are considered the end-users of this Ph.D.-research. The
expected results will be more automatic TO-workflows with useful practices and valuable
insights for CAD-designers with no or little experience in TO. In addition, guidelines and
recommendations will be followed in order to advise and help them to avoid common
pitfalls.

Software engineers: This research work contains, among others, programming in Python
and MATLAB. In-house algorithms are developed during the four years of the Ph.D. These
algorithms could be of high interest to the engineers working with programming. A possible
collaboration with software engineers should be considered to get valuable insights about
TO-algorithms.

Academia: Academia here is considered the Ph.D.-supervisors, the Ph.D.-Committee, the
affiliated university, and other Ph.D.-candidates and universities in the same field. For
example, an experienced team, under the name TopOpt, working with TO for many years,
is located at the Danish Technical University (DTU). The research methods and projects
committed by TopOpt are of high interest to the author.

Software industries: A literature research of commercial and open source TO-software
and -algorithms is conducted during this Ph.D. The results of this research and the
development of new effective TO-algorithms could be of interest to software companies.

Manufacturing industries: The current research in this thesis is a part of the university’s
activities and not in cooperation with an external actor, such as a company or a research
center. However, some projects are related to companies. The TO of a ski binding is a
notable project conducted for a Norwegian company. In general, TO is a hot topic in the
industry nowadays. The candidate can take over other companies’ projects that may affect
both the direction and the research of the Ph.D.

Other optimization technologies: It is crucial for the candidate to monitor the scientific
changes and continuously adapt them in his research. Generative design (GD) is a good
example of a new approach in SO. A comparative study between TO and GD could be
planned for future research.
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Additive manufacturing engineers: The topologically optimized designs are
characterized by their complex organic shapes. AM with 3D-printing increases the design
flexibility and makes their manufacturing feasible. Hence, TO is mainly oriented to AM-
processes, and thus, possible impact and cooperation with AM-engineers should be
considered. However, using relevant manufacturing constraints in the TO-implementation
can increase the manufacturability of its results by conventional manufacturing processes
(CMP).

Environment: TO is mainly used for material reduction in structures. Thus, it could be
considered an environmentally friendly technique.

The public: The Ph.D.-research is not directly related to the public sector, and thus, its
impact is not very high. However, the ski binding project or other future projects could be
of public interest.

The scientific community: The scientific community, especially the community working
with TO, can influence and affect the implementation of the Ph.D.-research. The research
findings included in this thesis should contribute to the TO-community.

1.2.2 Gain insight into the strengths and the weaknesses of the

stakeholders
According to Andersen and Fagerhaug (2006, pp. 15-25), the stakeholders can be
categorized into four clusters with respect to their potential cooperation and impact on the
Ph.D.-research; supportive, non-supportive, mixed blessing, and marginal. A graphical
representation of this categorization is depicted in Figure 1.

Potential to impact the Ph.D.-research

High Low
8
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Figure 1. Stakeholder classification matrix adapted from Andersen and Fagerhaug (2006, p. 18).

The presented stakeholders in the previous section are classified into the aforementioned
four groups:

Supportive (High-Low): Software and AM-engineers, the scientific community,
commercial software industries, as well as other Ph.D.-candidates and universities can be
supportive of the Ph.D.-research for individual reasons. The software and AM-engineers
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can be interested in the different algorithms, software, and materials used in TO. The
exchange of information between the candidate and them could beneficiate both sides. The
scientific community can improve the research work's quality and novelty with reviews and
constructive criticism via feedback at the conferences. The use of commercial software for
the implementation of TO, such as ANSYS and ABAQUS, provides the candidate with
continuous software support and access to forums dealing with possible issues in TO.
Furthermore, eventual projects conducted during this Ph.D. in cooperation with companies
or other Ph.D.-candidates and universities could be placed in this category. The latter can
establish a communication channel for beneficial information exchange about TO.

Non-supportive (Low-High): Only other optimization methods are placed in this
category. These technologies could be competitors in the optimization battle. However, it
is in the candidate’s hands either to be influenced by them or integrate them into his
research.

Mixed blessing (High-High): The supervisors, the affiliated university, the Ph.D.-
committee, and CAD-designers are placed in this category. The main supervisor monitors
the Ph.D.-research. However, he may not be regularly available, which can delay the
project execution. The affiliated university and the Ph.D.-committee support the Ph.D.-
research throughout the four years. However, after this period, any kind of support from
their side no longer exists. In addition, CAD-designers are considered end-users in this
research. They may utilize the lessons learned and recommendations for their optimization
projects and design ideas. Thus, it is essential to place this group in the center of this
project, as well as fulfill and support their requirements and needs.

Marginal (Low-Low): The public, the environment, and non-interested industries may
have a marginal impact on the implementation of the Ph.D.-research.

The classification matrix of the key stakeholders related to this Ph.D.-research is shown
in Figure 2. It is crucial to highlight that the placement of the stakeholders in the matrix is
dynamic. Uncertainty, conflicting requirements, as well as a change of the research’s
boundaries can affect their impact on the Ph.D. and, thus, their placement.

Potential to impact the Ph.D.
High Low

Supervisors Software engineers

Interested industries
M B Committee S The scientific community

it Affiliated university Other Ph.D.-candidates

AM-engineers . too
Other universities

CAD-designers St

Commercial software industries

The Public
N M Environment

Non-interested industries

Ph.D.-candidate

,_
o
N

Other optimization technologies

Potential for cooperation with the

Figure 2. Classification matrix of the key stakeholders.
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1.2.3 Understand stakeholders’ vision, strategy, needs, and expectations
A good way to illustrate the stakeholder’s requirements is the Kano model (Kano, 1984).

This model categorizes the stakeholder requirements into three levels; basic quality,

performance quality, and excitement quality. The Kano model is depicted in Figure 3.

Basic quality: The curved line referring to basic quality should match the degree of
achievement axis. Indeed, it is essential that a product gets the basic customer
requirement; otherwise, it is useless. There is no sense in producing and selling something
that is not usable or applicable.

Performance quality: The straight diagonal line of the figure illustrates the expressed
customer requirements. This type of requirement is usually measurable and comes up first
in stakeholders' minds if asked for.

Excitement quality: This line represents a specification (service or product), which could
be appreciable to have in addition to the performance quality. This category of quality is
more individual and can be an extra argument for some customers to buy the product.

Loves the project
outputs
A
Performance quality:
« Expressed
« Measuarable

Excitement quality:

* Not known

« Not expressed

« Trend sensitive

» Stakeholder-specific

_/ Degree of achievement

>

/;sic quality:
« Assumed

+ Obvious
« Often forgotten

Hates the project
outputs

Figure 3. The Kano model adapted from Andersen and Fagerhaug (2006, p. 19).
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The quality requirements of the identified stakeholders are summarized in Table 1.

Table 1. The stakeholders’ requirements.

Stakeholder Category Basic Performance Excitement
CAD- Lessons learned A quick and A completely
. Mixed Blessing and effective TO- automatic TO-
designers )
recommendations workflow workflow
Soft'ware Supportive Acces.s to Collaborations Participation in
engineers algorithms the research
Academi
Supervisors Mixed Blessing Fulfill the Ph.D. ca e'smlc. Patent/Media etc.
contributions
Aff.lllate.d Mixed Blessing Fulfill the Ph.D. Acadt.emlc? Bring money to
university contributions the department
. Advanced level
Ph'D'_. Mixed Blessing Fulfill the Ph.D. Acad('emlc? academic
committee contributions -
contributions
Other - Supportive Access to research Exchange of Collaborations
universities knowledge
Other Ph.D.- ! Exchange of .
candidates Supportive Access to research knowledge Authorship
Commercial Use of Advertisement
software Supportive Access to research  software/pay via academic
industries license contributions
Manufacturing ! ) . New
. . Supportive/Marginal Access to research Projects
industries PP / 9 ] products/Patents
Other Integration of

Switch to these

optimization Non-supportive Access to research them in the .
. . technologies
technologies project
A completely
AM-engineers  Supportive Access to research TO for AM automatic TO-
workflow for AM
Material Find new
Environment Marginal No negative impact . sustainable
reduction i
materials
Access to Implementation
) : Access to research . )
The public Marginal . algorithms and  of the research in
Open-access thesis ) :
results public projects
The scientific . Scientific Academic Novelty and
Supportive

community

contribution

contributions

fidelity in work

1.2.4 Stakeholder management

In this step, the author has to anticipate the stakeholder’s behavior in his research, as
well as plan and implement actions to handle them. A focal strategy could be to move their
positions in the classification matrix in a way that they will be more supportive of the
research. Savage, Nix, Whitehead, and Blair (1991) have developed strategies for
managing the key stakeholders. The most important of these strategies are depicted in

Figure 4.
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Mixed Blessing Supportive
Best handled through Should be involved in relevant
cooperation discussions and decisions

Non-Supportive
Defensive strategy, minimize
the dependency

Marginal
Should simply be monitored

Figure 4. The strategies for managing the stakeholders based on Savage et al. (1991).

According to these strategies, the author should be in continuous cooperation with CAD-
designers, companies interested in TO, his supervisor, as well as his affiliated university.
Ph.D.-candidates working on the same topic, AM and software engineers, and relevant
groups from other universities should be involved in discussions about TO. Participation in
conferences and visits to other universities can contribute to this strategy and benefit the
author. Competitive optimization technologies, such as GD, could either be a part of the
thesis or be independent of the Ph.D.-research in a more defensive strategy. Finally, not
involved companies, the environment, and the public should simply be monitored during
the Ph.D.

The author categorized the most important stakeholders, for simplicity reasons, into
three main groups using different perspectives: the practitioners, the researchers, and the
teachers. The first group consists of CAD-designers and AM-engineers, while the second
group contains all the stakeholders interested in the research behind TO. Finally, in the
third group are placed all the academics (teachers) that use TO as an educational tool. The
lessons learned and recommendations based on the results of the conducted research in
this thesis will be presented in Chapter 5, using the three different perspectives of these
groups. In general, a particular focus is given to the CAD-designers.

1.3 Research Questions

The result of the conducted stakeholder analysis is the creation of the following
research questions (RQs) taking into account the different perspectives of the practitioners,
researchers, and teachers of TO. Answering these questions during the work related to this
thesis will help them to understand, implement, and identify the practical benefits and
limitations of TO.
RQ1: How can a CAD-designer affect the TO-results?

RQ2: How can the manufacturing process of the topologically optimized designs affect the
implementation of TO?

RQ3: What is the ideal combination among the different types of SO?

RQ4: What are the benefits of the existence and optimization of the meso-scale structure,
and how can this be practically combined with the macro-scale TO?

RQ5: Can TO be used as an educational tool in CAD-engineering? How and at which level?

7
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1.4 Academic contributions

This thesis consists of nine academic contributions that have been peer-reviewed and
published either in scientific journals or in conference proceedings. The author of the thesis
is the main author and contributor in all of them. The contributions (C), together with a
short summary, are listed in chronological order below:

C1: Tyflopoulos, E., Flem, D. T., Steinert, M., & Olsen, A. (2018). State of the art of
generative design and topology optimization and potential research needs. In DS 91:
Proceedings of NordDesign 2018, Linképing, Sweden, 14th - 17th August 2018 DESIGN IN
THE ERA OF DIGITALIZATION (pp. 15): The Design Society.

This publication is the authors’ first exploration of TO. The definition and categories of
SO are presented. In addition, the current state of the art of TO, as well as the main theory
of the general TO-problem are described. The most popular TO-methods are both identified
and categorized with respect to their procedure, characteristics, strengths, and
weaknesses. Furthermore, the different steps of the implementation of TO in commercial
software are defined via a geometry shift model of a cantilever beam. Finally, the
suggested workflow is tested using three different practices; limited design space,
maximum possible design space, and integrated shape and topology optimization of a ski
binding, used as a case study in ABAQUS. The traditional compliance TO with SIMP is
used. The results of these practices are compared while the benefits and limitations of the
TO are discussed.

C2: Tyflopoulos, E., & Steinert, M. (2019). Messing with boundaries-quantifying the
potential loss by pre-set parameters in topology optimization. Procedia CIRP, 84, 979-985.
http://dx.doi.org/10.1016/j.procir.2019.04.307.

This academic contribution focuses on the sensitivity of the TO-results. The designer
choices during the TO-workflow can affect the optimized designs. These choices are
categorized into four main parameter clusters; design constraints, supports and
connections, loads, and geometric restrictions due to manufacturing constraints. The
sensitivity in each cluster is explored using a wall bracket as a case study. The wall
bracket is topologically optimized in ABAQUS using the compliance SIMP-method. In this
way, the most critical limitations in the implementation of TO are identified, such as its
dependency on the given boundary conditions and constraints and its vulnerability to lead
to a local optimum instead of a global solution. This publication stimulated the authors to
focus on the research for more robust and nearly optimal results by improving the
traditional TO workflow and considering different optimization combinations, such as multi-
scale optimization and combined parametric and topology optimization.

C3: Tyflopoulos, E., & Steinert, M. (2020a). A comparative study between traditional
topology optimization and lattice optimization for additive manufacturing. Material Design
& Processing Communications, 2(6), e128. http://dx.doi.org//10.1002/mdp2.128.

In this publication, a lattice (meso-scale) optimization method, based on the
homogenization theory, is compared to the traditional compliance TO applied on a macro-
scale level of a structure. Four design alternatives of a custom cylindrical model are
developed; the initial, the topology-optimized, and two geometries that contain cubic and
diamond lattice structures created in ANSYS using lattice optimization. These designs are
compared to their behavior in nonlinear areas with respect to their compliance and
equivalent plastic strain. The most robust design is the model with the diamond lattice
structures, even though it does not have the lowest compliance. At this point, the authors

8
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understood that compliance should not be used as a criterion in a validation study of the
optimized results. This paper is the first effort to show the gain of both existence and
optimization of the meso-scale structure.

C4: Tyflopoulos, E., & Steinert, M. (2020b). Topology and Parametric Optimization-Based
Design Processes for Lightweight Structures. Applied Sciences, 10(13), 4496.
http://dx.doi.org/10.3390/app10134496.

This publication focuses on the different types of SO. In particular, a broader
categorization of them is developed based on the classification of Bendsge and Sigmund
(2013) into size, shape, topology, and subcategories. At this point, the authors wanted to
explore different ways to combine topology with parametric optimization (PO) using design
of experiments (DOE). For this reason, they develop ten optimization workflows and
compare their results. In addition, the applied workflows are differentiated concerning the
manufacturability of their results to those that AM or both AM and CMP can produce. A
Hollow Plate, an L-Bracket, and a Messerschmitt-Bolkow-Blohm Beam (MBB-
Beam) are used as case studies. The models are optimized in ANSYS using the level set
method, and their results are compared for material reduction, maximum stress, and
optimization time. A thorough discussion concerning TO oriented either to AM or CMP
follows. Finally, instructions and typical application examples are presented for TO, PO,
and simultaneous TO and PO with respect to the design complexity and mass reduction
rate.

C5: Tyflopoulos, E., Lien, M., & Steinert, M. (2021). Optimization of Brake Calipers Using
Topology Optimization for Additive Manufacturing. Applied Sciences, 11(4), 1437.
http://dx.doi.org/10.3390/app11041437.

In this academic contribution, the authors explore the practical benefits and limitations
of TO using the housings of brake calipers intended for a student racecar as a case
study. The weight reduction problem of the brake calipers is confronted here as three-
folded; using fewer and downsized components, applying lighter materials in production,
and removing unwanted material. These practices depend on each other and are seen as
part of an optimization workflow. Concerning the removal of unwanted material,
compliance TO is used at ANSYS. The main discussion in the paper is referred to the
manufacturability of the topologically optimized results, as well as the challenges that a
designer can face during the optimization workflow from CAD to 3D printing. The derived
TO-results are not limited to design inspiration but can be used directly in manufacturing
with the appropriate preparation.

C6: Tyflopoulos, E., Hofset, T. A., Olsen, A., & Steinert, M. (2021). Simulation-based
design: a case study in combining optimization methodologies for angle-ply composite
laminates. Procedia CIRP, 100, 607-612.

This publication is a good example of the benefits created by the combination of
different optimization types. The authors claim that TO suffers from three main issues; the
long optimization time, the sensitivity of its results, and the numerous design inputs during
the optimization workflow. They agree that there is a need for a more automatic and
effective optimization procedure. For this reason, a semi-automatic optimization
methodology that combines compliance TO and PO is introduced in ABAQUS. The macro-
scale of an angle-ply laminated beam made by carbon fiber reinforced polymer (FRP)
is topologically optimized, while an automated PO-loop optimizes the orientation of its plies.

9
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In this way, the design inputs are reduced, the optimization time is decreased, and the
conducted optimization workflow leads to better design solutions.

C7: Tyflopoulos, E., Haskins, C., & Steinert, M. (2021). Topology-Optimization-Based
Learning: A Powerful Teaching and Learning Framework under the Prism of the CDIO
Approach. Education Sciences, 11(7), 348. http://dx.doi.org//10.3390/educsci11070348.

In this publication, the authors present the educational aspects of TO. They state that
TO is not only a useful optimization method but also a valuable teaching tool that can
provide multi-disciplinary knowledge to undergraduate students of CAD-engineering. First,
the role and attributes of a CAD-designer in product development (PD) are described.
Furthermore, a topology optimization-based learning (TOBL) framework is developed
based on the needs of a contemporary CAD-designer. This framework embraces the CDIO-
approach and educates students who can conceive, design, implement, and operate
optimized products. The included teaching and learning activities in the framework, such
as active learning TO-tools, offer an easily taught way to students studying CAD-
engineering.

C8: Tyflopoulos, E., & Steinert, M. (2021). Combining Macro-and Mesoscale Optimization:
A Case Study of the General Electric Jet Engine Bracket. Designs, 5(4), 77.
http://dx.doi.org//10.3390/designs5040077.

As in C3, the benefits of the existence and optimization of meso-scale structures, as
well as its practical implementation, are also explored in this publication. However, in this
research work, the lattice optimization does not replace the traditional TO of the macro-
scale but is combined with it. In particular, the jet engine bracket, known from the design
challenge created by General Electric in 2013, is optimized using a two-scale TO. The GE-
bracket is optimized in ANSYS based on the homogenization theory at both macro-and
meso structural levels. First, alternative design concepts of the same mass are developed
using different optimization workflows, and then they are compared with respect to their
weight, strength, and simulation time. In addition, the lightest design concept is identified
among the applied workflows. The results show that the best design solutions in terms of
weight reduction are derived by combining the optimized macro-scale with either uniform
or variable-density lattice infill. Both these designs outperform the winner of the design
challenge.

C9: Tyflopoulos, E., & Steinert, M. (2022). A Comparative Study of the Application of
Different Commercial Software for Topology Optimization. Applied Sciences, 12(2), 611.
http://dx.doi.org//10.3390/app12020611.

In this contribution, a novel library of the identified TO-software is developed in the
form of a table. This table encompasses the name, company, availability (commercial/open
source), optimization categories and methods that software uses, as well as the objective
functions and constraints of the TO. Furthermore, relative references and representative
literature for each software are included if available. The library is accessible online for
readers interested in reading, editing, and updating its content. The results show that the
majority of the TO-researchers can access the TO-module of the FEA (finite element
analysis) software platforms either with an open source or student license. The compliance
TO with SIMP is identified as the most implemented optimization method. In the second
part of this publication, a comparative study is conducted using three commercial software:
SolidWorks, ANSYS, and ABAQUS. The software platforms are compared for their TO-
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capabilities and features, optimization time, and optimized designs. For this reason, three
well-known geometries found in literature: a bell crank lever, a pillow bracket, and a
small bridge, are used as case studies. Each of these models represents a separate
example category. The bell crank lever has limited design space, the pillow bracket can
lead to design solutions with an increased number of components, and the small bridge
has increased design space. The conducted comparative study helped the authors identify
the capabilities and limitations of the used software and offer, in their turn, interesting
insights to CAD-designers.

Figure 5 illustrates the relationship between the academic contributions and the
research questions they address.

C1 2 C3 C4 C5 C6 c71 Ccs8 9

Figure 5. Relationship between academic contributions (C) and research questions (RQs).

1.5 Structure of thesis

This thesis is structured in six chapters and an appendix. Each chapter contains a
particular topic. Chapter 1 (this chapter) presents the aim, scope, stakeholder analysis,
research questions, and academic contributions of the thesis. The background information
is presented in Chapter 2, while Chapter 3 encompasses the main theory of TO. The
implementation and practical aspects of the TO are the focus of Chapter 4. The lessons
learned and the recommendations derived from the academic contributions are included in
Chapter 5. The conclusions, together with the most important findings of this thesis that
answer the posed RQs, as well as the future research, are presented in Chapter 6. Finally,
the appendix contains a copy of the involved academic contributions and supplementary
material.
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2 Background

The essential background theory related to the conducted research work is presented
here. The Chapter begins with the description of PD and conceptual models. It continues
with reference to CAD-designer and his/her role and attributes in PD and is followed by the
definition of simulation-based design (SBD) as a part of PD. In addition, the problem of
design fixation created by CAD is described, while a different point of view in design is
mentioned with a focus on the optimization of the structures. Finally, the weight reduction
problem is addressed together with the current state of the art of TO.

2.1 Product development and conceptual models

According to Eppinger and Ulrich (2015), PD can be defined as the set of activities that
begins with understanding a market opportunity and ends in the production, sale, and
delivery of a product. A product can be tangible (something physical) or intangible, such
as a service or software (Eppinger & Ulrich, 2015). It is prevalent for a product developer
to break down the activities related to new product development (NPD) into work packages,
also called phases, in order to facilitate and monitor a smooth process (Krishnan & Ulrich,
2001). Thus, conceptual models have been developed to represent the individual phases
of PD, from the waterfall model with the linear sequential phases by Benington (Benington,
1983; Panel, 1956) to stage-gate models by Cooper (1990) with the stages (phases) and
gates (decision points), and the agile PD-models (Thomke & Reinertsen, 1998), such as
scrum (Schwaber, 1997) and Kanban (Huang & Kusiak, 1996). A notable example of a
stage-gate model in engineering design is the Eppinger and Ulrich model (2015) employed
in this thesis.

In the Eppinger and Ulrich model (Eppinger & Ulrich, 2015), the PD-process is divided
into six phases: 0) Planning, 1) Concept Development, 2) System-Level Design, 3) Detail
Design, 4) Testing and Refinement, and 5) Production Ramp-up, as shown in Figure 6. A
short description of the phases from a CAD-designer’s point of view is presented in Section
2.2.

Stage

O Gate
Phase 0 Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Planning ’<>’ Concept '<>' System-Level ‘O’ Detail ’<>’ Testing and ‘<>' Production
Development Design Design Refinement Ramp-up
FUZZY FRONT-END DESIGN TESTING AND MANUFACTURING

Prototyping

&

"

Prototyping
Cycl

ppppppppp

Figure 6. The Eppinger and Ulrich PD-model (Eppinger & Ulrich, 2015).
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These phases can also be clustered into three broader phases based on their activities.
Thus, phases 0-1 constitute the Fuzzy Front-end (FFE), phases 2-3 the Design, and phases
4-5 the Testing and manufacturing. It is essential to mention that the borders of these
phases are not clear and may overlap in time. In addition, iterations of their activities are
often inevitable in practice. The prototyping with the repetitive design-prototype-test
cycles begins from the concept development and contributes to product testing during the
whole PD-process. This thesis is focused on the Design phase of PD but always in
accordance with the other phases.

2.2 The role and attributes of a contemporary CAD-designer in

product development

Different engineering professions are involved in the implementation of the PD-process,
such as mechanical engineers, electrical engineers, and CAD-engineers. The primary
responsibility of a CAD-engineer, also called CAD-designer, is to use CAD-software to
create detailed 2D or 3D digital designs for products. However, the continuous introduction
of new technologies and the plethora of characteristics expected in newly developed
products have generated a high demand for different skill sets (Tyflopoulos, Haskins, &
Steinert, 2021). Hence, the responsibilities and the consequent attributes of a
contemporary CAD designer have dramatically increased. It is clear that a CAD-designer
should not only design but also engineer. The attributes of a CAD-designer are identified
here based on his/her role in the PD-process. A short description of each phase of the
Eppinger and Ulrich model is presented below with the CAD-designer’s contribution
(Eppinger & Ulrich, 2015; Tyflopoulos, Haskins, et al., 2021).

FUZZY FRONT-END

FFE expresses the uncertainty at the beginning of the NPD-process (Eppinger & Ulrich,
2015). It is the messy period from considering a market opportunity to the final judgment
of a new product idea ready for development (Kim & Wilemon, 2002; Koen et al., 2001).
In the presented PD-model, FFE consists of the first two phases: planning and concept
development.

0. Planning: At this phase, the CAD-designers, as a part of a PD-team, should conduct
market research and come up with new product ideas. At this point, a key
stakeholder analysis is crucial for identifying product specifications. In addition, the
creation of project and business plans contributes to the implementation of the
planning phase. Hence, innovation, problem-solving, project management, and
entrepreneurship are some of the crucial skills related to this phase.

1. Concept Development: The CAD-designers here develop alternative design
concepts based on the findings from the previous phase. CAD, FEA, and numerical
software are examples of tools designers use at this phase. At this point, the
prototyping process begins with both numerical and physical prototypes. Thus,
design, software, and building skills are demanded from a CAD-designer.
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DESIGN

The majority of CAD designer’s activities takes place at this phase with the design of
the product in two levels: high-level design (HLD) and low-level design (LLD) (Eppinger,
Whitney, Smith, & Gebala, 1994). In the Eppinger and Ulrich PD-model, these two design
levels are called system-level desigh and detail design.

2. System-Level Design: This is the HLD of a product that addresses its architecture
and defines its boundaries and relationship with the operating environment. This
phase is very crucial for the further development of the product since many
decisions are made related to the subsystems, interfaces, and components that
constitute the product. In addition, the selection of the manufacturing process is
essential. There is a high demand for skills from a CAD-designer, such as knowledge
and simulation of both CMP and AM, CAD-tools, and acquisition of engineering
fundamentals, to mention a few.

3. Detail Design: This is the LLD of the product where all its details are exposed with
the development of technical drawings and the choice of tolerances and materials.
A detailed list of all components should be created, including their number,
description, and technical specifications. In addition, the Design for Excellence (DfX)
parameter (Kahng, Kurdahi, Chatterjee, & Campi, 2012) should be taken into
account, where X in this thesis is Optimization (DfO). Thus, a CAD-designer should
show both good design and engineering skills in material choice and production
methods.

TESTING AND MANUFACTURING
The product manufacturing is conducted here, together with the testing of its overall
performance, reliability, and durability.

4. Testing and Refinement: Here, the CAD-designers validate, test, and update their
numerical designs based on the identified errors and omissions in both FEA and
field-testing. The parametrization in 3D modeling offers design flexibility that
supports the design refinement during the whole PD-process. Furthermore,
additional optimizations can be applied, focusing on weight and cost reduction.

5. Production Ramp-Up: That is the phase where the final design concepts are
transformed into reality. The CAD-designers monitor and evaluate the early
production output while trying to adapt the designs to possible last-minute changes.

An overview of the CAD-designer attributes is presented in Table 2. It is clear that a
CAD-designer should understand and implement the whole PD-process. In addition to these
attributes, as part of a PD-team he/she should show good communication and teamwork
skills.
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Table 2. The attributes of a contemporary CAD-designer based on Tyflopoulos, Haskins, et al. (2021).

Problem solving and innovation

Planning Project management and
Fuzzy Front-End entrepreneurship
Concept Development Good ‘d95|gn, software, and building skills
Creativity
: CAD
System-Level Design Engineering fundamentals
Design Design and engineering skills
Detail Design Material choice

Production methods
FEA and Optimization
Physical testing
Monitoring the manufacturing
Production Ramp-up Logistics

Maintenance

Testing and Refinement

Testing and
Manufacturing

2.3 Simulation-based design vs. traditional product design

On the one hand, in the traditional product design, the prototyping is conducted during
the whole PD-process with the iterative design-prototype-test cycles (Floyd, 1984). Each
of these cycles drives the development of the products with the gradual improvement of
their design concepts, examining their dimensions, and anticipating possible issues (Budde,
Kautz, Kuhlenkamp, & Zillighoven, 1992).

On the other hand, living in a digital era with the digitization of information and the
increasing computational power, the SBD (also known as simulation-driven design)
constitutes an interesting alternative to the traditional product design process where
numerical models replace prototypes in PD (Kurowski, 2017). In the case of SBD, the
physical prototyping is limited to final design validation, as is shown in Figure 7. In other
words, simulations are used here as a design tool rather than the classical design-
prototype-test repetitive cycles (Kurowski, 2017). As simulation is considered any
computer process that imitates a real system by generating similar responses over time
(Shannon, 1998). A simulation can be a FEA, TO, or mechanism analysis, to mention a few
(Kurowski, 2017). A schematic illustration of a SBD-process is depicted in Figure 7.

Prototyping
Cycle

Simulation
(FEA)

- Prototyping -) Testing -) Production

DESIGN VALIDATION

Figure 7. Traditional product design vs. SBD.

A survey conducted by Cline (2017) explored the benefits of SBD by inquiring about
217 best-in-class organizations. Among them, 87% responded that they use simulations
in their PD and highlighted the benefits of the SBD. They stated that the utilization of

15



Chapter 2: Background

simulations early in the design process resulted in the development of more innovative
products with high quality and reduced costs. In addition, the organizations that had newly
introduced SBD in their PD-process declared that the length of the time-to-market of their
products was reduced by 29% since they built 27% fewer prototypes. Karlberg, Lofstrand,
Sandberg, and Lundin (2013), in their research on state of the art in SBD, summed up the
following benefits of a SBD-process.

A SBD-process:

e can be easily introduced in an organization since regular engineers can learn and
use the simulation tools, something that also decreases the need for experts.

e reduces the exchange of information during the PD-process due to the fact that
allows fewer persons to do more.

¢ enables the exploration and evaluation of larger design spaces resulting in faster
and better solutions.

e reduces both the PD-time and the time-to-market by decreasing the unnecessary
prototyping.

e results in faster and better decisions by increasing the understanding and
knowledge of users in PD.

e reduces the cost and offers higher revenues.

o develops innovative products with high quality.

e enables the design decisions and the product life cycle early in the PD, offering a
more simplified and intuitive process.

e exposes design omissions, powered by insights from simulations, avoiding errors
and disruptions in production.

The SBD-process is applied in all academic contributions and the research work related
to the presented thesis.

2.4 Design for Optimization (DfO); a way to avoid the design
fixation created by CAD

CAD uses computer software to assist in creating product designs (Groover & Zimmers,
1983). The 3D computer-aided design models, known as 3D CAD-models, represent
designs as groups of 3D solid entities constructed from geometric primitives, such as
cylinders and blocks (Kurowski, 2017). During the last decades, the 3D CAD-models have
gradually replaced the drawings in PD due to their remarkable benefits.

According to Kurowski (2017), 3D CAD-modeling has many advantages over drawing,
such as the ability to visualize both the three-dimensional form of a product and its photo-
realistic image. In addition, using 3D CAD-software, the designers can efficiently compute
the physical properties of a product or, further, simulate its mechanical behavior with
computer-aided engineering (CAE) tools. Moreover, 3D CAD-models can replace full-size
prototypes (mock-ups), such as the wooden models of planes used to detect geometric
interferences among the different components. Hence, 3D CAD-models can serve as digital
(virtual) and analytical prototypes, even in full-size (Kurowski, 2017).

However, CAD can restrict designers to common and widely used geometries since it
encourages the re-usage of previously designed objects, resulting in robust but nowhere
near optimum designs (Tyflopoulos, Flem, Steinert, & Olsen, 2018). This problem is known
as design fixation in CAD (Atilola & Linsey, 2015). Hence, to mitigate this design fixation
and come up with more creative design ideas, the designers utilize optimization tools
alongside CAD, such as TO and GD (Tyflopoulos et al., 2018). In this case, SBD can
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integrate an optimization step in its prototyping cycle. Thus, the new prototyping cycle
consists of Design Concept-Simulation-Optimization, depicted in Figure 8.

Design
Concept
(CAD)

Prototyping
Cycle

mulation
(FEA)

Figure 8. A prototyping cycle of SBD with a focus on optimization.

Optimizatiol
(TO, GD)

This change introduces a new point of view in design due to the geometry shift of the
3D CAD-model created automatically by the utilized optimization tools (Tyflopoulos et al.,
2018). The final geometry of the product is a result of the applied optimization algorithms
together with the designer's choices during the prototyping cycle.

From the Design for Assembly (DfA) by Boothroyd (1983) to the Design for
Manufacturing by Stoll (1986) (DfM), the Design for Excellence (DfX) in its general form,
constitutes a broad set of design rules, guidelines, and methodologies addressing a specific
objective X (Kuo, Huang, & Zhang, 2001). Except for assembly and manufacturing, this
objective can also represent cost, robustness, and other quality criteria (Eppinger & Ulrich,
2015). In this thesis, the author focuses on the DfO, exploring all the parameters that can
affect the final design solution driven by the optimization algorithms.

2.5 The weight reduction problem in Mechanical Engineering

A common challenge in the industry, especially in the automotive and aerospace
sectors, is the weight reduction of the products without compromising their robustness and
quality (Wojciechowski, 2000). The weight of the components in a product assembly has
a significant impact on energy, fuel, and material costs, which, in their turn, affect the
environment (Lequeu, Lassince, Warner, & Raynaud, 2001). Thus, one of the CAD-
designer’s responsibilities is to detect possible weight savings in design concepts. In this
thesis, the weight reduction problem is confronted using the following guidelines for
designers; choose fewer and downsized components, apply lighter materials in
manufacturing, and remove unwanted material (Tyflopoulos, Lien, & Steinert, 2021).

The redesign of the products, along with the introduction of alternative manufacturing
processes, such as AM with 3D printing, can lead to simpler assemblies consisting of fewer
or/and downsized components (Ford & Despeisse, 2016). Moreover, the weight reduction
of the products can be achieved by the proper material selection in manufacturing either
with the use of low-density materials or with the improvement of their mechanical
properties (Wojciechowski, 2000). Nowadays, there is a trend to architectured, also called
hybrid, materials, such as composites and lattice structures that consist of combinations
of two or more materials or materials and space, respectively (Ashby, 2013). Finally, the
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application of the DfO rules, guidelines, and methodologies during the PD-process
promotes the removal of unwanted material. TO is one of the most implemented material
removal methods (Tyflopoulos, Lien, et al., 2021).

2.6 Topology optimization and its current state of the art

Robert Le Ricolais, a notable engineer and academician, also known as the father of
spatial structures (Motro, 2007), stated in his homonymous paper that the art of structure
is where to put holes, highlighting the need for material reduction in structures inspired by
nature, such as the micro-structure of bones and crystals (Motro, 2007). The TO, in its
inception, was used as a material-removing method. According to Bendsge and Kikuchi
(1988), TO in structural mechanics is a mathematical method that optimizes the material
layout of a mechanical element under the given boundary conditions and constraints.

The research work of Michell in 1904 (Michell, 1904), with the least-volume topology
of trusses, is accounted as the first article about TO (Tyflopoulos et al., 2018). Rozvany
(Rozvany, 1972) extended Michell’s theory from trusses to beams in 1972 and developed
the mathematical formulation of the ‘optimal layout theory’ after five years (Rozvany,
1977). These works, together with the homogenization theory developed in 1988 by
Bendsge and Kikuchi (Bendsge & Kikuchi, 1988), are considered the fundamentals of the
TO theory. Bensdge, until that point in his research work, referred to TO as shape
optimization (MP Bendsge, 1989). It was in 2003 when Bendsge and Sigmund categorized
SO into size, shape, and topology (Bendsge & Sigmund, 2003). Even though TO was
developed for the material reduction of the structures, it can be applied to optimize
different parameters, such as cost and robustness (Tyflopoulos et al., 2018).

A plethora of different TO-methods has been developed during the last decades, as
presented in Section 3. However, in its current state of the art, TO is mainly used for design
inspiration in the concept development phase due to design complexities and the lack of
accuracy of its design solutions. Thus, there is a need either to redesign the topologically
optimized solutions, in the case of CMP or to select AM-methods deploying their geometrical
flexibility (Tyflopoulos et al., 2018). Nowadays, the practical application of TO is
characterized by four common bottlenecks; the geometrical complexity of its optimized
designs, the long optimization time, the sensitivity of its results to the given parameters,
and the need for numerous inputs during its workflow (Tyflopoulos, Hofset, Olsen, &
Steinert, 2021). Therefore, TO is a complex and time-demanding procedure dependent on
starting guesses and the designer’s choices. Hence, there is a need for a more effective
and automatic optimization procedure. These issues, among others, are addressed in this
thesis.
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3 Theory

An introduction to SO, together with its categories, is presented in this Chapter, which
further focuses on the TO-problem and its mathematical formulation. In addition, the most
implemented continuous (i.e., SIMP) and discrete (i.e., BESO) TO-methods are described
and compared. Finally, the lattices theory and their optimization potentials are explained
from a practical view of multi-scale TO.

3.1 Structural Optimization

SO is a collection of numerical optimization techniques employed to design material-
efficient or cost-effective structures with respect to given boundary conditions and
constraints (Martin Bendsge, 1989). According to Bendsge and Sigmund (2003, p. 2), SO
can be categorized into size, shape, and topology optimization. An example of a hollow
plate is presented in Figure 9, showing the differences among these optimization types,
along with their identified subcategories.
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Figure 9. An illustration of the different SO-types using a hollow plate (Tyflopoulos & Steinert, 2020b).

As size optimization is considered either the optimization of the physical size of a
structure or the optimization of the size of its individual members (Mortazavi & Togan,
2016). In the example of the hollow plate, a size optimization could be the optimization of
its thickness or/and the optimization of its cross-section (length and height) (Tyflopoulos
& Steinert, 2020b). In addition, topometry optimization is a particular case of size
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optimization, where the thickness of any of its elements could be optimized separately
from its overall thickness (Leiva, 2011). PO and its algorithms are used to solve size
optimization problems since they are design problems with certain design variables as
implicit functions of some independent input parameters (Ravichandran, Masoudi, Fadel,
& Wiecek, 2019).

The shape optimization type is referred to the geometric layout of a structure, which is
the boundary of the state equation, and can be divided into parametric and nonparametric
(free-form) (Meske, Sauter, & Schnack, 2005). In the first case, the design parameters in
the CAD are used to optimize the structure using parametric optimization algorithms similar
to size optimization. On the other hand, the free-form shape optimization uses as implicit
parameters the scalar optimization displacements of the vectors that are placed in each of
the surface nodes of the structure (Meske et al., 2005). Furthermore, topography is a
particular case of shape optimization where the nodes of a face can be moved either
transverse or along a given direction using perturbation vectors (Leiva, 2011). The position
and the shape of the plate’s hole are examples of parametric and nonparametric
optimization, respectively, while the shape of its front face is an example of topography
optimization (Tyflopoulos & Steinert, 2020b).

Finally, TO generates ideal material layout concepts of a structure by changing its shape
and/or the number and the configuration of its structural members at macro-scale level
(Wu, Sigmund, & Groen, 2021). Furthermore, lattice optimization optimizes the structure’s
infill (meso-scale), introducing repetitive lattice-optimized cells within a region of interest
(Cheng et al., 2017). Thus, TO can optimize both the external shape of the hollow plate
and the shape of its internal member (hole) or/and create new members, i.e., new holes
inside the given design space. In addition, lattice optimization can introduce optimized cells
in the plate’s structure. The different optimization methods in each of the above
optimization categories and the mathematical formulation of the general optimization
problem are thoroughly presented further in this Section.

3.2 Parametric size and shape optimization
At PO, the standard optimization problem is confronted as a function of some

parameters. In the case of both size and shape optimization, these parameters are of the
CAD-designer’s interest. The general formulation of a PO-problem is the following
(Ravichandran et al., 2019):
Z(t) = miny, f(x,t) (1)
Subject to gi(x,t) <0,i=12,..,m

hi(x,t) =0,j=12,..,n

xeX S RP

te® < RP

Xip S X< Xyp
where

Z(t):  optimal objective function;
f(x,t): a parametric objective function;
gi(x,t): parametric inequality constraints;
x: vector of design variables;
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t: vector of parameters;

X: a set of feasible designs;

o: a set of parameters;

RP: vector space of dimension p;
RY: vector space of dimension q;

gi(x,t): parametric inequality constraints;
hi(x,t): parametric equality constraints;

m: number of inequality constraints;

n: number of equality constraints;

Xyt lower bound for the design variables;
Xup* upper bound for the design variables.

Applied mathematics and parametric programming are deployed to solve PO-problems,
such as the above-stated problem (1). Gradient descent algorithms (Ruder, 2016),
Newton-Raphson method (Akram & Ann, 2015), Karush-Kuhn-Tucker (KKT) conditions
(Gordon & Tibshirani, 2012), and linear algebra can solve the parametric problems with
linear and, in some cases, with quadratic objective functions, in other words, the convex
optimization problems (Ravichandran et al., 2019). However, the majority of the problems
in practical engineering are non-linear, and thus, the existing algorithms cannot identify
the global optimal solutions but instead nearby approximating solutions (Ravichandran et
al., 2019). In the case of multiple parameters in a PO-problem (k-factorial problem), the
design of experiments (DOE) theory is used (Box, Hunter, & Hunter, 1978).

3.2.1 Designs of experiments

The DOE or experimental design is a statistical method that is employed by engineers
for the creation of a series of experiments or quasi-experiments in order to assess the
effect of multiple inputs (factors) on measures of performance or responses (Walpole,
Myers, Myers, & Ye, 1993). Thus, the designer can leverage the DOE theory to identify the
critical parameters (factors) that impact his/her design, as well as determine their
allowable values (levels), dependencies, trade-offs, and sensitivities to the optimization
results. The most known DOE methods are the full factorial, the fractional factorial, the
Box-Behnken, the Placket-Burman, the Latin Hypercube sampling (LHS), the central
composite, and the Taguchi designs (Bezerra, Santelli, Oliveira, Villar, & Escaleira, 2008).
The LHS is a statistical method used to generate random samples based on the given
factors and is preferred in this thesis due to its data accuracy, efficiency, and flexibility in
the presence of a large number of parameters (Olsson, Sandberg, & Dahlblom, 2003).
Furthermore, using the response surface methodology (RSM), the creation of response
surfaces helps exploit the data taken from the DOE (Box & Wilson, 1951). The RSM is a
collection of mathematical and statistical techniques used to simultaneously optimize
different variables of an objective function and represent their dependencies graphically
with response surfaces (Walpole et al., 1993). The Polynomial, the Kriging, the Support
Vector, the Feedforward neural network, and the Sparse Grid are some methods that can
be used for the regression analysis and the creation of the response surfaces (Pronzato,
2008). The Kriging method is preferred in this research because it is a regression process
dependent on all raw data and fits automatically through all the existing points (Pronzato,
2008). Finally, the developed models from the DOE methodology can be used further for
size and shape optimization (Tyflopoulos & Steinert, 2020b). In the case of multiple-
objective optimization problems, Pareto fronts can be developed. In Pareto optimality, the
plot (surface) of the objective functions, whose non-dominated vectors compose the Pareto
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optimal set, is called Pareto front (Emmerich & Deutz, 2018). Pareto fronts help the
designer identify useful trade-offs and potential solutions among the used objective
functions in PO (Tyflopoulos & Steinert, 2020b). The most used algorithms in solving multi-
objective optimization problems are Screening, Genetic, Nonlinear Programming, and
Adaptive Optimization (Konak, Coit, & Smith, 2006). The Multi-Objective Genetic Algorithm
(MOGA), as was presented by Murata and Ishibuchi (1995), is used in this thesis.

3.3 The general structural optimization problem

The general optimization problem can be described by the following mathematical
formulation (Christensen & Klarbring, 2008):

(minimize/maximize f(x,y) with respect to x and y
(50) { g <0, behavioral constraints on y
subject to gx) <0, design constraints on x

(2

g, gx) =0, equilibrium constraints.

where:

f(x): objective function f;
x: design variable;
y: state variable.

The objective function f(x) in a mathematical optimization problem defines the
objective (goal) of the optimization. It is a real-valued function whose value is to be either
minimized or maximized based on the given constraints. In the case of a SO-problem, it
can usually measure compliance, stress, weight, and displacement. However, new
optimization objectives are continuously introduced, such as sound-absorbing material
layout (Takezawa et al., 2019), heat conduction (Gersborg-Hansen, Bendsge, & Sigmund,
2006), and vibration (Zargham, Ward, Ramli, & Badruddin, 2016). A designer uses the
numerical value of the objective function as an evaluation criterion of the optimized design
concepts. For example, in a weight objective function, the lightest design concept will be
chosen among other solutions. Christensen and Klarbring (2008) categorize the constraints
of a SO-problem into behavioral, design, and equilibrium. The behavioral constraints are
related to the state variable y. This variable represents the response of the optimized
structure and can be either a function or a vector that measures stress, strain, and force,
to mention a few.

On the other hand, the design constraints are referred to the design variables x. The
values of these variables can be changed during the optimization of a structure and
represent a characteristic of the design, such as a geometric characteristic or the chosen
material, among others (Christensen & Klarbring, 2008). Finally, the discretization of the
design space 2 creates the need for equilibrium constraints, which, in a linear problem are
stated as follows:

K(x)u = F(x) (3)
where:

K(x): stiffness matrix;
u: the displacement vector;
F(x): the force vector.
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If K(x) is invertible for all x the equation (3) can be written; u = u(x) = K(x)"'F(x).
Furthermore, by treating the u(x) as a given function, the equilibrium constraint can be left
out of the SO-problem, and thus, the problem statement (2) can be transformed into its
nested formulation:

min f(x,u(x))
subject to g(x,u(x)) <0

(So)nested{ (4)

In the traditional compliance TO described by Bendsge and Sigmund (1999), the
objective function measures the total strain energy (also called compliance) of the
elements in a structure. The compliance is the reciprocal of the stiffness, and therefore, by
minimizing the structure's compliance, one can increase its robustness. Thus, the stiffness
optimization problem using a density-like variable for the finite elements, x = p, is written
(Christensen & Klarbring, 2008):

min £ (p, u(p))

subject to g(p,u(p)) <0 ®)

(SOneseea |

In the general approach for the solution of the traditional compliance TO-problem, its
domain is discretized into finite elements whose solution is known or can be approximated
similar to FEA. So, in an element-based method, the discretization nodes among the finite
elements are used to define the mathematical interactions and the degrees of freedom of
the structure, while their combinations create the system’s equations. These equations
approximate the structure’s behavior and can be further used for its TO (Thompson &
Thompson, 2017). Therefore, the discretized domain constitutes the available design space
for the TO-algorithm. Thus the size, type, and the number of the finite elements, in other
words, the mesh quality, affect the accuracy of both FEA and TO-results. Binary values
(0,1) are used in a discretized TO-problem, where 0 indicates lack of material and 1 full
material. A classical method for solving discretized SO-problems is the optimality criteria
(OC) method (Christensen & Klarbring, 2008). The checkerboard problem (structural
discontinuities), the sensitivity of the optimized results, and other design complexities of
the optimized solutions led to the replacement of the discrete values by continuous
variables. In problem statement (5), the density of the finite elements attains values
between 0 and 1 (0 < p < 1), creating elements with intermediate densities. Gradient-based
algorithms can be deployed to solve continuous optimization problems, while interpolation
methodologies are used to calculate the material properties. One of the most implemented
interpolation methodologies is the solid isotropic material with penalization (SIMP), where
the Young modulus of the material is expressed in a continuous setting by using the
following power law (Christensen & Klarbring, 2008) :

E = Ey + pP(E; — Ep) (6)
where:
E: Young’s modulus;
p: penalization factor, usually with the values 1-3.
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The SIMP method is described in detail in Section 3.4.1.1. So far, the mathematical
formulation of the general SO-problem has been described with only one objective function.
However, the designer can optimize a structure simultaneously for different objectives,
such as its weight and maximum strength. Hence, this optimization problem's goal is to
identify the lightest design with the slightest maximum stress. In this case, the
optimization problem becomes a multi-objective mathematical problem that can be
formulated as follows (Christensen & Klarbring, 2008):

minimize /maximize (f1 o), f06,9), o, fulx, y)), (7)

The n in the multi-objective optimization problem is the number of the used objective
functions. The problem statement presented in (7) has the same behavioral, design, and
equilibrium constraints as the one-objective SO-problem described in (2). However, some
additional constraints are needed to identify the optimal design solution. It is clear that the
different objective functions do not take their maximum/minimum values for the same
values of x and y. Therefore, the Pareto optimality (Censor, 1977) is enforced to calculate
the optimal solution to a multi-objective optimization problem. The solution to the problem
(7), which is also called Pareto optimal, is found for x = x* and y = y* and satisfies, in the
minimization case, the following constraints (Christensen & Klarbring, 2008):

file,y) < filx*,y*),foralli=1,...n, (8)
fitx,y) < fi(x*,y"), for at least oneie (1,...n). 9)

A transformation of (7) into a scalar objective function contributes to the identification
of the Pareto optima by varying the weights in the following formula (Christensen &
Klarbring, 2008):

Ziawifi(ny), (10)

where w; > 0 for i =1,..,n indicates the weigh factors that satisfy YL, w; = 1. Interested
readers are directed to the works of Bendsge and Sigmund (2013) and Christensen and
Klarbring (2008) for more analytical calculations.

3.4 Topology optimization methods

There is a plethora of TO-methods that have been used to solve optimization problems.
These methods can be categorized into continuous and discrete, with respect to the type
of their variables (Sigmund & Maute, 2013). Sigmund (2011) categorizes the TO-methods
based on the type of their algorithms into gradient-based topology optimization techniques
(GTO) and non-gradient topology optimization techniques (NGTO).

On the one hand, the GTO-techniques use algorithms, such as the OC, convex
linearization (CONLIN), method of moving asymptotes (MMA), and sequential linear
programming (SLP) (Ahmed, Deb, & Bhattacharya, 2016). These algorithms are
characterized by their single-point search methodology and thus, suffer from multi-modal
problems and derivation complexities (Sigmund, 2011). Hence, the NGTO techniques were
developed to overcome these limitations by allowing multiple-point exploration to pursue
the global optimum. The NGTO techniques employ evolutionary strategies, such as Genetic
Algorithms, Artificial Immune Algorithms, Ant Colonies, Particle Swarms, Simulated
Annealing, Harmony Search, and Differential Evolution Schemes (Sigmund, 2011).
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Another classification of the TO-methods could be the deterministic methods and the
methods that consider material and geometric uncertainties, the so-called stochastic TO-
methods (Baumann & Kost, 2005). The majority of the TO-problems have a single objective
function. However, it is possible for a designer to explore trade-offs between two or more
conflicting objectives. In these cases, a multi-objective TO is conducted to support his/her
final decision (Christensen & Klarbring, 2008). This thesis describes the most implemented
TO-methods that use either continuous or discrete design variables to solve the general
TO-problem. An overview of the described TO-methods, together with their strengths and
limitations, are presented in Table 3. Recommended research works for each of these
methods are also included for interested readers.

3.4.1 Continuous topology optimization methods

Here, the author presents the most implemented TO-methods that use continuous
variables to solve the TO-problem. A short description of the density-based methods, such
as SIMP, topological derivatives, level set, and phase-field method, follows. Among them,
SIMP and level set methods are used in the research related to this thesis.

3.4.1.1 Density-based methods: SIMP, RAMP, OMP, NOM, DDP

At the density-based methods, the fundamental TO-problem is tackled by discretizing
the design domain 2 using either solid elements or nodes. According to Bendsge (1995,
pp. 6-7), as illustrated in Figure 10, the aim of TO is to find either the subdomain 2,,, which
is filled with material or the subdomain, £, which is occupied by the void.

Figure 10. The design domain in a density-based method: ¢: vector of the boundary tractions, I,: boundary
where tractions are imposed, and I',,: homogenous boundary where displacements are imposed (Beckers,
1999).

Thus, the mathematical formulation of this problem statement is the following
(Sigmund & Maute, 2013):

Minimize (p): F = F(u(p),p) = [, f((p), p)dV objective function  (11)
Subject to:  Gy(p) = [, p(x)dV-V, <0

Gi(u(p),p) <0, j=1,..,.M

p(x)=00r1,Vx €0

where:
F(u(p),p): objective function that represents the minimized quantity for the best performance;
fu(p),p): local objective function at compliance optimization;
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p(x): density of the material at each location (1:material, 0:viod);
Go: volume constrain;
G;: possible other M constraints, for example, stress values.

If the mathematical solution encompasses the discretizing of the design domain, 2, into
a large number of finite elements (N elements or nodal design variables) and ensures a
reasonable number of iterations, the updated problem statement can be written as:

Minimum: F(u(p),p) = Zifnif(u(pi),pi)dV objective function (12)
subject to: Go(p) =Xivipi = Vo <0
G(p),p) <0, j=1,.,M
0<p; =<1, i=1,..,n
and: fu(p),p) =gl fo(w) density-material interpolation
where

g(p): function of density interpolation;
fow): function of the field for solid material (i.e., the strain energy density).

This material formulation can also be extended with modifications to multiple material
phases (Sigmund & Torquato, 1997). The formulations presented above (11-12) are based
on the nested analysis and design method (NAND). In nested methods, the equilibrium
equations are assumed to be satisfied in each optimization step (Strémberg & Klarbring,
2009). The main goal is to minimize the compliance subject to a volume constrain problem
via an iterative converge method to the given OC (Amir, Stolpe, & Sigmund, 2010).
Alternatively, one may also consider the simultaneous analysis and design method (SAND)
(Haftka, 1985). Even though the optimization problem and its parameterizations are similar
to those for the nested method, SAND methods can improve computational efficiency.
However, the disadvantages of a SAND formulation for topology optimization problems
outweigh its potential benefits (Rojas-Labanda & Stolpe, 2015).

MP Bendsge (1989) introduced the SIMP method under the terms ‘direct approach’ or
‘artificial density’. The term ‘SIMP’ was suggested by Rozvany (1992) to describe the
intermediate densities. This method is based on element-based generalized shape
optimization (GSO), especially on isotropic-solid or empty finite elements (ISE topologies).
A subcategory of the ISE is the 1ISE, which concerns the TO of a single material within the
design domain (black/white or 0/1) (Rozvany, 2001). SIMP is a ‘soft-kill" method. This
means that in contrast with ‘hard-kill" techniques, which are used only white (void) and
black (material), it also integrates the gray finite elements in order to illustrate an
intermediate status (fractional material) (Razvan, 2014). The design volume, £, is divided
into a grid of N, isotropic solid microstructures (elements). Each of these elements has its
fractional material density, p;. In this method, the objective function is usually the strain
energy with respect to a volume constrain, G,. SIMP attempts to identify the optimum
material density distribution, which minimizes, for example, the structure’s strain energy.
In this method, the relation between the density-design variable and the material property
is given by the following power-law (Sigmund & Maute, 2013):

E(p) = 9(p)Eo = p} Eo, 9(p) =p} (13)
where
p: penalization parameter;
Ey: Young’s modulus of solid material.
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SIMP replaces the linear relation between the element density and the stiffness with an
exponential (Zhou & Rozvany, 1991). The penalization parameter, p, diminishes the
participation of fraction density (gray) elements to the total structural stiffness. According
to Sigmund (2001), p must take a value between 2-4 with an ideal convergence solution
at 3. The algorithm of SIMP is illustrated with a flow chart diagram in Figure 11.

Input data (V,
P, p, etc.)

Initial density
Sensitivity analysis

Checkerboarding

elimination

Convergence?

NO

Optimum
solution
Figure 11. Flow chart of the SIMP algorithm after Cazacu & Grama and Rozvany (2014; 2009).

One of the most important challenges of SIMP is the checkboard patterns. A
checkerboard is defined as a periodic pattern of high and low values of pseudo-densities
arranged in a fashion of checkerboards (Bruggi, 2008). In order to overcome or prevent
the checkerboarding, different methods have been proposed, such as sensitivity (mesh-
independence) filtering, high order finite elements, perimeter control technique, slope-
constrained density fields, patch technique, adjusted mixed formulation, and level set-
based topology (van Dijk, Langelaar, & Van Keulen, 2018).

The first applied TO algorithm was the 99-line code written by Sigmund (2001) in
MATLAB. The code is based on SIMP and also includes sensitivity filtering (Sigmund, 1997;
Sigmund, Maute, & Optimization, 2012). The 99-line script is divided into four main parts;
the main program (objective function and sensitivity analysis), the OC-based optimizer,
the mesh-independency filtering, and the finite element code. Andreassen, Clausen,
Schevenels, Lazarov, and Sigmund (2011) modified the code to improve its efficiency.
Furthermore, they extended the code to integrate the following optimization filters; density
(Bourdin, 2001; Bruns & Tortorelli, 2001), partial differential equation (Helmholtz-type)
(Lazarov & Sigmund, 2011), and black-and-white (Heaviside) (Guest, Prévost, &
Belytschko, 2004). The integration of these filters in the main code can lead to more
qualitative topology optimization results. Figure 12 illustrates the different results of a
simple cantilever beam using the aforementioned MATLAB code alternatives.
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227N 22
2N 2N

Figure 12. Topology optimization of a cant|lever beam with mesh size 150 x 50 (horizontal x vertical) using the
99-line MATLAB code and different filters: a) Checkerboard problem, b) Sensitivity filter, c) Density filter, d)
PDE filter, and e) Heaviside filter.

SIMP is an effective gradient-based method for TO that has been verified quantitatively
in literature. It receives considerable acceptance due to its effectiveness in a broad range
of examples, together with its computational efficiency and conceptual simplicity (Martin
Bendsge, 1989; Zhou & Rozvany, 1991). In the case of a convex optimization problem
(i.e., compliance problems) and when the penalty factor, p, is increased gradually, it
usually offers a design solution near the global optimum without compromising its
robustness. However, as mentioned, most of the engineering problems are not convex,
and thus, a gradient-based method cannot guarantee a global optimal solution in general.
In addition, SIMP requires relatively few iterations and is suitable for multi-disciplinary
conditions, such as a wide range of design constraints, multiple loads, multi-physics
problems, and huge systems (Xie & Huang, 2010). For all these reasons, it is extensively
used in commercial software (Tyflopoulos & Steinert, 2022).

In addition, SIMP has been used as an inspiration for other density-based methods.
Stolpe and Svanberg (2001) have formulated the rational approximation of material
properties (RAMP) to ensure a concave design space, as opposed to SIMP. Both optimal
micro-structure with penalization (OMP), non-optimal micro-structures (NOM), and dual
discrete programming (DDP) have also been derived from SIMP to fill its gaps or be tailored
to exceptional topology problems. The OMP method is used for intermediate densities and
offers additional information about the optimal isotropic-solid/empty/porous (ISEP)
technology (Allaire, 1997; Rozvany, 2001). In contrast with SIMP and OMP, which are
based on penalization, the NOM method is used without penalty. NOM has a potentially
smaller number of variables per element than OMP (Bendsge & Kikuchi, 1988). Finally, the
DDP is a uniqgue method where solid isotropic micro-structures are used, but penalization
is unnecessary (Beckers & Fleury, 1997).

3.4.1.2 Topological derivatives

The method of topological derivatives, also known as the ‘bubble-method’, was first
introduced by Eschenauer et al. (1994). In this method, a microscopic hole (bubble with
center, x and radius, p) is introduced at point x in or out of the design domain, £, in order
to predict the influence (derivative) and trigger the creation of new holes. This method can
be considered as a special case of homogenization, where the topological derivatives
represent the limit of density going to 0 (void) (Bendsge & Kikuchi, 1988). The derivatives
indicate the ideal placing of new holes and can be used with the level set method (LSM) or
directly in element-based update schemes (Allaire, 1997; Burger, Hackl, & Ring, 2004;
Eschenauer et al., 1994).
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3.4.1.3 Level set method

The level set models (Osher & Sethian, 1988) are characterized by their flexibility when
they are dealing with demanding topological changes due to their implicit moving boundary
(IMB) models (Jia, Beom, Wang, Lin, & Liu, 2011). These complex boundaries can either
form holes, be split into multiple pieces, or be merged with other boundaries to form a
single surface. Hence, the adaptive design of the structure is carried out to solve the
problem of TO. At the traditional LSM, the structure boundary is defined by the zero level
(contour) of the level set function, ¢(x). The zero level, in its turn, is derived by the
objective function (such as the energy of deformation and stress), and the optimal
structure can be obtained through the movement and conjunction of its external boundary.
The structure is defined by the domain, 2, where the level set function takes positive values
(Sigmund & Maute, 2013). The Eulerian shape parametrization of a structure is represented
using a level set function, ¢(x), with the following formulation (Jia et al., 2011; Sigmund &
Maute, 2013; Wang, Wang, & Guo, 2003):

>0V x € solid,
@(x)y =0xV € boundary, (14)
< 0V x € void.

Figure 13 depicts an illustration of the above level set function.

@(x,t)

Q = p(x)=0

I 00 >0 /7/

/ S
I, 4 = T\ S, )

p(x) <0

b o

Figure 13. The level set function and its domains (Jia et al., 2011; Tyflopoulos & Steinert, 2020b).

The TO of the structures is attained by solving the Hamilton-Jacobi equation:
do/dt +V * V| =0 (15)

where:

t: Pseudo-time;
V: Speed function of ¢(x) change.

Hence, the optimization problem is formulated as:

minimize:  J(u, ) = [,F(w) * H(p) * dQ, (16)
subject to: a(u,v,9) = L(v, ), (17)
ulp, =u,Vveu, (18)

V= [,H(9)* A < Vg (19)

In terms of energy bilinear form, a(u,v,¢), (16), (18), and (19) can be formulated as:
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a(u,v,p) = fn Epjie * €5 () * g (v) * H(@) * dA2, (20)
L, @) = [,p*v*H(p) *d2 + [T+ v *5() * V| *dO (21)
V(p) = [,H(p) *d2 (22)

§(x):  Dirichlet function;
F(u):  Structure volume by means of a continuous auxiliary function;

u: Displacement field in the space U;
H(x): Heaviside function;

v: Volume field of volume V;

Ejjq:  Elastic tensor;

&)t Strain tensor;

p: Displacement;

Ug: Prescribed displacement;

L(v,9): Linear form of the load;
V(p): Volume of the structure;

T8 Boundary tractions;
0: Design space;

r: Partial design space;
Iy: Partial boundary;

The LSM is characterized by its effectiveness and simplicity, especially in post-
processing (Allaire, Jouve, & Toader, 2002). In addition to that, it can be mesh-
independent and does not suffer from checkerboard discontinuities (Jia et al., 2011).

3.4.1.4 Phase-field

Bourdin and Chambolle (2003) introduced the initial phase-filed method to carry out
perimeter constraints and represent the surface dynamics of phase transition phenomena,
such as solid-liquid transitions. In general, the phase-field methods correspond to density
methods with explicit penalization and regularization. These methods work directly on the
density variables and are based on a continuous density field, 2, eliminating the need to
penalize interfaces between elements (Wallin & Ristinmaa, 2014). A general phase-field
function, ¢(x), is defined over the domain 2 to represent the average phase of the local
points within it (Takezawa, Nishiwaki, & Kitamura, 2010). The optimization of this function
is performed by minimizing the following equation (Sigmund & Maute, 2013):

Fu(p),p) = [,Gw(p) + ellVpll>)aV +nF (23)
where:

w(p): double well function (0 when p = 0o0r 1);
& interfacial thickness;
n: weight factor.

The use of the w(p) penalizes intermediate density values. Consequently, the density
interpolation function, g(p), can be a linear function of the density, p.
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3.4.2 Discrete topology optimization methods

Solving the TO-problem with discrete variables is reasonable since its initial formulation
was in a discrete sense. However, its mathematical formulation is impractically sensitive
to parameter variations and has limitations concerning the size of problems and structures
(Stolpe & Bendsge, 2011; Svanberg & Werme, 2006). However, there are some popular
discrete methods with high efficiency, such as evolutionary structural optimization (ESO),
additive evolutionary structural optimization (AESO), and bidirectional evolutionary
structural optimization (BESO) (Querin, Steven, & Xie, 1998).

3.4.2.1 Evolutionary Structural Optimization: ESO, AESO, BESO

Xie and Steven (1993) suggested the ESO method. This method, also known by the
name SERA (sequential element rejections and admissions) (Rozvany & Querin, 2002), is
a ‘hard-kill" method (material:0, void:1). The basic concept of ESO is that the structure
turns into an optimum by repetitively removing inefficient material. Thus, the whole design
space is filled with material (black color), and it is optimized through a slow elimination of
the inefficient elements (white color). A specific parameter value (objective function, i.e.,
von-Mises stress) is calculated for each element. After each iteration, the elements with
the lowest objective function value are eliminated (changed from black to white color)
(Rozvany, 2009).

On the other hand, in the additive evolutionary structural optimization (AESO) method
proposed by Querin et al. (2000), the evolutionary optimization starts from a core structure
that is the minimum to carry the applied load. Subsequently, the required material is
selectively added to the structure’s surface to reduce the local high stresses.

A mathematical combination of ESO and AESO methods led to the bidirectional
evolutionary structural optimization (BESO) (Querin, Young, Steven, & Xie, 2000). When
these methods are merged, their limitations can be overcome. As it is clear, this method
eliminates the inefficient elements and simultaneously adds new ones where needed. The
designer has two choices: to indicate an initial design domain that fits within the maximum
allowable domain or specify the least number of elements connecting the loads to the
supports (Querin et al., 1998). A zero value is used for all the elements excluded from the
initial design domain. In addition, a sensitivity analysis is conducted to identify each
element's density impact on the objective function. A flow chart of the BESO algorithm is
depicted in Figure 14. Huang and Xie (2007) have stated the optimization problem
minimizing the mean compliance, C, with respect to volume constrain V*:

Minimize : Cx) = %[F]T[u] objective function (24)
. . 0,ascence of element
: *— VN V= L= ’
Subject to constrains : V=YL Vix; =0, x; { 1, presence of element

af = AC; = %[ui]T[Ki][ui] elemental sensitivity

[F]: applied load matrix;
]

[u]: displacement matrix;

Vi: individual element volume;

v prescribed total structural volume;
u;: nodal displacement matrix;

[K;]: element stiffness matrix.
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Input data
(V*,V;, etc.)
Structure Initialization

Target volume update

FEA Find sensitivity limits
(a+, o)

Sensitivity analysis yT P ——

v a > at+

Sensitivities
distribution in nodes Delete elements with
a, < a—
Elemental sensitivity
filtering and stabilization

NO

|

Convergence?

<>+
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Figure 14. Flow chart of the BESO algorithm after Cazacu & Grama and Huang & Xie (2014; 2007).

ESO methods are heuristic and challenging and can hardly be implemented in industrial
applications. The main reasons are that they are still missing a mathematical framework
for multiple constraints and loads and require a much greater number of iterations than
the gradient-based methods; thus, they focus on simple 2D problems (Edwards, Kim, &
Budd, 2007). Furthermore, the evolutionary methods have only been verified by visual
comparisons with Michell topologies (Rozvany, 2009). In addition, they are susceptible to
element density variations (Zhou & Rozvany, 2001). The computational efficiency of ESO
highly depends on the selected parameters, such as evolutionary ratio (ER) and mesh size
(usually requires a fine mesh). The ESO method has to be improved and justified in order
to be implemented as a valuable alternative to gradient-based TO-methods (Rozvany,
2009).

3.4.3 Combined size/shape and topology optimization methods

The most known optimization methods in the literature that combine size/shape and
topology optimization are Eulerian, Lagrangian, and Hybrid methods. These methods differ
mainly by their shape optimization (Christiansen, 2015; Sigmund & Maute, 2013).

According to Sigmunt and Maute (2013), almost 90% of the TO-methods are derived
from the fixed-mesh Eulerian methods. Both density and level set methods are Eulerian-
based. The principle of these methods is that the structural geometry and the shape
optimization are solved by a finite element method with a fixed grid system (mesh) and
shape functions, respectively (Fedkiw & Osher, 2002; Kim & Chang, 2005). The surface
enclosed by material and void is represented by the boundary between elements with high
and low material density. Especially for the LSM, the design variables are the nodal values
of a level set function ¢(x).

The Lagrangian methods (boundary following mesh) can mainly be applied for shape
optimization combined with parametrization. The main advantage of these methods is that
the structure’s surface can easily be trailed due to its focus on direct surface optimization.
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Thus, in this case, the positions of the surface’s nodes are the design parameters
(Mohammadi & Pironneau, 2010). On the other hand, the main drawback of the Lagrangian
methods is that they are not flexible and adaptive to possible topology differentiations.
However, they have been used in TO as a re-meshing tool (Maute & Ramm, 1995). In
addition, they can skip the void domain in the mechanical model, which can reduce the
computational time and, in its turn, minimize the cost.

Combinations between the Eulerian and Lagrangian methods can exploit their
advantages and lead to complex but useful hybrid methods that can be applied in specific
cases. Two notable examples of these methods are the particle LSM by Enright, Fedkiw,
Ferziger, and Mitchell (2002) and the split-and-merge method by Wojtan, Thirey, Gross,
and Turk (2009). Other notable hybrid methods are the extended finite element method
(XFEM) (Van Miegroet & Duysinx, 2007) and the deformable simplicial complex (DSC)
(Misztal & Baerentzen, 2012). On the one hand, xFEM allows the designer to work with
meshes representing smooth and accurate boundaries by introducing a generalized and
adaptive finite element scheme. On the other hand, DSC combines nonparametric shape
optimization methods with the ability to introduce and remove holes.
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Chapter 3: Theory

3.4.4 Lattice structures and optimization

Nowadays, lattice structures are of high interest in AM due to their customized
mechanical properties and design flexibility. Lattice structures are repetitive cellular
structures that constitute a subcategory of the so-called architectured or hybrid materials
(Gibson & Ashby, 1999). According to Gibson and Ashby, as architectured materials are
considered all the combinations that consist of either two or more materials, such as metals
and polymers, or one metal and void, like cellular structures. The latter are assemblies
that consist of cells with either solid edges or faces and can be categorized into
honeycombs, open-cell foams, closed-cell foams, and lattices (Gibson & Ashby, 1999). On
the one hand, all the 2D cellular designs extruded in their third direction, such as the
hexagon honeycomb, constitute the honeycomb structures. On the other hand, the 3D
cellular designs with only cell edges and cell faces are called open-cell and closed-cell
foams, respectively (Gibson & Ashby, 1999). Finally, the lattices are pretty similar to open-
cell foams; however, they can stand as a separate category since they are stretch-
dominated compared to open-cell foams, which are mainly bending-dominated structures
(Ashby, 2005; Plessis et al., 2019). An overview of the four cellular structure categories
with several examples is presented in Table 4.

Table 4. Categories and examples of cellular structures (Ashby, 2005, 2013; Fritsch & Piccinini, 1990;
Stavans, 1993).

Cellular structures
Dimensions Category Examples
square, hexagonal, triangle, voronoi patterns,

2D Cells Honeycombs snake skin, fir wood
triply periodic minimal surface (Schwarz P,
Open-cell Schwarz D, diamond, gyroid, Fisher Koch, I-WP),
foams BCC, FCC, VC, ECC, primitive, octet, diamond,
trabecular bone
3D Cells Closed-cell Kelvin, Weaire-Phelan, Laguerre, horsetail stem,
foams blue jay feather, porcupine quill
. cubic, crossed, midpoint, octahedral, octet,
Lattices

diagonal, tesseract, vintiles x-shape

Lattice structures result from biomimicry and mathematics in the exploration of new
innovative designs with lightweight composition and robustness. Many comparative studies
among cellular structures have shown that the lattice structures outperform the
honeycomb and foam cells due to their high stiffness, damping, strength, energy
absorption, and heat dissipation (Pan, Han, & Lu, 2020). Another advantage of them is
their design flexibility and adaptability to specific requirements. A designer can achieve the
desired material property of a structure by changing the size, orientation, struts, and the
notes of cells that constitute its infill (Maconachie et al., 2019). Hence, lattice structures
find application in various industries, such as aerospace, automotive, and biomedical,
either due to their good mechanical properties or as a weight reduction method (Banerjee,
2014; Seharing, Azman, & Abdullah, 2020).

The lattice unit cells are usually placed inside a structure creating a periodically ordered
pattern, the so-called lattice infill (Pan et al., 2020). A designer can create a lattice infill of
a structure with three different approaches: using slicing software before 3D printing,
generating it with parametric equations in computer algebra systems, such as MATLAB, or
designing it with 3D modeling in CAD-software. Both the design and optimization of lattice
structures have been developed to overcome the design limitations created by the TO-
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methods, such as the large number of elements with intermediate relative densities or the
complex organic shapes (Cheng et al., 2017). The most challenging part of lattice
optimization is the calculation of the macroscopic (effective) material properties of the
lattices. The author has found three main approaches in the literature that try to confront
this problem: homogenization, continuum modeling, and member modeling.

The lattice optimization based on the homogenization theory is the most implemented
approach among the researchers. In this case, a representative volume element (RVE) is
used to predict the effective properties of the whole lattice structure (Cheng, Liu, Liang, &
To, 2018). On the other hand, the continuum modeling approach is independent of the
lattice type, size, and contact effects, since it uses bulk material properties to describe the
microscopic material properties of the structure (Correa et al., 2015). However, this
approach does not consider the material anisotropy created by 3D printing in the AM-
methods. Finally, in the member modeling approach, the microscopic properties of the
structure are represented by beams that, in their turn, are used to build up the properties
of the lattice infill (Ahmadi et al., 2014). In this thesis, the homogenization-based topology
optimization (HMTO) method is employed to optimize the lattice infill developed by Cheng
et al. (2017). The mathematical formulation of this method is presented in Section 3.4.4.1.

3.4.4.1 Homogenization-based topology optimization for lattice structures

The HMTO-method exploits the homogenization theory to obtain the real mechanical
properties of the lattice infill as a function of the relative density of its lattice cells (Cheng
et al., 2017). Thus, variable-density cellular structures are used instead of uniform cells to
create the infill. The cellular structures are characterized by their anisotropic behavior,
which can be described by the following scaling law (Cheng et al., 2017):

o=_Ce (25)
The stress, o, the strain, ¢, and the elasticity, C, can be written in matrix form:
0 = [01102,033012013023]" (26)

& = [€11822€33812613823]" (27)

(28)

The 0;; and ¢; constitute the scalar components of the stress and strain, respectively.
The homogenization method utilizes the micromechanics theory, where the FEA-results of
one unit cell with different relative densities are used to predict the behavior of the entire
infill structure. The scaling law of a structure’s elasticity can be written as the polynomial
function with the best fit of the computational data between the elastic constants and the
arbitrary relative densities of the cell (Cheng et al.,, 2017). A general form of this
polynomial is the following:

C(pr) = a1py + azp? + - (29)
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This polynomial represents the real mechanical properties of the infill as a function of
the relative density, p,. (Gibson & Ashby, 1999). For the optimization of the lattice
structure, a similar formulation to the SO-problem presented in Section 3.3 is applied:

min c(p,) = u'Ku =YY ulk.u, (30)
U€eU,py

subject to: Ku=f

c=cn

N
z;)rue =V
e=1

0<pminSprSpmax51

Here the derived intermediate elements from the SIMP-method are replaced by cells
with corresponding densities creating a graded lattice structure (Cheng et al., 2017). In
addition, the polynomial scaling law, equation (29), replaces the fictitious elastic scaling
law, equation (13) of the SIMP-method. An example of a cantilever hollow plate using the
presented HMTO-method is depicted in Figure 15. The hollow plate is fixed on its right face,
and a 5000N vertical force is applied on its top face. In the first case, uniform cubic cells
are used for its infill structure, while the implemented HMTO-method resulted in an infill
with graded cubic structures in the second case.

Uniform lattice structure
|

1
7S

\
/ =T
Meso-scale Ll

Graded lattice structure

structure
i

Figure 15. The difference between uniform and graded lattice structures (Tyflopoulos & Steinert, 2021).

B Force: 5000.N
[B Fixed Support

The author uses the term lattice optimization (LO) when referring to the HMTO method.
This method is used to optimize the lattice infill in the presented research work. The LO of
the involved case studies in this thesis is conducted in ANSYS software.

3.4.5 Multi-scale topology optimization

According to Wu et al. (2021), the structure of a component can be categorized with
respect to its physical size to macro-, meso, and micro-structure from bigger to smaller.
The external layout of a structure is the macro-scale, while its infill is the mesoscale. In
addition, the structure of unit cells can be considered as the micro-scale structure.
However, there are no specific size limits among them. According to the theory of
composite materials, a unit cell is the smallest volume that can be measured to give a
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representative value of the entire structure (Gibson & Ashby, 1999; Pélissou, Baccou,
Monerie, & Perales, 2009). Hence, it is assumed that the continuum mechanics can be
applied to both macro-, meso-, and micro-scale levels of a structure (Wu et al., 2021).
Figure 16 shows the three structure levels of a hollow plate where its meso-scale structure
consists of uniform cubic cells.

Macro-scale Meso-scale Micro-scale

o

7N\
w; )
\__/

Figure 16. Macro-, meso-, and microscale structure of a hollow plate (Tyflopoulos & Steinert, 2021).

The structure of a design can be optimized in any of its levels, macro-, meso-, and
micro-scale, using different optimization methods (Bendsge & Kikuchi, 1988). There are
several research works on TO, either on the macro-scale or meso-scale level. However,
only a few of them deal with the concurrent optimization of both macro-, meso, and
microscale (Geoffroy-Donders, Allaire, Michailidis, & Pantz, 2020). The coating approach
combined with the compliance TO by Clausen, Aage, and Sigmund (2016) resulted in
designs with improved buckling load. Liu, Chan, and Huang (2016) developed a concurrent
two-scale TO-algorithm based on the BESO-method to maximize structures' natural
frequency. Kato, Yachi, Kyoya, and Terada (2018) proposed a micro-macro concurrent TO
for nonlinear solids with a multi-scale decoupling analysis. Hoang, Tran, Vu, and Nguyen-
Xuan (2020) presented a direct multi-scale TO-method without material homogenization
at the micro-scale but using adaptive geometric components instead. These are some
examples of multi-scale TO in literature. However, the practical multi-scale TO is in its
beginning since there is not a commercial program that implements it automatically
(Tyflopoulos & Steinert, 2021).

40



Chapter 4: Implementation of topology optimization

4 Implementation of topology optimization

This Chapter constitutes the main part of the thesis. As mentioned in Chapter 1, the
focal part of the research in this thesis concerns the practical issues in the implementation
of TO. Here, the author addresses the posed RQs and answers them based on the findings
in the academic contributions. The current Chapter begins with the presentation of the
workflow and the common practices in TO, followed by the categorization of all possible
designer inputs that can be used and affect the TO-results. This categorization supports
the next topic, which is the differentiation in the implementation of TO with respect to the
selected manufacturing process for the optimized designs. Thus, TO can be oriented either
towards CMP or AM.

Furthermore, possible combinations of the SO categories are applied among size,
shape, and TO. In addition, multi-scale optimization is explored. A TO-software library is
developed while a comparative study of three popular commercial software is conducted.
Examples of the applications of TO and the aforementioned workflow combinations are
presented. Finally, the educational aspects of TO are explored and used in the development
of a topology optimization-based learning (TOBL) educational framework for under- and
postgraduate students in CAD-engineering studies.

4.1 A workflow of topology optimization

The author states that the implementation of TO can be separated into two main
phases: the pre-processing and the post-processing (Tyflopoulos, Haskins, et al., 2021).

On the one hand, at the pre-processing, a 3D model is designed and analyzed using
CAD and FEA, respectively. The CAD-geometry is usually parametrized before its
introduction to the FEA-module. At the latter, the FEA-geometry is transformed into a
‘mathematical’ model where the boundary conditions (BCs) and the load cases are defined
together with possible geometric simplifications. In an element-based TO-method, such as
SIMP and LSM, the modified geometry is discretized into finite elements. The CAD-designer
has to choose the type and the size of the finite elements. The element type occurs based
on the model size and shape, the type of analysis, and the time allotted for the simulations
(Ern & Guermond, 2004). The ideal size of the discretized finite elements is usually
identified via a convergence study (Kurowski, 2017). In this study, several simulations with
different element sizes, but the same BCs and loads, are conducted and compared with
respect to a system response, such as the maximum von-Mises stress and maximum
displacement. Thus, diagrams of the number of elements or degrees of freedom (DOF) vs.
system response are developed. The CAD-designer chooses the mesh size for which the
system response will converge to a repeatable solution with decreasing element size. A
converged study of a cantilever beam is depicted in Figure 17.
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Figure 17. A convergence study of a cantilever beam.

Five similar simulations are conducted with different element sizes: 10mm, 8mm, 6mm,
4mm, and 3mm. From the number of elements vs. maximum von-Mises stress diagram, it
can be observed that the maximum stress is converged for a 6mm element size. Therefore,
the refinement of the mesh with elements smaller than 6mm has little to no effect on the
solution.

The post-processing phase is finalized with the presentation of the FEA results. At this
point, the CAD-designer evaluates the results and explores the possibilities for optimization
of the structure. The post-processing of the optimized results is conducted based on the
selected manufacturing process. A redesign of the optimized design solutions is required
in the case of CMP, while a 3D preparation of the faceted geometry is applied in the case
of AM, as presented in Section 4.4. After this step, the derived design solutions are
numerically validated with BCs and load cases, identical to the pre-processing. Figure 18
depicts a common workflow of TO in a commercial software, also presenting the geometry
shift of the CAD model from its initial layout to the optimized design. However, the steps
in implementing TO can be differentiated, as presented in Section 4.5.

N

CAD-
geometry

Validation
study

Design for
Post- § cPM Geometry
processing Shift
Design for
k AM

geometry

9 Pre-
processing

Mathematical

TO-geometry FEA-model

FEA-results

Figure 18. A workflow example of the TO of a cantilever beam (Tyflopoulos, Haskins, et al., 2021).
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4.2 Common practices in topology optimization

Many optimization practices have been applied in the pursuit of the global optimum.
The author has identified three main categories: TO with limited design space, TO with the
maximum possible design space, and combined size/shape/TO.

The most common TO practice is when a CAD-designer uses the existing geometry of
a product and optimizes it with respect to the given BCs and constraints. This is considered
the easiest practice since it partially retains the initial design; however, it promotes the
design fixation created by CAD. On the other hand, in the second practice, the CAD-
designer increases the design space of the model while he/she preserves its initial design
features. The expanded design space increases the flexibility of the TO-algorithm. In this
way, it is the algorithm and not the CAD-designer that forms the final geometry of the
product. This practice can lead to more robust and innovative designs and is usually applied
by CAD-designers in order to avoid design fixation and thus, increase design creativity.
Finally, different combinations among size, shape, and TO have been developed, resulting
in better solutions. The practices with maximum possible design space and the combined
size/shape/TO are computationally costly and time-consuming. However, the latter can
result in optimized designs that outperform the other two practices. Table 5 summarizes
the strengths and limitations of the presented TO-practices. In addition, the used case
studies in the academic contributions of this thesis are categorized with respect to their
used TO-practice.

Table 5. The three most popular TO-practices; their strengths and limitations and the case studies from the
academic contributions (Tyflopoulos et al., 2018).

Academic Contributions:

Practice Strengths Limitations .
9 Case Studies
e  Preservation of the C1: Ski binding
. I . C2: Wall bracket
TO with limited initial shape IR . R
design space . Robust design Design fixation C3: Custom cylindrical model
R C8: Jet engine bracket
solutions

C9: Bell crank lever, pillow bracket

e Increased design C1: Ski binding

TO with maximum flexibilit Computationall
- K v P 4 C2: Wall bracket
possible design « Innovative design costly R
. X . C5: Brake Calipers
space solutions Time-consuming

e Improved robustness C9: Small bridge

e Additional design

flexibilit Computationall C1: Ski binding
Combined y . P 4 C4: Hollow Plate, L-Bracket, MBB-
- e Innovative design costly
size/shape/TO X X . Beam
solutions Time-consuming

e Additional robustness C6: Angle-ply laminate beam

An example of a table is depicted in Figure 19 comparing the above TO-practices. The
assigned material to the table is wood with yield strength, o,,,s = 20MPa. The table is fixed
at the bottom of its legs, while a normal distributed vertical force, F = 1000N, is applied on
the top of its plate. The table is optimized for its weight using the SIMP-method, and then
its design solutions are redesigned and validated. The used software in this example is
SolidWorks. The same conditions and optimization goals are chosen in all practices. The
weight target for the table is 2Kg, while a factor of safety against yield, FOS > 1.2, is used
as a criterion. At the first practice, a common table design with a weight=8.6Kg is chosen
as initial design. Its minimum FOS against yield is 66.7, showing that there is place for
optimization. The TO, in this case, results in a design solution similar to the initial one,
confirming the design fixation that the first TO-practice creates. The two notable
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differences in the optimized design are the increased angle of the table legs and the
decreased thickness of the table’s top plate. At both second and third practices, an
expanded design space is used, equal to 38Kg. In this case, the design is actually a box
and not a table, avoiding the design fixation and increasing the flexibility of the TO-
algorithm. The derived design solution from the practice with the expanded design space
outperformed the first one, resulting in a table with a minimum FOS=5.6, which is higher
than the FOS=4 of the first practice. The topologically optimized design of the second
practice is further combined with size optimization in the third practice. The
parametrization of the TO-solutions through their redesign allows the manual changes of
the table’s geometry. Thus, the thickness of the top plate is decreased while the legs’
diameters are increased in different sections. In this way, the table's stability is increased,
and its weight remains equal to 2Kg. These geometrical modifications result in an even
better design with a minimum FOS=11.6. More combination possibilities of the different
types of TO are presented in Section 4.5.

F=lﬂoﬂﬂm F=1000N
| B ! et . m

.v1113~v 1 vlilv
U byt

F=1000N

e !
Nl““l

Weight: 8.6 Kg Weight: 38 Kg Weight: 38 Kg
Max Von-Mises Stress: 0.3 MPa Max Von-Mises Stress: 0.026 MPa Max Von-Mises Stress: 0.026 MPa
Min FOS: 66.7 Min FOS: 769 Min FOS: 769

Weight: 2 Kg Weight: 2 Kg Weight: 2 Kg
Max Von-Mises Stress: 5 MPa Max Von-Mises Stress: 3.6 MPa Max Von-Mises Stress: 1.72 MPa
Min FOS: 4 Min FOS: 5.6 Min FOS: 11.6

(a) o) )
) (&) <)

Figure 19. An example of a table using the three TO-practices: (a) TO with limited design space, (b) TO with
maximum possible design space, and (c) Combined size/shape/TO.

4.3 Designer’s inputs that affect topology optimization

At the presentation of the current state of the art of TO in Section 2.6, the author stated
that the common bottlenecks of TO are: the long optimization times, the sensitivity of its
results to the given parameters, and the need for numerous inputs during its workflow.
The designer choices during TO-workflow, such as the definition of the initial CAD-
geometry, the selections related to the FEA (BCs, load cases, mesh quality) and TO
(software, method, objective function, design responses), are factors that affect the
optimization time. In addition, the TO-results are sensitive to these choices (Tyflopoulos &
Steinert, 2019). Hence, it seems that all the above bottlenecks have a common
denominator, which is the designer’s inputs during the implementation of TO.

It is of high importance to differentiate between a local and a global optimum of an
optimization problem. On the one hand, a local optimum is a solution with the maximal or
minimal value among the candidates in the vicinity. On the other hand, at the global
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optimum, there is no other feasible solution with a better objective function value
(Christensen & Klarbring, 2008). Convex TO-problems can easily lead to optimal solutions,
while continuation TO-methods, such as SIMP, increase the possibility of identifying the
global optimum but cannot guarantee it (Christensen & Klarbring, 2008; Tyflopoulos &
Steinert, 2019). In Figure 20, diagram (a) shows the difference between the locally
optimized solutions (black dots) and the global optimum (red dot) of a cantilever beam.
Furthermore, diagram (b) highlights the feasible region of an objective function subject to
two-design responses.

Constraint 2 = 0
A

A 4
c N ¢
° [
- @ i
g c Objective Fun Constraint 1 =0
F] e decreased
™S "]
9 21 o
g ) N
9 ‘n
) Q Constraint
o =2\ (=} violated Constraint
7 violated
// , Optimum solution
, Feasible region A J
Optimized solutions Design response 1
(a) (b)

Figure 20. (a) Local optimum vs. Global optimum and (b) Two-design responses diagram (Tyflopoulos &
Steinert, 2019).

In addition to the sensitivity of the TO-results, the over-constrained/under-constrained
models or the wrong choice of inputs can easily lead to infeasible or unintended design
solutions. Two characteristic examples in the academic contributions are the discontinued
design of the wall bracket (Tyflopoulos & Steinert, 2019) and the split of the pillow bracket
(Tyflopoulos & Steinert, 2022), shown in Figure 21. In the first example, the wall bracket
is fixed on the wall with three screws while a normally distributed load is applied on its top.
The TO of the bracket is conducted in ABAQUS using the SIMP-method and a specific
volume fraction as the optimization goal. However, the derived TO-solution in subcase
2.3.2 is not feasible since the third hole of the bracket is separated from the other geometry
of the model. This indicates to the designer that the third screw could be redundant for
installing the bracket to the wall. However, a manual interpretation and validation of this
design should be conducted (Tyflopoulos & Steinert, 2019).

Another example is the unintended split of the pillow bracket. In this case study, the
pillow bracket is fixed with four bolts while a pair of vertical forces is applied to the holes
on its top. The 3D model is topologically optimized in ANSYS for its weight. The design
solution here is comprised of two parts instead of one. This solution could eventually
constitute an alternative design concept that could fulfill the product’s requirements.
However, its design validation and spatially placement into the product’s assembly should
be, also here, manually tested.
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4%

(a) (b)

Figure 21. (a) An infeasible design solution of the wall bracket (Tyflopoulos & Steinert, 2019), and (b) An
unintended split of the pillow bracket (Tyflopoulos & Steinert, 2022).

The RQ1 in this thesis is the identification of all the parameters that can affect the TO-
results. At the beginning of the research, the author categorized these parameters, under
the name CAD-designer’s inputs, into four main clusters: design constraints, supports and
connections, loads, and geometric restrictions due to manufacturing constraints
(Tyflopoulos & Steinert, 2019). However, he found out during his research that the chosen
software platform for implementing TO can also affect its results (Tyflopoulos & Steinert,
2022). Thus, all designer’s inputs related to the software have to be taken into account by
adding a new cluster to the above four categories under the name software constraints. A
short description of these clusters follows together with the optimized designs of the wall
bracket, showing the sensitivity of the TO-results in each category.

Design constraints: How to design the component?

In this cluster, all the constraints that form the geometry of the CAD model are
included. These are all the size and shape dimensions the designer uses for the 3D
modeling and parameterization of the model. Figure 22 illustrates the impact of the
thickness on the optimized designs of the wall bracket. Differences among the three design
solutions are observed in their geometry and stiffness. The subcases 4-2-1 and 4-2-2 have
a 20% increased and decreased thickness, respectively, compared to the initial design
(subcase 4-1-1). The optimized design of the former subcase is 4.8% less stiff, while the
optimized design of the latter is 8.5% stiffer than the original one (Tyflopoulos & Steinert,
2019).
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(4-1-1) (4-2-1) (4-2-2)

Figure 22. Example of the TO-results’ sensitivity to design constraints; a case study of the wall bracket with
+20% thickness variation (Tyflopoulos & Steinert, 2019).

Supports and connections: How to support and connect the component?

This cluster contains all the constraints related to the movement of the components
and the interactions among them, in other words, the BCs. Fixed geometry and screws are
examples of supports and connections, respectively. Figure 23 shows an example of the
sensitivity of the TO-results to the supports. The wall bracket is fixed to the wall either
with two screws (subcase 2.1.1), on the backside (subcase 2.3.1), or with three screws
(subcase 2.3.2). This change in the support of the wall bracket results in completely
different design solutions. In addition, in subcase 2.3.2, an infeasible design is observed
due to geometrical discontinuities (Tyflopoulos & Steinert, 2019).

(2-1-1) (2-3-1) (2-3-2)

Figure 23. Example of the TO-results’ sensitivity to supports; a case study of the wall bracket with support
variation (Tyflopoulos & Steinert, 2019).

Loads: What loading conditions will be examined?

The set of the imposed loads describing the loading conditions of a structure constitutes
this parameter category. Forces, pressures, and moments are a few examples of the
plethora of available loads. Figure 24 presents the impact of both measure and placement
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of the load to the optimized wall bracket. The 4-4-1 and 4-4-2 subcases have 20%
increased and decreased load magnitude, respectively, compared to the initial design
(subcase 4-1-1). Furthermore, in subcases 4-4-3 and 4-4-4, the placement of the load has
changed, as shown in Figure 24. The subcase with the lowest load magnitude (4-4-2)
resulted in the stiffest design (38.1% stiffer than the original) (Tyflopoulos & Steinert,
2019).

(4-1-1) (4-4-1) (4-4-2) (4-4-3) (4-4-4)

Joppy/

YoV Yo -~

Figure 24. Example of the TO-results’ sensitivity to loads; a case study of the wall bracket with variations in
load magnitude and placement (Tyflopoulos & Steinert, 2019).

Geometric restrictions due to manufacturing constraints: What is the selected
manufacturing process of the component?

This cluster includes all the constraints related to the chosen manufacturing processes
for the optimized designs. The preservation of selective design areas, the
minimum/maximum size limits of specific design features, such as maximum hole diameter
and minimum thickness, as well as symmetries and constraints based on the
manufacturing process, like pull direction and extrusion, are examples of these
manufacturing-driven constraints. Figure 25 depicts three subcases, 4-5-1, 4-5-2, and 4-
5-3 of the wall bracket (4-1-1), where the planar symmetry and the distance between the
two holes are the changing parameters. The subcase 4-5-1 has no symmetry, and the 4-
5-2 uses both vertical and horizontal symmetry, while only vertical symmetry is used in
the initial design. Finally, at the subcase 4-5-3, the distance of the holes is reduced by
20%, adjusting the top hole's placement. The subcase with no symmetry, 4-5-1, results in
the stiffest design by 5.7% compared to the original (Tyflopoulos & Steinert, 2019).
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(4-1-1) (4-5-1) (4-5-2) (4-5-3)
A‘.‘Lw W & ‘\tw ‘ g

Figure 25. Example of the TO-results’ sensitivity to manufacturing constraints; a case study of the wall bracket
with variations both to planar symmetry and holes’ distance (Tyflopoulos & Steinert, 2019).

Software constraints: What are the software capabilities and limitations?

This cluster concerns the software features and capabilities, as well as its outputs. The
objective functions, the design responses, and the smoothing tools are examples of
software constraints. Figure 26 presents the weight optimization of a small bridge
conducted in three popular TO-software: SolidWorks, ANSYS, and ABAQUS. It can be
observed that the derived optimized solutions have differences even though the same TO-
method, mesh quality, as well as designer inputs and constraints are used in all software
platforms. SolidWorks created the lightest design solution compared to the other two
(Tyflopoulos & Steinert, 2022).
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Figure 26. Example of the TO-results’ sensitivity to software; an optimization case study of a small bridge

conducted in three different TO-software: (a) SolidWorks, (b) ANSYS, and (c) ABAQUS (Tyflopoulos & Steinert,
2022).
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The five presented parameter clusters in this Section, and thus, all designer’s inputs

that affect the TO-results are summarized in Table 6.

Table 6. The different parameters that affect TO-results, categorized into five clusters (Tyflopoulos & Steinert,

2019).

Clusters

Description

Examples

Design constraints

How to design the component?
Geometry related constraints

Size and shape dimensions

Supports and
connections

How to support and connect the
component?

Degrees of freedom

Boundary conditions

Fixed geometry, roller/slider,
bonded contact, penetration,
screws, glue, weldment

Loads

Geometric restrictions
due to manufacturing
constraints

Software constraints

What loading conditions will be
examined?

Loading conditions

What is the selected manufacturing
process of the component?
Manufacturing-driven constraints

What are the software capabilities
and limitations?
Software-driven constraints

Forces, pressures, moments

preserved regions (‘frozen
areas’), size minimums (i.e.,
minimum thickness, distance
between two holes),
symmetry (planar, cyclic),
design for extrusion
Objective functions, design
responses, TO-methods,
smoothing tools

Hence, answering the RQ1, the designer choices affect the TO-results. These choices
are translated into the designer’s inputs in the TO-workflow and can be categorized in the
above five clusters.

4.4 Differences in topology optimization due to manufacturing

processes

The manufacturing process of an optimized design affects the whole TO-workflow from
its beginning, with the creation of the CAD-geometry, until its last step with the preparation
and numerical validation of the design solution. In Section 2.4, the DfO guidelines were
suggested to help designers avoid the design fixation created by CAD and develop
innovative and optimized products. In general, there is a big difference in the design
process for CMP compared to AM (Abdelall, Frank, & Stone, 2018; Thompson et al., 2016).
Hence, the workflow of TO should also be oriented either to AM or to CMP, as was presented
in Figure 18. Thus, the DfO guidelines can be categorized into the design for optimization
in CMP (DfOCM) and the design for optimization in AM (DfOAM). The differences between
these two optimization methodologies will be further elaborated, based on the workflow
shown in Figure 18, using specific case studies from the academic contributions.

Design for optimization in CMP (DfOCM)

TO is mainly oriented to AM and 3D printing due to the organic shapes of its results
and their manufacturing complexities. However, the software companies are continuously
introducing new manufacturing constraints in their TO-software during the last years,
contributing in this way to the manufacturing of the optimized designs by CMP. The term
CMP is used for the traditional production methods, such as forging, milling, and casting.
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An overview of the identified manufacturing constraints in TO-software related to CMP is
depicted in Figure 27. The implemented TO-algorithm is adapted to the specific design
requirements concerning each manufacturing process. The mathematical formulations for
each of these constraints are omitted in this thesis. Interested readers may refer to the
work of Vatanabe, Lippi, de Lima, Paulino, and Silva (2016) for further information.

Manufacturing contraints Manufacturing processes

Casting/Molding (pull direction) R
> Casting

Extrusion ———
Forging e

CMP Minimum hole size

Pattern
Symmetry .

Turning

Maximum overhang angle ———

————— 3D Printing
AM - m

3D building direction

Figure 27. The manufacturing constraints in TO for CMP and AM (Tyflopoulos & Steinert, 2022; Vatanabe et
al., 2016).

However, the appropriate manufacturing constraints are not enough for the
manufacturing of the TO-results by CMP. A designer should consider the selected
manufacturing process during the pre and post-processing of TO.

At the pre-processing, the initial CAD-geometry should not contain features that cannot
be manufactured with the chosen process, such as small angles and thicknesses. In
addition, sharp edges should be avoided in order to eliminate stress concentrations in FEA,
which can lead to singularities. Furthermore, the parametrization of CAD-design creates a
flexible design, which can be easily adapted to changes. In addition, the used parameters
in CAD can be further used in a PO, as will be presented later in Section 4.5. Moreover, the
choice of the material affects both the FEA and the TO. Furthermore, the TO-practice
changes the design space, and thus, the initial CAD-geometry, the computational times,
as well as the final design and its robustness should be taken into account. Additionally,
the spatial placement of the optimized design to the assembly is another important factor.

At the post-processing of the TO-results, their manufacturing complexities can be
avoided with their redesign using CAD. The parametrization of the TO-geometry increases
again its adaptability to potential design alterations and may support further optimizations.
In addition, the redesign of the optimized models enables their numerical validation since
TO-software, except for a few cases, has not an automatic ‘back to the CAD’ option for the
optimized solutions (Tyflopoulos & Steinert, 2022). Figure 28 shows the geometry shift of
a cantilever beam from its initial design to its topologically optimized design, as well as its
redesigned 3D model.
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(a) (b) (©)

Figure 28. The geometry shift of a cantilever beam during the implementation of the TO-workflow: (a) The
initial design, (b) The TO-geometry, and (c) The redesigned geometry for CMP (Tyflopoulos, Haskins, et al.,
2021).

Design for optimization in AM (DfOAM)

On the other hand, AM with 3D printing can overcome the design limitations of the
CMP. For this reason, 3D printing is the most applied manufacturing process, among
others, for the topologically optimized designs. In the case of DfOAM, the chosen 3D
printing method should also be considered in the overall workflow of TO.

At the pre-processing, the initial CAD model has to be designed using realistic tolerance
values, based both on the 3D method and the 3D printer, especially in the 3D printing of
lattice structures (Lieneke, Denzer, Adam, & Zimmer, 2016). Other parameters of 3D
printing should also be taken into account in CAD and FEA, such as the build direction and
location, the layer thickness, the support structure, the scan/track direction, and the
mechanical properties of the 3D printing materials (Ameta, Lipman, Moylan, & Witherell,
2015).

At the post-processing, the redesign of the optimized solutions is either omitted or
limited to the interacting surfaces among the components and the critical areas of the
structure. In the case study of the brake calipers (see Figure 29), their optimized housings
are partially redesigned. In particular, the redesigned areas are the piston chambers, the
seal surfaces, and the fluid channels (Tyflopoulos, Lien, et al., 2021).

(b)

Figure 29. The optimized designs (up) and the 3D printed parts (down) of the brake calipers’ housings using
selective laser melting (SLM): (a) Front, and (b) Rear (Tyflopoulos, Lien, et al., 2021).
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At the CMP, the redesign is conducted, taking into account the capabilities of the
available manufacturing equipment. For example, at the CNC milling, the minimum size of
an angle in the design is emerged by the available drill bit size of the machine. The redesign
of the optimized solutions in DFOAM has to be conducted based on the 3D printing method
and the 3D printer capabilities. For example, in the case of fused deposition modeling
(FDM), the 3D printing space, the minimum overhang angle, and the nozzle diameter
should be considered in the redesign of the structure. A general guideline is that a designer
must try to avoid overhangs and very thin features and limit the use of support structure
to a minimum. For example, the use of support structure inside the fluid channels of the
calipers should be avoided since there is no space for a tool to remove it from the 3D
printed parts (Tyflopoulos, Lien, et al., 2021).

Additionally, the 3D printed parts can suffer from poor surface finishes and dimensional
deviations (Wang, Li, Fu, & Gao, 2016). Thus, crucial areas, such as interacting surfaces,
should be redesigned with bigger tolerances in order to allow a post-machining process
after 3D printing. Furthermore, the uneven material heating between the layers of the 3D
printed parts can lead to material anisotropies (Chen et al., 2017). Different post-treatment
methods have been developed to overcome this problem; for example, high-temperature
heat treatment can reduce the anisotropy of the 3D printed parts created by selective laser
melting (SLM) (Etter, Kunze, Geiger, & Meidani, 2015). All these parameters should be
considered during the overall TO-workflow. In the last years, software companies have
introduced CAD-tools oriented to an AM environment. The addition of new manufacturing
constraints related to 3D printing reduces the manual 3D preparation of the TO-results.
Some examples of these constraints are the choice of the maximum allowable overhang
angle and the 3D building direction. The manufacturing constraints for AM are shown in
Figure 27.

Thus, answering the posed RQ2 in this thesis, the selected manufacturing process
affects the overall implementation of the TO. It seems that the optimization process of a
structure is manufacturing-driven. Thus, the designer has to identify and evaluate the
trade-offs in an optimization process and choose between CMP and AM and their respective
guidelines. Some possible trade-offs could be product quality and robustness vs.
optimization time or weight reduction vs. production cost and time (Tyflopoulos, Hofset, et
al., 2021; Tyflopoulos & Steinert, 2020b).

4.5 Combining different types of structural optimization

The issues with the three TO-practices, presented in Section 4.2, are that they are
based on starting guesses and result in locally optimal solutions. The combined
size/shape/TO practice gave the best-optimized solutions among them. However, it still
needs a lot of effort by the designer since many optimization cycles should be conducted
manually to identify the global optimum (Tyflopoulos et al., 2018). The author, at this
point, explores the possibilities of limiting the designer’s inputs to a minimum, decreasing
the number of optimization cycles, and reducing the optimization time. The TO-problem is
now confronted as a two-level optimization problem. As is depicted in Figure 30, at the
beginning of the TO-workflow the design space is like a black box for the designer where
its size/shape (black color) and placement regions of both supports, connections, and loads
(red color) are unknown. Thus, the author states that it is essential for the designer to
identify the ideal design space of the structure at the first level, which will be further used
in the TO at the second one.
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Figure 30. The TO-problem presented as a two-level optimization problem (Tyflopoulos et al., 2018).

An example of a two-level optimization workflow is the optimization of the angle-ply
laminate beam made by carbon fiber reinforced polymer (FRP) (Tyflopoulos, Hofset, et al.,
2021). In this case study, the optimal beam’s topology is identified at the first level, while
its fibers’ directions (layup) are determined using an evolutionary optimization algorithm
in an automatic PO. The optimized design of the angle-ply beam outperformed the
commercial example of a quasi-isotropic laminated beam used for comparison reasons.
Figure 31 presents the initial design space of the beam, the topologically optimized design,
the optimized design after the redesign, and the ply stack plots.

(a) (b)

Figure 31. The two-level optimization of the angle-ply laminated beam: (a) The initial design space, (b) The
TO-geometry, (c) The redesigned optimized design, and (d) The ply stack plot (Tyflopoulos, Hofset, et al.,
2021).

Furthermore, the theory of the design of experiments (DOE) can be employed at the
first optimization level. In other words, the PO is now combined with statistics to identify
the ideal size/shape of the initial design space for the given parameters. Figure 32 depicts
the conducted methodology in this thesis using the DesignXplorer in ANSYS.

Step 1: . Step Z:Of Step 3: " Step 4: - Step 5: Step 6:
- D ition of 5 of Creation of Sensitivity .
 factors and i = DOE a response = analysis of = o
| responses nﬁethod method surface ‘ the results [
__| S

TR AL

Figure 32. The used methodology in ANSYS for the PO and DOE at the first optimization level (Tyflopoulos &
Steinert, 2020b).
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This methodology consists of six steps: 1. Definition of factors and responses, 2.
Selection of design exploration method, 3. Selection of DOE method, 4. Creation of a
response surface, 5. Sensitivity analysis of the results, and 6. Design optimization
(Tyflopoulos & Steinert, 2020b).

In step 1, the designer parametrizes the CAD-geometry using all the possible factors
(inputs), and responses (outputs) applied later in the optimization process. In steps 2 and
3, the design exploration and DOE methods have to be chosen, respectively. Therefore, at
this point, a sequence of numerically designed experiments is developed for the
identification of the optimal response. This practice can easily lead to global shape and size
optimal solutions for linear and convex problems (Ravichandran et al., 2019). In step 4,
response surface models are developed based on the results from DOE. In step 5, a
sensitivity analysis of the results can be used as a diagnostic tool by the designer in
screening the used parameters to identify the most important. Finally, Pareto fronts are
created for the multi-objective PO of the design space in step 6. The derived optimized
design is further used as design space for the TO at the second optimization level.

In addition to the above two-level optimization, several size, shape, and topology
optimization combinations are explored for comparison reasons, resulting in different TO-
workflows. As depicted in Figure 33, three main optimization workflows are used: the
common TO, presented in Section 4.1, the PO, and the simultaneous TO and PO.
Furthermore, the impact of the manufacturing process is explored using either redesign
for CMP or 3D preparation for AM. The maximum number of optimization levels is limited
to three and is derived from the main optimization workflow. For example, in the case of
PO-workflow, particular areas of the optimized designs are parametrized for a further PO
at the third optimization level.

[X> TO: Topology Optimization
% PO: Parametric Optimization
2> PO+TO: Simultaneous PO and TO
5 R:Redesign
T NR: No redesign
Initial Design V: Validation
B3 3D Printing
8 Conventional Manufacturing Processes (CMP)

Figure 33. A tree diagram of the three main optimization workflows with their optimization levels and the ten
optimization processes (Tyflopoulos & Steinert, 2020b).

In total, ten optimization processes are developed among the three workflows. The
type, name, and description of the applied processes, as well as the suggested
manufacturing process of their optimized designs, are presented in Table 7.
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Table 7. The three TO-workflows including their optimization processes, description, and manufacturing process
(Tyflopoulos & Steinert, 2020b).

TO-Workflow Optimization Description Manufacturing
Process process
(1) TO_NR topology OptImIZ.atIOI'l with no AM
redesign
| imizati ith
Topology (2) TO_R topology optm‘!lzatlon witl AM + CMP
- redesign
Optimization (TO) — -
topology optimization with
(3) TO_R_PO redesign and parametric shape AM + CMP
optimization
(4) PO parametric size/shape optimization AM + CMP
parametric size/shape, and
(5) PO_TO_NR topology optimization with no AM
redesign
Parametric parametric size/shape, and
Optimization (PO) (6) PO_TO_R topology optimization with AM + CMP
redesign
parametric size/shape, topology
(7) PO_TO_R_PO optimization with redesign, and AM + CMP

parametric shape optimization
topology optimization with no

(8) PO+TO_NR . AM
redesign
Simultaneous simultaneous parametric
Parametric and (9) PO+TO_R size/shape and topology AM + CMP
Topology optimization with redesign
Optimization simultaneous parametric
TO+PO i
( ) (10) IS|z-e/s.hape.and topqlogy AM + CMP
PO+TO_R_PO optimization with redesign, and

parametric shape optimization

An example of a hollow plate (Tyflopoulos & Steinert, 2020b) follows using the above
methodology and optimization processes. The presented case study is a 100x30x50mm
(length (L) x thickness (t) x height (H)) hollow plate that is optimized for its weight with a
stress rule, 0,4 < 125MPa. The plate is fixed on its left side, while a vertical force,
F=2000N, is applied to a specific area on its top, as shown in Figure 34. The RSM and LHS
are the used methods for the design exploration and DOE, respectively. Furthermore, the
Kriging method is applied for the creation of the response surface models due to its
dependency on all raw data and its ability to fit automatically through all the existing points.
A sensitivity analysis is implemented for the calculation of the mass and maximum von-
Mises stress uncertainties in possible design parameter variations. Finally, Pareto fronts
are developed of the hollow plate using the MOGA for the solution of its multi-objective
optimization problem.

At the traditional TO-workflow the structure is optimized in the first level using TO. The
general idea is to develop a topologically optimized structure layout that could be used as
a design base for further size optimization. The optimized design is either redesigned or
validated and prepared for 3D printing. The parametrization of the design in the first case
allows the further optimization of the plate using PO in the second level. The developed
processes in this workflow are (1)-(3) (Table 7).
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At the PO-workflow the ideal design space is identified using DOE and PO. The length
(L), height (H), thickness (t), hole radius (r), hole position (11, hl), force area (FA), and
force placement (d1) are the design parameters (factors) in this optimization problem. The
values of these parameters could range between the given allowable limits (see academic
contribution C4, Table 2).

33197 Max

73768
by [ Exclusion Region

(b) (c)

Figure 34. The hollow plate case study: (a) The initial design and the finite element model, (b) The von-Mises
stress in FEA, and (c) The design space for the TO (Tyflopoulos & Steinert, 2020b).

The conducted sensitivity analysis among the used parameters (factors) shows that the
L and t are the factors that can most affect the plate's mass reduction, while the t and the
r have the most substantial impact at its maximum von-Mises stress (see Figure 35).
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Figure 35. (a) Sensitivity analysis of the Hollow Plate, (b) Response surface plot presenting the impact of the
thickness and length on the mass, and (c) Response surface plot showing the effect of the thickness and the
radius on the maximum equivalent stress (Tyflopoulos & Steinert, 2020b).

The optimized design constitutes the design space for the next optimization level with
the structure's TO (second level), or it could be directly sent to validation and
manufacturing. After the redesign/3D preparation of the topologically optimized designs,
another PO of the plate is conducted at the third level, using new design parameters. The
optimization processes in this workflow are (4)-(7) (Table 7).

At the last workflow, with the simultaneous parametric and topology optimization
(PO+TO), an automatic loop is created where the design space of the hollow plate is first
parametrically optimized and then sent for TO. A new factor is used in this workflow, which
is the percentage of mass reduction in TO. The optimized design is either redesigned/3D

57

[ Design Region: Topology



Chapter 4: Implementation of topology optimization

prepared and validated or further optimized with PO at the second optimization level.
Optimization processes (8)-(10) are included in this workflow (Table 7).

Figure 36 depicts the optimized results of the ten optimization processes, while the
final mass, maximum von-Mises stress, and optimization time of the optimized designs are
presented in Table 8.

Original
Design

PO

(9) (10)

Figure 36. The optimized designs of the hollow bracket in the ten optimization processes (Tyflopoulos &
Steinert, 2020b).

Table 8. The mass, maximum von-Mises stress, and optimization time of all optimization processes of the
hollow plate (Tyflopoulos & Steinert, 2020b).

Parameter Initial (1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Mass [g] 1103.5 450.7 448.1 285.9 101.5 66.6 65.6 55.5 45.0 39.8 34.7
Max Stress

[MPa] 34.7 120.1 60.2 109.4 55.7 94.8 106.5 1154 75.2 1154 114.6
Optimization

X X - 5.5 20.1 70.4 759 76,9 86.8 124.7 2755 285.5 323.4
time [min]

As shown in the table above, the hollow plate's mass decreases as we follow the
processes from (1) to (10), while the optimization time increases. In addition, all the
solutions are always stuck to the given stress rule. The workflow with simultaneous
parametric and TO gives the best results concerning mass reduction. However, there is no
clear indication about the best process in terms of maximum stress. It seems that the
results are dependent on the tested geometry.



Chapter 4: Implementation of topology optimization

Figure 37 answers the RQ3 about the ideal combination among the different SO
categories. There is a plethora of possible combinations between SO and PO. The decision
of which of the above workflows and processes should be followed is dependent on the size
and design complexity, as well as the mass reduction rate. For large complex structures,
such as buildings (Biatkowski, 2016) and airplanes (Zhu, Zhang, & Xia, 2016), the TO-
workflow could be an option due to the high mass reduction rate, while PO is recommended
for part of structures or components, such as the case studies of ski binding (Tyflopoulos
et al., 2018) and GE-bracket (Tyflopoulos & Steinert, 2021). Finally, the simultaneous
parametric and TO workflow is the best choice for small and customized components with
small mass tolerances (Tyflopoulos & Steinert, 2020b).

Figure 37. An illustration of the mass reduction in the three TO-workflows vs. the size and design complexity,
along with typical examples in each workflow (Tyflopoulos & Steinert, 2020b).

4.6 Combining macro-, meso-, and micro-scale optimization

The presented combinations among the size, shape, and topology optimization in
Section 4.5 can result in optimized designs with notable weight reduction. The next step
in the author’s research is to explore alternative or additional possibilities in the pursuit of
extra material savings. As presented in Section 3.1, TO can be implemented on different
structural levels; macro-, meso-, and micro-scale. Practical TO combinations on macro-
and meso-scale levels are conducted in this Section since a lack of a simultaneous macro-
meso-scale TO-workflow is observed in TO-software.

The author aims to explore the benefits of the existence and optimization of the meso-
scale structure and the possibilities to combine it with macro-scale TO. For this reason, the
following five different optimization processes are tested:

Lattice: Initial layout with uniform lattice infill;

LO: Topology optimization of meso-scale with variable-density lattice infill;
TO: Topology optimization of macro-scale;

TO_Lattice: Topology optimization of macro-scale and uniform lattice infill;

P
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5. TO_LO: Topology optimization of macro-and meso-scale with variable-density
lattice structure.

At the first optimization process (Lattice), the designer introduces uniform lattice cells
inside the initial design of a structure in order to reduce its weight. This process is similar
to the lattice infill created in the 3D slicer software. However, the difference here is that
the infill is designed in CAD-software to be further validated numerically using FEA. At the
second design process (LO), the designer optimizes the lattice cells topologically using the
presented methods in Section 3.4.4. In this way, a variable-density lattice infill is used
instead of uniform, placing the cells with higher density to the critical areas and those with
smaller densities to the less important regions. The first two processes can be placed in
the same optimization category since both of them preserve the size and the shape of the
initial design.

On the other hand, the initial design is topologically optimized at the rest three design
processes. The third optimization process (TO) concerns only the TO of the macro-scale
structure. In the last two optimization processes, the topologically optimized macro-scale
is combined either with the meso-scale structure, TO_Lattice, or with the optimized meso-
scale structure, TO_LO.

An example of a case study applying the above optimization processes is followed
(Tyflopoulos & Steinert, 2021). The used model is the General Electric jet engine bracket
(GE-bracket), known from the design challenge that took place in 2013 (Carter et al.,
2014). At this challenge, the participants were asked to reduce the weight of an existing
aircraft engine bracket without compromising its strength based on the following
requirements:

e Load Cases:
1. Load case 1 (LC1): a vertical static linear load of 35,586N
2. Load case 2 (LC2): a horizontal static linear load of 37,810N
3. Load case 3 (LC3): a static linear load 42,258N, 42 degrees from vertical
4. Load case 4 (LC4): a static torsional load of 564,924Nmm horizontal at
the intersection of the centerline of the pin and the midpoint between
the clevis arms
e Support and connections: the bracket is fixed with four stiff bolts, and a 19.05mm
diameter pin is placed between the clevis
o Material: Ti-6Al-4V with yield strength 903MPa
¢ Manufacturing process: 3D printing

Figure 38 shows the initial design together with the imposed loads and BCs.
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Figure 38. The 3D model of the GE-bracket, the used load cases, and the boundary conditions: (a) LC1, (b)
LC2, (c) LC3, (d) LC4, and (e) the boundary conditions (Tyflopoulos & Steinert, 2021).

The GE-bracket is optimized using the above five optimization processes. A traditional
compliance SIMP is used for the optimization of the macro-scale structure, while the HMTO
is applied for the optimization of the meso-scale. The used lattice cells at the Lattice, LO,
and TO_LO processes are 24mm octet cells with z orientation. A preliminary research study
concerning the choice of the cell type and its orientation can be conducted before its
assignment to the designs. Figure 39 depicts the three different cells (cubic, octahedral,
and octet) tested for the GE-bracket's infill. Furthermore, the orientation of these cells is
checked both in x, y, and z. Figure 40 shows the three different orientations of the cubic
cell.

m Q@ Qm Q
o (a) (b) (©)

Figure 39. Three different cells in z orientation: (a) cubic, (b) octahedral, and (c) octet (Tyflopoulos & Steinert,
2021).

Figure 40. Three different orientations of the octet cell: (a) x orientation, (b) y orientation, and (c) z
orientation (Tyflopoulos & Steinert, 2021).
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Additional research is conducted concerning the impact of the cell size on the strength
of the designs using three different cell sizes, 8, 10, and 12 mm of the cubic lattice. The
designs are depicted in Figure 41, while their results are shown in Table 9.

Figure 41. Three different sizes of the cubic cell: (a) 8mm, (b) 10mm, and (c) 12mm.

Table 9. The maximum stress, the minimum FOS, the number of elements, and the simulation time using 8, 10,
and 12mm uniform cubic infill for a 50% weight reduction (Tyflopoulos & Steinert, 2021).

Cell size [mm] Max vor;}l:;l;ze]s Stress Min FOS EII::';e‘:lfts Time [sec]
8 367 2.46 503840 6229
10 405 2.23 339705 2351
12 438 2.06 229305 1194

The design solution with the smallest cell size (8mm) gives the best FOS against yield
(2.46) while dramatically increasing the simulation time. However, both optimizations with
the 10mm and 12mm cell sizes have slightly lower FOS. The smaller cell size increases the
number of the cells and the strength of the structure but also increases the number of the
elements in the validation study, resulting in higher simulation times. However, it is not
clear if homogenization can be used to investigate the effect of varying cell size since it
assumes an infinitely small cell size. Thus, higher-order methods are required to confront
this ‘scale effect’ (Ameen, Peerlings, & Geers, 2018).

Figures Figure 42 and Figure 43 present the final designs in each optimization process
and the FOS results from their validation studies, respectively.

(c) (d) (e)

Figure 42. The best design solutions in the different optimization processes: (a) Lattice, (b) LO, (c) TO, (d)
TO_Lattice, and (e) TO_LO (Tyflopoulos & Steinert, 2021).
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Figure 43. The FOS in the different optimization processes: (a) Lattice, (b) LO, (c) TO, (d) TO_Lattice, and (e)
TO_LO (Tyflopoulos & Steinert, 2021).

The results from the optimization processes of the GE-bracket are summarized in Table
10.

Table 10. The weight, weight reduction, maximum von-Mises stress, minimum FOS, optimization time, and
weight reduction ratio of the five optimization processes (Tyflopoulos & Steinert, 2021)

Method Weight Weight Max von Mises Min Time Weight Reduction
[g] Reduction [%] Stress [MPa] FOS [sec] Ratio [g/sec]
Lattice 589 71.1 822 1.07 2015 0.68
LO 535 73.8 760 1.06 2998 0.49
TO 492 75.9 869 1.45 1935 1.04
TO_Lattice 314 84.6 472 1.01 2037 0.81
TO_LO 290 85.8 624 1.02 4646 0.37

Table 10 shows that the best design solutions in terms of weight are given from the
TO_Lattice and TO_LO processes. Both methods resulted in designs that outperformed the
winning design in the 2013 challenge, which was weighted 327g. Furthermore, the design
processes with the longest optimization times are the LO and the TO_LO. It seems that the
combination of the meso-scale with the macro-scale contributes to the weight reduction of
the structures but also increases the optimization time.

Hence, answering the posed RQ4, it can be stated that both the existence and the
optimization of the meso-scale structure benefit the optimization method leading to lighter
but robust designs. In addition, a designer can easily combine the optimized macro-scale
structure with an optimized meso-scale. This combination results in interesting and lighter
structures. This optimization process should be addressed in 3D printing and AM methods
due to the design complexities created by adding variable-density lattice infill.
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4.7 Topology optimization software

The 99-line script by Sigmund (2001) in 2001 is considered the first numerical
algorithm of TO. This script is written in MATLAB using the homogenization theory and the
SIMP-method. From 2001 until today, a plethora of open source and commercial TO-
platforms have been developed. On the one hand, there are either scripts that implement
TO based on the SIMP-method (Andreassen et al., 2011; Ferrari & Sigmund, 2020), the
BESO-method (Léffelmann), the LSM (Allaire), and hybrid methods (Garcia-Lopez,
Sanchez-Silva, Medaglia, & Chateauneuf, 2011; Im, Jung, & Kim, 2003), or toolboxes that
include different TO-scripts, such as the Firedrake (Gibson, McRae, Cotter, Mitchell, & Ham,
2019) and the FreeFem (Bernardi, Hecht, Ohtsuka, & Pironneau, 1999) software. On the
other hand, TO has been introduced in commercial software in recent years due to the lack
of computational power. The main part of the commercial platforms is using the SIMP-
method. However, there are some TO-software that applies alternative TO-methods, such
as ANSYS (ANSYS), which includes the LSM, together with the SIMP, and AMEBA
(XIE_Technologies), which uses a BESO-based algorithm.

Nowadays, many capable TO-software platforms offer different features and options
during the implementation of the TO-workflow. In addition, as presented in Section 4.3,
the chosen TO-software can affect the optimized results. Thus, a separated cluster related
to the software capabilities and limitations has been included in the designer’s inputs that
affect the TO-results. Hence, it is crucial to explore the available TO-software and its
capabilities. Furthermore, a common designer’s problem is the time spent looking for the
ideal TO-platform to implement his/her TO-problem. For all these reasons, the author made
a literature review among the most implemented TO-software. The result of this review is
the development of a TO-library that encompasses the name, company, availability
(commercial/open source), and optimization types and methods of the identified TO-
platforms together with their available objective functions and constraints. Moreover,
references and representative literature are included for each software, if available. The
developed TO-library is in the form of a table and is accessible at the following
link:https://docs.google.com/document/d/1CnQOA492EkOdX1gi59EWaPnrlBLfOQs/edit?u
sp=sharing&ouid=110678641076107916949&rtpof=true&sd=true. The intention of the
author is to create an online database where interested designers could read but also edit
and update its content, contributing in this way to the updating of the library with the latest
TO-software (Tyflopoulos & Steinert, 2022). A section of this library is presented in Table
11. In addition to the above link, the library's full version can be found in the attachments.

According to the conducted literature research by the author, 69% of the TO-platforms
are commercial, and only 31% are open source. However, 44% of the platforms give free
access to their TO-module via student licenses (see Figure 44a). Figure 44b shows that the
majority of the software includes both size, shape, and topology optimization. In addition,
17% of the software contains generative design, while 30% gives the possibility to
designers to create and optimize lattice structures. SIMP with 83% is the most popular TO-
method in the software, while level set and ESO methods are found at 20% and 17%,
respectively. The author could not identify software that supports the methods of phase-
field and topological derivatives (Tyflopoulos & Steinert, 2022).
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Figure 44. Results from the literature review among TO-software: (a) Commercial vs. open source software,
and (b) Availability of the different TO-methods in software (Tyflopoulos & Steinert, 2022).

The most common objective function is the compliance/stiffness/strain energy. Some
software platforms offer alternative objective functions, such as stress and frequency. The
number and the type of designer’s inputs, especially in manufacturing constraints, can
differentiate among TO-software. Furthermore, most software creates plots illustrating the
distribution of the elements’ density. Finally, plots of the stress, strain, and displacement
of the optimized designs can be created. However, these results are estimations and not
actual values, according to software companies and the author’s experience (Tyflopoulos

& Steinert, 2022).

Table 11. A section of the TO-library (Tyflopoulos & Steinert, 2022).

Name Optimizati Objective Representativ
(Company Availability on Type: J Constraints (TO) Results (TO) p_
! Functions (TO) e Literature
, Version) Method
Design: dimensions, mass
Supports and connections: Optimized
fixtures, contacts, design: faceted
. Size: P displacement, frequency geometry Lakshmi Srinivas,
i Commercial/Av . .
Solidworks, silable at Shape: P Mass, stiffness, Loads: structural loads, Plots: element Jaya Aadityaa,
3DS . Topology: displacement stress, FOS density Pratap Singh, and
student edition . e
TO (SIMP) Manufacturing: preserved  distribution, Javed (2021)
region, member size, mold stress,
(pull direction), symmetry displacement
(planar)
Design: dimensions, volume,
mass, center of gravity,
moment of inertia, lattices
) (size, type, strut thickness,
Size: P X .
density) Optimized
Shape: P, . -
i Supports and connections: design: faceted
ANSYS Commercial/Av NP . i
. . Compliance, mass, fixtures, contacts, geometry Gunwant and
Mechanical, ailable at Topology: . .
" volume displacement Plots: element Misra (2012)
ANSYS student edition TO (SIMP, .
Loads: structural loads, density
level set), X e
i reaction force, stress distribution
lattice

Manufacturing: preserved
region, member size, mold
(pull direction), extrusion,
symmetry (planar, cyclic),

65



Chapter 4: Implementation of topology optimization

overhang (angle, 3D building
direction)

Design: dimensions, volume,
weight, center of gravity,
moment of inertia

Strain energy, Supports and connections: Optimized
si P volume, weight, fixtures, contacts, design: faceted
ize:
displacement, displacement geometry
Shape: P, i
i rotation, frequency, Loads: structural loads, Plots: element
ABAQUS Commercial/Av NP, R K K Tyflopoulos,
R reaction force, frequency, reaction force, density
(Tosca) + ailable at Topography X R i o Hofset, et al.
. . reaction moment, reaction moment, internal distribution,
Isight, 3DS student edition Topology: . (2021)
TO (SIMP internal force, force, internal moment, stresses,
" internal moment, rotation displacement,
RAMP)

center of gravity, Manufacturing: preserved stress, strain,
moment of inertia region, member size, displacement
symmetry (planar, rotational,
cyclic, point), mold (pull
direction)

Different TO-software platforms have been used in the research related to this thesis.
All the simulations were conducted using an Intel Core 17-7820HQ personal computer with
32GB RAM. Table 12 summarizes the used TO-software both in CAD, TO, and numerical
validation in each case study, together with the chosen optimization types, methods, and
objective functions. In this way, the reader can have a better overview of the presented
case studies and their applied software. In the current research, four TO-platforms are
used: ABAQUS, ANSYS, SolidWorks, and ANSYS discovery. The applied optimization
methods are either parametric size/shape optimization, TO (SIMP, level set, and LO), or
combinations of them. Element-based TO-methods are implemented for the different case
studies using the traditional strain energy/compliance objective function due to the fact
that it is mechanically intuitive (work done by the loads) and self-adjoint (Martin Bendsge,
1989; Christensen & Klarbring, 2008).

Table 12. The presented case studies, their TO-methods, and software.

Optimization Objective

Case study type: method Function CAD TO Validation
C1: ski binding TO: SIMP Strain energy AB.AQUS' ABAQUS ABAQUS
SolidWorks
C2: wall bracket TO: SIMP Strain energy  SolidWorks ABAQUS ABAQUS
C3: custom TO: SIMP, Lattice Compliance  SolidWorks ANSYS ANSYS
cylindrical model
. Size: P
gfécﬂgé{"l‘\’q"B’gf‘é‘;: Shape: P Compliance ANSYS ANSYS ANSYS
TO: Level set
. Strain energy . .ANSYS
C5: brake calipers TO: SIMP Compliance ' SolidWorks discovery, ABAQUS
ABAQUS
. le-pl Size: P
Iaifih :t”egdet')gaym Shape: P Strain energy  SolidWorks ABAQUS ABAQUS
TO: SIMP
C8: GE bracket TO: SIMP, Lattice Compliance SolidWorks ANSYS ANSYS
C.9: bell crank lever, . Compliance, . SolidWorks,
pillow bgfi(ch;:t, small TO: SIMP Strain energy SolidWorks ANSYS, ABAQUS ANSYS
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4.8 Applications of topology optimization in Mechanical
Engineering

TO is used both for design inspiration and for manufacturing. It finds broad application
in automotive, aerospace, mechanical, bio-chemical, and civil engineering. TO has been
implemented in different mechanical engineering problems, such as problems in dynamics
(free vibrations, eigenvalue, forced vibrations) (Burmann, Raman, & Garimella, 2002;
Ferrari, Lazarov, & Sigmund, 2018; Hansen, 2005; Pedersen, 2000; Ramadani, Belsak,
Kegl, Predan, & Pehan, 2018), buckling (Gao & Ma, 2015; Lund, 2009), stress constraints
(Cheng & Jiang, 1992; Duysinx & Bendsge, 1998; Holmberg, Torstenfelt, & Klarbring,
2013), pressure loads (Bourdin & Chambolle, 2003; Lee & Martins, 2012; Sigmund &
Clausen, 2007), geometrically non-linear problems (Bruns & Tortorelli, 2001; Buhl,
Pedersen, & Sigmund, 2000; Cho & Kwak, 2006), compliant mechanisms (Bruns &
Tortorelli, 2001; Sigmund, 1997; Zhu et al., 2020), design of supports (Buhl, 2002;
Lewinski & Rozvany, 2007), physics problems (multiphysics, MEMS, stokes flow) (Borrvall
& Petersson, 2003; Maute & Frangopol, 2003; Sigmund, 1998), optimal distribution of
multiple material phases (Guest, 2009), material design (MP Bendsge, 1989; Ferrer, Cante,
Hernandez, & Oliver, 2018), wave propagation problems (Dahl, Jensen, & Sigmund, 2008),
crashworthiness (Patel, Kang, Renaud, & Tovar, 2009), and bio-mechanical simulations
(Bendsge & Sigmund, 2013). The main explored TO-problem in this thesis is the material
distribution of structures in mechanical engineering, focusing on the conceptual design of
lighter and stiffer products. In addition, the implementation of TO and its practical aspects
related to the manufacturability of its optimized designs is of high importance in this
research.

The optimized products in the academic contributions range from small components,
such as the ski binding (Tyflopoulos et al., 2018) and the GE-bracket (Tyflopoulos &
Steinert, 2021), to large components, such as the small bridge (Tyflopoulos & Steinert,
2022). A summary of the components used as case studies and their optimized designs
and weight reduction percentages are presented in Figure 45. On the one hand, the hollow
bracket, L-bracket, MBB-beam (Tyflopoulos & Steinert, 2020b), and the custom cylindrical
beam (Tyflopoulos & Steinert, 2020a) are common designs that have been broadly used
in literature and comparative TO-studies (Dapogny, Estevez, Faure, & Michailidis, 2019;
Zhang, Gain, & Norato, 2017). On the other hand, the ski binding (Tyflopoulos et al.,
2018), wall bracket (Tyflopoulos & Steinert, 2019), brake calipers (Tyflopoulos, Lien, et
al., 2021), angle-ply laminate beam (Tyflopoulos, Hofset, et al., 2021), jet engine bracket
(GE-bracket) (Tyflopoulos & Steinert, 2021), bell crank lever, pillow bracket, and small
bridge (Tyflopoulos & Steinert, 2022) are real-world parts optimized for their weight and
used as case studies for the identification of practical aspects in the implementation of TO.

The ski binding is a mechanical device used in alpine and background skiing to attach
a ski boot to the ski and release it to minimize the skier’s injury if certain force limits are
exceeded (Mote Jr & Hull, 1976). Furthermore, the wall bracket is an IKEA-inspired shelf
bracket that supports wall bookshelves (IKEA, 2022). The brake calipers are developed for
a student racecar at the Norwegian University of science and technology (NTNU) and are
based on commercial calipers produced by the ISR Brakes Company (Rising). The angle-
ply laminates are exceptionally practical in automobile, aerospace, and sports utilities due
to their lightweight structure and robustness (Staab, 2015). In addition, the GE-bracket is
a jet engine bracket from General Electric (Carter et al., 2014), while the bell crank lever
is a crank used in the aircraft and automotive industry (Sowjanya, Nagabhushana Rao, &
Pavani Sri Kavya, 2021). Moreover, the pillow bracket is a traditional mechanical part
designed to resist high bending forces (Cheng et al., 2017). Finally, the small bridge is a
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small-scale design of a truss bridge (Kurowski, 2017). As observed in Figure 45, the TO of
the products resulted in interesting designs with remarkable weight savings, ranging from
36.9%, at the housing of the front caliper, to 97.9%, at the MBB-beam. Especially in the
case study of the GE-bracket, the developed optimized design is 11.3% lighter than the
design that won the design challenge in 2013.

Ci:
Ski binding -57%
Cc2:
Wall bracket -87.2%
C3:
Custom -61.3%
cylindrical model
Ca:
Hollow Plate -95.99%,
L-Bracket -96.1%
MBB-Beam -97.9%
C5: -

Housing of front . <™ _ o
brake caliper 5 = Q\‘ﬁ. 36.9%

Housing of rear

brake caliper -48.5%
Cé6:
Angle-ply -47.5%
laminate beam
C8:
GE-Bracket \F) -85.8%
C9: f
Bell crank lever - ‘,' , -88.3%
Pillow Bracket o~ ;”M“ -85.9%
Small bridge \ » LS 79%

Figure 45. A summary of the used case studies in the academic contributions together with their initial
designs, optimized solutions, and weigh reduction percentages. (Tyflopoulos et al., 2018; Tyflopoulos, Hofset,
et al., 2021; Tyflopoulos, Lien, et al., 2021; Tyflopoulos & Steinert, 2019, 2020a, 2020b, 2021, 2022).
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4.9 Topology optimization as an educational tool

In this Section, the author explores the educational aspects of TO. A topology
optimization-based learning (TOBL) is developed under the prism of the CDIO-approach.
Its educational framework promotes active learning TO-methods and tools for the
education of under- and postgraduate students in CAD-engineering studies. The author
takes the CDIO-initiative a step forward by adding the optimization aspect to its
framework.

The CDIO is an innovative educational framework for engineers, developed in the late
1990s as an initiative by four universities: Massachusetts Institute of Technology (MIT),
Chalmers University of Technology, KTH Royal Institute of Technology, and Link&ping
University (Crawley, Malmqvist, Ostlund, Brodeur, & Edstrom, 2007). Their intention was
to educate students in engineering to conceive, design, implement, and operate (CDIO).
The CDIO-initiative developed 12 principles under the name of CDIO-Standards to support
the facilitation of the CDIO-approach in any educational engineering program.
Furthermore, the implementation methodology of the CDIO-framework is described in
detail in the CDIO-Syllabus report (Crawley, Malmgqvist, Lucas, & Brodeur, 2011). The
CDIO-approach is characterized by its active learning philosophy, including active learning
tools, practical examples, and applications of the presented theoretical concepts,
increasing in this way the student’s participation in the learning process as well as their
knowledge acquisition, comprehension, and intuition (Tyflopoulos, Haskins, et al., 2021).

TO is a valuable optimization tool used for inspiration and conceptual design of
optimized products. However, the TO-implementation, as is illustrated in Figure 46, is a
combination of classical mechanics, mathematics, computer programming, CAD, FEA, 3D
printing, and CMP, and thus, can provide an integrated multi-disciplinary knowledge
foundation to undergraduate students in CAD-engineering (Tyflopoulos, Haskins, et al.,
2021).

Figure 46. TO as a multi-educational tool (Tyflopoulos, Haskins, et al., 2021).

An educational framework of a topology optimization-based learning (TOBL) is
developed here under the prism of the CDIO-approach. Any study program in CAD-
engineering embracing this TOBL-framework offers a learning and educational method that
can create contemporary CAD-designers who can conceive, design, implement, and
operate optimized products (Tyflopoulos, Haskins, et al., 2021). Some of the teaching and
learning activities that can support the framework are open source TO-scripts, interactive
games and apps in TO, group projects, and real-world applications in TO. Figure 47 depicts
two popular TO-games, the 2D (Aage, Nobel-Jgrgensen, Andreasen, & Sigmund, 2013)
and the 3D TopOpt (Nobel-Jgrgensen et al., 2015) apps, for hand-held devices. Finally,
Table 13 presents the developed TOBL-framework together with the underlying knowledge

69



Chapter 4: Implementation of topology optimization

that can support TOBL, as well as examples of both learning activities, intended learning
outcomes, and assessments during five academic years (Tyflopoulos, Haskins, et al.,
2021).

Figure 47. TO games for handheld devices: (a) 2D TopOpt app (Aage et al., 2013) and (b) 3D TopOpt app
(Nobel-Jgrgensen et al., 2015).

Table 13. The developed TOBL-framework (Tyflopoulos, Haskins, et al., 2021).

Teaching and learning framework for TOBL
Underlying/Essential knowledge that can support TOBL

Mathematics Mechanics Thermodynamics Material Science Chemist
Physics Dynamics Programing Statistics y
Bachelor: Core Eng. Knowledge Master: Advanced Eng. Knowledge
Teaching and learning activities
1st Year 2nd Year 3rd Year 4th Year 5th year
: . Theory and examples of
e o
designs P MATLAB/Python exercises: algorithms Individual Master
Inte?active ames and different scripts Bachelor dissertations in  Exercises combining SO  thesis: Design and
apps 9 CAD/FEA exercises groups: Optimization of  with DOE and sensitivity optimization of real
pp Applications in structural real products in analysis products in
MATLAB/Python " e [ . . .
L - . problems cooperation with industry Applications in structural cooperation with
exercises: 99-line script . - ; ;
X Small group projects and multi-physics industry
CAD/FEA exercises problems
Small group projects Small group projects
Intended Learning Outcomes
Excite curiosity and TO script In-depth

increase motivation
Introduction to
programming languages

In-depth understanding of
TO
Create, analyze, and

TO challenges
TO for AM vs. TO for CMP

understanding of SO
SO scripts and software  Create, analyze, and

. - Moderate CAD - Advanced CAD evaluate different
Mechanlc_al design Moderate FEA eva_lugte q|fferent Advanced FEA optimization problems
Introduction to 3D . . optimization problems

X Parametric design DOE Plan, prepare, lead,
modeling Statistical analysis Plan, prepare, lead, and Sensitivity analysis and manage projects
Introduction to FEA Product development manage projects Statistical analysis Contribute to research

Introduction to CMP and Contribute to research and

Reverse engineering and development work

AM Design thinking development work
A nent
Exercises/Exams Exercises/Exams Group Bachelor Exercises/Exams Individual Master
Small group projects Small group projects dissertations Small group projects dissertations
Level in Feisel-Schmitz taxonomy (Feisel, 1986)
Define Compute Explain Solve Judge

Hence, answering the RQ5 concerning the use and implementation level of TO, as an
educational tool in CAD-engineering, the author can state that TO can be taught to both
undergraduate and postgraduate students in any program in CAD-engineering from their
first academic year. Theoretical topics, exercises, applications, and projects with a
gradually increasing difficulty can be implemented during the different academic years,
leading to increased levels of understanding TO (Tyflopoulos, Haskins, et al., 2021).
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5 Lessons learned and recommendations

The practical aspects of the implementation of TO in Mechanical Engineering are
researched in this thesis. The author conducted a stakeholder analysis at the beginning of
his scientific work to identify the key stakeholders related to the findings of this research
and select interesting topics in TO.

On the one hand, the stakeholder analysis showed that the CAD-designers, software
engineers, AM-engineers, and researchers are the key stakeholders of the conducted
study. Furthermore, a particular focus is given to CAD-designers. The above stakeholders
were further categorized into three main groups using different perspectives: the
practitioners, the researchers, and the teachers. In the first category are placed all
engineers who use TO either for design inspiration or for manufacturing new products,
such as CAD-designers and AM-engineers. The second group consists of all the
stakeholders that see TO from a research point of view. The researchers are mainly
interested in the mathematical background of TO, its methods, algorithms, and open
source software. Finally, in the third group are all the teachers intended to use TO as an
educational tool.

On the other hand, the author deals with several topics about TO, focusing on its
strengths, limitations, implementation challenges, the manufacturability of its outputs, and
the optimized designs. Hence, five RQs were developed and presented in Section 1.2.
Lessons learned and recommendations are exposed here based on the research results
and using the three different perspectives of the above stakeholder groups.

5.1 Lessons learned and recommendations for practitioners

As practitioners here are considered all the engineers who use TO either for design
inspiration or for manufacturing optimized products. According to the conducted
stakeholder analysis in Section 1.2, these are the CAD-designers. Furthermore, the
particular case of TO with the DfOAM could be of high interest to AM-engineers. All the
lessons learned throughout this research, related to the followed guidelines for the material
reduction problem, are presented here. In addition, a collection of practical aspects is
exposed with respect to the implementation of TO using different methods, practices,
workflows, optimization processes, and combinations. Moreover, the author advises
practitioners through insightful recommendations on avoiding common pitfalls in their
followed optimization methodology.

5.1.1 Guidelines related to the weight reduction problem

In this research work, three are the suggested guidelines for the practitioners dealing
with the weight reduction problem in mechanical engineering: choose fewer and downsized
components, apply lighter materials in manufacturing, and remove unwanted material.
When the redesign of products considers the new manufacturing processes characterized
by their design flexibility, such as AM with 3D printing, it can lead to less complex
assemblies with fewer or/and downsized components. For example, in the case study of
the brake calipers optimization (Tyflopoulos, Lien, et al., 2021), the authors, through
design thinking and reverse engineering of the existing ISR calipers, decided to reduce the
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number of the pistons in the front caliper from four to two in order to develop a less
complex and lighter assembly. A further weight reduction of the products can be achieved
using low-density materials or materials with improved/adjusted mechanical properties,
such as the architectured (hybrid) materials. In another example, the use of lattice
structures in the case study of the GE-bracket (Tyflopoulos & Steinert, 2021) reduced its
weight without compromising its robustness. Finally, the removal of unwanted material is
conducted using the SO-types presented in this thesis. TO is one of the most implemented
material removal methods and the focal part of the author’s research.

5.1.2 Bottlenecks in topology optimization

TO is a popular mathematical method that optimizes the material layout of a structure
by removing inefficient material or placing it in areas that are more crucial for its
robustness. CAD-designers use TO either for design inspiration or in the development of
optimized products. Thus, TO can reduce material usage in manufacturing, shorten the
design cycle in PD, and enhance product quality. For these reasons, it finds application in
automotive, aerospace, mechanical, bio-chemical, and civil engineering problems.
However, as mentioned in Section 2.6, TO is characterized by the following bottlenecks:
the geometrical complexity of its optimized designs, the long optimization time, the
sensitivity of its results to the given parameters, and the need for numerous inputs during
its workflow. It seems that TO is a complex and time-demanding procedure dependent on
the designer’s starting guesses and choices during its implementation.

5.1.2.1 Fixing the geometrical complexity of the topologically optimized designs

The emerging outputs of TO are optimized designs with increased geometrical
complexity due to their organic shapes. For this reason, their manufacturing can be
challenging, especially with CMP. The use of manufacturing constraints in the TO
formulation can increase the manufacturability of its results. However, in most cases,
manufacturing constraints are not enough since the CAD-designers have to fine-tune the
geometry of their optimized design concepts manually, at the post-processing, before
sending them to production.

On the one hand, in the case of design for optimization in convectional manufacturing
(DfOCM), the optimized designs are redesigned before their numerical validation studies.
This ‘back to the CAD’ practice allows designers to get access to the features of the
optimized designs. Thus, they can conduct a new FEA of the optimized designs to select
the critical geometrical areas of the models in order to define the load cases and BCs similar
to the initial FEA at the pre-processing. In addition, the redesign allows the parametrization
of the geometry, which, in its turn, gives the opportunity for future combinations among
size, shape, and topology optimization at a multi-level optimization. Furthermore, through
redesign, a CAD-designer can adapt the optimized geometry based on the technical
specifications of his/her manufacturing equipment. The designer applies the needed
geometrical changes to the design either manually using CAD-software or with the help of
CAM tools.

On the other hand, in the case of design for optimization in additive manufacturing
(DfOAM), which is the main focus of this study, the redesign can be limited to the critical
areas of the components and the interacting surfaces among them. For example, the
authors redesigned only the piston chambers, the seal surfaces, and the fluid channels in
the case study of brake calipers (Tyflopoulos, Lien, et al., 2021). Another practice is the
exclusion of critical areas from the available design space for the TO. A characteristic
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example of this practice is the creation of a multibody part at the GE-bracket, where the
clevis and hole areas were preserved at the Lattice and TO_Lattice optimization processes
(Tyflopoulos & Steinert, 2021). The rest of the optimized geometry must be prepared for
3D printing using repairing and smoothing tools at CAD-software. The topologically
optimized designs are faceted geometries that may contain geometrical discontinuities and
bad geometries. The geometrical discontinuities are facets placed away from the main
structure of the design, such as the third hole at the subcase 2.3.2 of the wall bracket
example (Tyflopoulos & Steinert, 2019). Some examples of ‘bad’ geometries are
overlapping facets, unwanted holes in the structure, and non-manifold areas. These
geometries are the main reason for meshing failures in numerical validation studies. Other
types of bad geometries are the sharp areas, which are facets that can lead to stress
concentrations and singularities at the validation studies, and overhangs at 3D printing.
Thus, the repairing tools remove or fix the bad geometries from the faceted geometry,
while the soothing tools try to eliminate the sharp areas by smoothing the layout of the
structure. In some cases, the designer has to interpret and fix the geometric issues
manually.

5.1.2.2 Decreasing the long optimization time

As optimization time is considered the total time used for the implementation of an
optimization workflow, from the pre-processing with the CAD of the initial design space,
the FEA and TO simulation time, until the post-processing of the TO-results with their
preparation and numerical validation. Parameters affecting the optimization time are the
available computational power, the complexity of the optimization problem, the size of the
design space, the used mesh quality both in FEA and TO, the applied TO-method and
workflow, the chosen software, and the selected manufacturing process.

The optimization time ranged from some minutes in the simple 3D models, such as the
wall bracket (Tyflopoulos & Steinert, 2019) and the hollow plate (Tyflopoulos & Steinert,
2020b), to some hours like the optimization of the brake calipers (Tyflopoulos, Lien, et al.,
2021) and the small bridge (Tyflopoulos & Steinert, 2022). It seems that the computational
power of a standard personal computer is enough for the solution of simple optimization
problems of small and medium products. However, a CAD-designer should expect a longer
optimization time for more complex optimization problems or large products. The use of
supercomputers can increase computational power; however, the majority of the
practitioners do not have access to this type of computer. Some software gives the
opportunity of cloud computing, such as the Fushion360, where the designer uploads the
optimization problem to the company’s server and gets the optimized designs. The
designer can save time from the product's TO in this case. However, the time for the pre-
and post-processing of the TO-results is still the same. Another guideline could be the use
of symmetry, if possible, both in FEA and TO. A designer could use a section instead of the
complete design for the FEA of the 3D model. In this case, the number of the finite elements
is reduced, and thus, the simulation time is decreased. In addition, the same section of
the 3D model can be used as design space in TO, saving simulation time again. Then, the
TO-output can be easily copied in CAD using symmetrical planes, creating in this way the
optimized design. This was the conducted procedure in the ski binding optimization case
study, where half of the structure was used as design space for the TO in ABAQUS, and
then, the optimized section was copied in SolidWorks, creating the optimized ski binding
(Tyflopoulos et al., 2018).

The complexity of the optimization problem can increase optimization time. First, the
designer spends more time understanding and transforming the real-world problem into a
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simulation. Furthermore, using many loading conditions in the FEA of a 3D model increases
the simulation time in FEA, TO, and validation study. A common practice is to use load
cases that represent the extreme (worst-case) scenarios. The choice of the worst-case
scenarios is conducted either based on empirical data or using a p-norm (alternatively
related soft-max function) for the automatic identification of them via the calculation of
maximum displacement due to random combinations of the given load cases. Empirical
data were used in the majority of the conducted case studies, such as the ski binding
(Tyflopoulos et al., 2018) and GE-bracket (Tyflopoulos & Steinert, 2021), while the related
soft-max function was used for the optimization of the brake calipers (Tyflopoulos, Lien, et
al., 2021). Furthermore, a designer should expect longer optimization times using multiple
objective functions (multi-objective optimization) and optimization goals (more
constraints) for an optimization problem.

The choice of the TO-practices that use bigger design spaces increases both the FEA
and TO time since the discretization of the design space results in more finite elements in
a mesh-dependent TO-method, such as SIMP. However, these practices give more robust
designs, like the table example presented in this thesis. In general, the size and type of
finite elements affect the mesh quality, which, in its turn, affects both the accuracy of the
FEA and TO-results together with the simulation time. For example, the execution time of
the implemented simulations of the wall bracket varied approximately from 6 to 40min,
creating a significant correlation between the size of the given design space (in the number
of finite elements) and the simulation time (Tyflopoulos & Steinert, 2019). However,
selecting the finite elements’ size is not a choice of the designer but a result of a
convergence study, as presented in Section 4.1. In addition, guidelines and practical tools,
such as the mesh quality plots, can help the designer identify the ideal type of finite
elements to discretize the different geometries. Usually, mixed mesh quality is used with
the general rule of utilizing more elements in the critical areas of the design.

In this research work, the used TO-methods for the optimization of the conducted case
studies are the traditional SIMP and the Level set methods. These two methods are
considered two of the most implemented and effective TO-methods. In addition, PO is used
for the size and shape optimization of the structures as a part of a multi-level optimization
workflow. Furthermore, the pursuit of the lightest possible design can lead to the
conduction of multi-scale TO with the optimization of the structure on different levels:
macro, meso, and micro. The case study of the GE-bracket (Tyflopoulos & Steinert, 2021)
is a characteristic example of a multi-scale optimization with the sequential TO of the
macro-and meso-scale structure. Hence, the use of multi-level and multi-scale optimization
workflows together with the employment of multiple constraints increase the simulation
time and, thus, the total optimization time.

As described in Table 12, four TO-platforms are used in this thesis: ABAQUS, ANSYS,
SolidWorks, and ANSYS discovery. The comparative study among the first three of them
using the case studies of the bell crank lever, the pillow bracket, and the small bridge
(Tyflopoulos & Steinert, 2022) showed that each software has its own capabilities and
limitations and can give different optimized results with regard to optimization time. For
example, SolidWorks optimized the above models in less time, in the optimization case
with a 50% weight reduction, compared to the other two software. In another example,
the TO of the housing of the rear brake caliper was conducted in less than an hour in
ANSYS discovery, which is a GPU-based software, compared to the optimization of the
housing of the front caliper, whose optimization was conducted in ABAQUS and needed
several hours (Tyflopoulos, Lien, et al., 2021).

Finally, the selected manufacturing process can affect the optimization time. The main
difference between the DfFOCM and the DfOAM is about preparing the optimized geometry
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with the redesign, in the first case, and the 3D preparation, in the second one. In general,
3D preparation takes less time since it is mainly conducted automatically using repairing
and smoothing tools, while the redesign needs the designer’s manual interpretation of the
TO-output and the use of CAD for the recreation of the optimized design. However, the 3D
printed parts are characterized by their anisotropy and poor surface finish making
respectively the post-treatment and -machining inevitable. For example, the 3D printed
housings were heat-treated at 740-900°C over a period of up to 12h for internal stress
relaxation due to material anisotropy. This curing process did not impact their geometry;
however, it added time to the PD-process. Furthermore, the interacting surfaces of the
housings with the other components of the brake calipers, such as bolts, bearings, and
fitting parts, were designed to be printed with 5mm extra material. This allowed their post-
machining with respect to the required tolerances (Tyflopoulos, Lien, et al., 2021). This
process also increased the PD-time. Hence, a CAD-designer in cooperation with AM-
engineers has to consider additional processes during the TO-workflow and/or the
manufacturing of the optimized products. In addition, the evaluation of his/her choice of
the selected manufacturing processes, with respect to optimization- and PD-time in total,
is essential.

5.1.2.3 Dealing with the sensitivity of topologically optimized results

As described in Section 4.3, the TO-results are sensitive to parameter variations and,
thus, to CAD-designer’s inputs during the implementation of the TO. To deal with this
sensitivity, the author categorized all designer’s inputs that can affect the TO-results into
five clusters: design constraints, supports and connections, loads, geometric restrictions
due to manufacturing constraints, and software constraints.

The design constraints are all the parameters related to the structure's geometry. There
is an extensive discussion about the size of the initial design space for TO in the literature.
Three practices were used at the beginning of the conducted research: TO with limited
design space, TO with maximum possible design space, combined size, shape, and TO. In
the first practice, the used design space for the TO is the already developed design concept
of the product. The designer uses CAD and FEA for the creation of alternative designs.
However, he/she decides to introduce optimization in the design phase and tries to
optimize the design with respect to different optimization goals, such as weight reduction.
This practice is characterized by the design fixation of the optimized results. That is the
reason for the application of the two other alternative practices. The 3D models optimized
using the second practice with the maximum possible design space resulted in more robust
design solutions than the derived designs from the first practice. In this way, the sensitivity
of the TO-results to the design constraints was decreased. It was the TO-algorithm and
not the designer who formed the final geometry of the optimized product, eliminating the
design fixation created by CAD. However, the placement of both loads and BCs was still
the designer’s choice. Thus, the author tried to change their placement manually at the
third practice to identify design solutions near the global optimum. The manual change of
the distance between the pairs of the screws of the ski binding (Tyflopoulos et al., 2018)
is an example of this practice where shape and topology optimization were combined.
Another example is the optimization of the table presented in this thesis with the
combination of topology and size optimization. In this case, the table was topologically
optimized at the first level, while the thickness of its top plate and the diameter of its legs
were changed as a part of a size optimization at the second level. Both the example of the
table and the conducted case studies in the academic contributions showed that the third
practice resulted in the best solutions in terms of weight and robustness. However, these
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practices are based on starting guesses and result in locally optimal solutions. Hence, the
author suggests a simultaneous parametric and topology optimization where PO is used
prior to TO, in a two-level optimization loop, to identify the initial design space that results
in the best-optimized solution. An example was the applied PO+TO optimization workflow
to optimize the hollow plate, L-bracket, and MBB-beam (Tyflopoulos & Steinert, 2020b).
Furthermore, the integration of DOE in the optimization workflow, with the creation of
quasi-experiments, the exploration of the total population to identify the optimal solution,
the sensitivity analysis, and the use of Pareto fronts contributes to the mitigation of the
sensitivity of the TO-results to the design constraints.

As in FEA, so in TO, a change both in the supports, connections, and loading conditions
affects the results. For example, a change in the support of the wall bracket (Tyflopoulos
& Steinert, 2019) or the optimization of the GE-Bracket using each of the four load cases
separately (Tyflopoulos & Steinert, 2021) resulted in completely different designs in both
case studies. Hence, the definition of the mathematical model in the FEA with the choice
of the applied supports, connections, and loads has to be defined with caution. If the
designer does not interpret the engineering problem properly, the whole optimization
process will lose its significance. In addition, both over-constrained and under-constrained
models can easily lead either to infeasible or unintended design solutions, such as the
discontinued design of the wall bracket (Tyflopoulos & Steinert, 2019) and the split of the
pillow bracket (Tyflopoulos & Steinert, 2022), respectively.

Software companies have developed many manufacturing constraints to enable or
increase the manufacturability of the topologically optimized designs from both
conventional and additive manufacturing processes. The author states that the chosen
manufacturing process for the TO-designs affects the optimization workflow in total. For
this reason, two subcategories of the DfO guidelines were developed with respect to the
manufacturing process: the DfOCM and the DfOAM. In general, the described DfO is a
collection of rules, guidelines, and methodologies that promotes the product's optimization
during its development and helps the designer to avoid the design fixation created by CAD.
The main difference between DfOCM and DfOAM is that a redesign of the optimized designs
is inevitable in the former, while a 3D preparation of the faceted geometry has to be
conducted in the latter. Hence, in this thesis, the identified manufacturing constraints were
presented and separated with respect to the manufacturing process. Casting, extrusion,
and forging are examples of manufacturing constraints related to CMP, while the
constraints of maximum overhang angle and 3D building direction concern AM.

As described in Section 4.3, the chosen software for the optimization of a product
affects the results. As shown from the case studies of the bell crank lever, the pillow
bracket, and the small bridge (Tyflopoulos & Steinert, 2022), their TO in SolidWorks,
ANSYS, and ABAQUS resulted in different optimized designs even though the same TO-
method and inputs were used in all software platforms. Hence, a CAD-designer has to
choose his/her TO-software carefully concerning the optimization problem and the software
capabilities in TO, such as its available TO-methods, objective functions, and constraints.
In addition, the procedure of the post-processing of the TO-results in the software
platforms should be checked in advance; from the preparation of the optimized geometry
(redesign, 3d preparation, automatic back to CAD option) to the validation study. The
author’s experience has shown that several software platforms should be employed to
implement the workflow of complex optimization problems.
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5.1.2.4 Decreasing the number of inputs during the implementation of topology
optimization

As presented in Sections 4.3 and 5.2.2.3, many different designer’s inputs
(parameters) can affect the optimized designs. The author categorized these parameters
into five main clusters: design constraints, supports and connections, loads, geometric
restrictions due to manufacturing constraints, and software constraints. A CAD-designer
introduces them during the whole optimization procedure. The design constraints are the
used dimensions of the initial geometry created with CAD. This geometry constitutes the
3D model that will be used in FEA, as well as the design space in SO. The supports,
connections, and loads are applied in the FEA of the 3D model. Furthermore, the geometric
restrictions due to manufacturing constraints are defined during the SO of the design space
with respect to the selected manufacturing process. Finally, the software constraints are
introduced during the whole optimization procedure both in pre-processing, with the choice
of the parameters in the parameterization of the design, and in post-processing with the
selection of optimization methods, objectives, goals, and the preparation of the optimized
geometry.

A decrease in the number of these inputs can automate the optimization procedure and
result in better design solutions since the optimization algorithms and not the designer
could form the final geometry of the product. In addition, an automatic optimization
procedure can decrease, in its turn, the idle time between two workflows, and thus, the
total optimization time. The author combined different SO-types resulting in optimization
workflows with decreased inputs. For example, the optimization of the angle-ply laminate
beam (Tyflopoulos, Hofset, et al., 2021) is a semi-automatic two-level optimization where
the optimal beam’s topology was identified in the first level while its fibers’ directions
(layup) were identified through an automatic PO-loop. The optimized design of the angle-
ply beam outperformed the commercial example used for comparison reasons. The
simultaneous PO and TO of the hollow plate, L-bracket, and MBB-beam decreased the
number of the introduced inputs between two optimization workflows and resulted in the
lightest design solutions in all three case studies (Tyflopoulos & Steinert, 2020b).

5.1.3 Limitations in the implementation of topology optimization

The limitations in the implementation of TO concern either the limited capabilities of
the available TO-software or the limitations of its applied TO-methods.

The author identified the following limitations of the commercial TO-software platforms;
they use long simulations time, demand huge computational power, and offer a limited
number of TO-methods, multi-objective, and automatic multi-level optimizations. In
addition, they are missing an automatic connection of the optimized results with the
validation studies and the chosen manufacturing process. Finally, no commercial TO-
software can automatically implement a multi-scale TO.

As described in Section 5.2.2.2, the simulation time for the FEA and optimization of the
different case studies in the academic contributions of this thesis ranged from some
minutes to hours using a standard personal computer. Thus, a CAD designer should expect
a long simulation time to optimize large structures. The reason is that most commercial
TO-software platforms are still using the old optimization algorithms. Another reason is
that their efficiency is dependent on the CPU and RAM of the used computer, and therefore,
they demand a supercomputer for the implementation of complex optimization problems
of large structures completed in a reasonable time. The development of GPU-based
software or software that offers cloud computing can mitigate the problem. For example,
the optimization of the housing of the rear brake caliper took less than an hour in ANSYS
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discovery, which is a GPU-based software, compared to the traditional TO-software, such
as ABAQUS, where the optimization of the front housing was conducted in many hours
(Tyflopoulos, Lien, et al., 2021).

A literature review about the most used TO-software platforms and their capabilities
and limitations was conducted in the academic contribution C9 (Tyflopoulos & Steinert,
2022). This review showed that most commercial platforms include size, shape, and
topology optimization. In addition, the most implemented TO-method is the SIMP-method
(73%), while only 27% use alternative methods, such as the BESO and the LSM. However,
just a few of them contain more than one TO-method. Furthermore, only 30% of the
commercial software gives the possibility of designing and optimizing lattice structures.

The multi-objective optimization is available only to a few commercial platforms. The
dominated objective function is the traditional compliance/stiffness/strain energy.
However, some commercial TO-platforms contain different objective functions and
constraints. It was observed that there is an increasing focus on the development and
introduction of new manufacturing constraints in commercial software in order to increase
the manufacturability of the optimized designs.

An automatic multi-level optimization combining PO and TO is available in some
software platforms, but the author could not identify any software that could
simultaneously conduct all the possible combinations among the different SO-types. In
addition, CAD-designers are still missing a commercial software that can automatically
implement a multi-scale TO.

Finally, the commercial TO-software lacks an automatic connection of the optimized
results with the validation studies, while the chosen manufacturing process is absent. In
general, the topologically optimized designs are faceted geometries that should be either
redesigned, in the case of DfOCM, or prepared for 3D printing, in the case of DFOAM. Thus,
there is a need for manual interpretation of the TO-results by the designer before their
validation study. In addition, as described in Section 4.4, the selected manufacturing
process affects the applied optimization workflow in total. The introduction of
manufacturing constraints in the TO-formulation can increase the manufacturability of the
TO-results. However, in most cases, the use of the manufacturing constraints is not enough
for the direct manufacturing of the optimized designs. A designer should consider the
chosen manufacturing process both at the pre-processing with the use of the appropriate
tolerances and at the post-processing of the results with manual modifications before
sending them to production. An example of using tolerances in order to take into account
the poor surface finish created at the 3D-printed components was the use of 5mm extra
material at the housings’ surfaces interacting with the other calipers’ components
(Tyflopoulos, Lien, et al., 2021). The additional material could be removed in the housings'
post-machining process, resulting in components with a good surface finish. In another
example, the repairing tools could not remove the third hole of the infeasible design
solution of the wall bracket, and thus, the authors should modify the optimized geometry
manually (Tyflopoulos & Steinert, 2019).

Therefore, the practitioners of TO depend on different software to implement multi-
objective, multi-level, and multi-scale optimization problems. Hence, a practitioner of TO
needs to learn and use several software platforms for TO-implementation, interpret and
prepare its results manually, and use multiple inputs during TO-workflow. Learning and
using a programming language to create or combine existing scripts with the commercial
TO-software is crucial to expanding his/her capabilities in optimization. An alternative
solution could be the use of open source software platforms. However, these platforms
demand high programming skills, usually contain design space limitations, and offer limited
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options of objective functions and constraints. In addition, the post-processing of their
results is missing or is hard to be conducted.

On the other hand, the most implemented TO-methods in commercial software are the
SIMP, level set, and BESO. In general, the traditional compliance TO is mainly used due to
the fact that it is mechanically intuitive (work done by the loads) and self-adjoint. The
strengths and limitations of these methods are presented thoroughly in Table 3. For
example, the versions of these methods found in the commercial software are mesh-
dependent. Thus, the quality of their results depends on the size and type of the used finite
elements. In addition, the designers should understand that the above methods are usually
non-convex, resulting in non-optimal design solutions but nearby approximations. Hence,
identifying the global optimum is not guaranteed and depends on the designer’s choices.
Thus, a manual optimization workflow should be developed, including combinations of SO-
types and statistic tools to identify the best-optimized designs. In addition, TO increases
the design inspiration and helps mitigate the design fixation created by CAD. However, the
derived optimized results of the used case studies in this thesis showed that the design
fixation could not be completely addressed. For example, the optimized table consists still
of four legs, and the GE-bracket is supported with four holes. In other words, a designer
can optimize the placement of the used BCs but not the type of them itself. There is not
still an optimization software that can recommend alternative supports and connections
for the used design space.

The 3D printed materials are characterized by their anisotropic behavior. According to
the presented theory in Chapter 3, the above TO-methods do not consider this material
anisotropy. However, a good practice is to use these methods due to their simplicity and
assign an anisotropic material to the structure. A good approximation of the anisotropic
material properties can be achieved in the case of a small amount of intermediate finite
elements. Nevertheless, it is essential to mention that this anisotropy is static and not
design-dependent. For this reason, a deviation between the numerical and validated
material properties of the 3D-printed parts should be expected.

5.1.4 In the pursuit of the lightest design concepts

The author of the research related to this thesis applied different practices and
workflows with multi-objective, multi-level, and multi-scale optimization to identify the
best optimization designs in terms of weight and robustness.

Three optimization practices were used: TO with limited design space, TO with the
maximum possible design space, and combined size, shape, and topology optimization. In
other words, the author conducted TO of the structures with different sizes of the used
design space. In the first practice, the design space was fixed and based on the product's
initial design, while the maximum possible design space was used in the second practice.
Finally, in the third practice, a PO was conducted prior to TO to identify the ideal design
space that may result in the lightest and strongest designs. The later practice gave the
best solutions compared to the other two practices.

In general, the traditional compliance TO was used in most of the used case studies
except for the optimization of the hollow plate, L-bracket, and MBB-Beam where both the
mass reduction and maximum stress were the two objectives in their multi-objective
optimization (Tyflopoulos & Steinert, 2020b).

The author’s next step in pursuing the lightest design concepts was exploring any
possible combination among size/shape PO and TO. For this reason, three different
optimization workflows were tested: the sequential topology and parametric optimization
(two-level), the sequential parametric, topology, and parametric optimization (three-
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level), and the simultaneous parametric and topology optimization followed by a PO (two-
level) (Tyflopoulos & Steinert, 2020b). The latter optimization workflow resulted in the
lightest designs without compromising their strength.

Furthermore, alternative optimization workflows were tested, applying a multi-scale
optimization this time. The author integrated the Ilattice and its optimization in a
topologically optimized design space, among other optimization workflows. These were the
TO_Lattice and TO_LO optimization workflows for optimizing the GE-bracket (Tyflopoulos
& Steinert, 2021). These workflows resulted in the lightest design solutions compared to
the lattice-, LO-, and TO-workflows. The TO_LO, with the sequential combination of the
macro-and meso-scale optimization, gave the best solution in terms of weight reduction
and strength. In addition, a comparative study was conducted concerning the type and
orientation of the used cells in the lattice infill using cubic, octahedral, and octet cells.

Hence, a designer needs to understand the different types and sub-categories of SO
and combine them in practice. Moreover, he/she has to select the presented optimization
workflow that fits with the current optimization problem and can give the best-optimized
designs. Figure 37 can be used as a baseline to decide the combination among the SO-
types that best fit the optimization problem. An empirical guideline is that TO-workflow is
suggested for large complex structures due to its high weight reduction rate, while the PO-
and PO+TO-workflows can be chosen for medium and small customized components,
respectively. However, the borders among these workflows are not clear and can interfere.
Finally, the designer should evaluate the possible integration of uniform and graded lattice
structures in these workflows, always in interaction with the AM-engineers and the selected
manufacturing process.

5.2 Lessons learned and recommendations for researchers

Except for the answers to the posed RQs, presented in detail in Section 6, the
researchers are interested in other topics of TO, such as its mathematical formulation,
algorithms, methods, and open source software.

The theoretical background and the most important mathematical functions of TO are
thoroughly presented in Chapter 3. Interested researchers should be referred to the works
of Bendsge and Sigmund (2003) and Christensen and Klarbring (2008) for more analytical
calculations. It seems that the mathematical formulations of the TO-problems are well
described in the literature for both continuous, discrete, and hybrid methods. The SO-
problem is an optimization problem where the researcher uses mathematical programming
to identify the global optimal solution inside the feasible region of an objective function
defined by the used design responses (constraints). This feasible region constitutes the
initial set of candidate solutions to the optimization problem. In the case of a convex
objective function, the created feasible region is a convex set where any local optimum is
also a global optimum. This is the simplest case of an engineering problem easily solved
using linear programming. However, most engineering problems are a combination of
different objective functions and constraints, creating a non-convex feasible set. In these
cases, a researcher cannot identify the global optimal solution but instead calculates
approximating nearby solutions. Genetic algorithms, Nonlinear Programming, and Adaptive
Optimization are used here instead of linear programming. In addition, the theory of PO
can be combined with TO for simultaneous size/shape and TO with alternative workflows
and optimization processes as described in the academic contribution C4 (Tyflopoulos &
Steinert, 2020b). Finally, the use of statistical methods, such as DOE and Pareto fronts,
can be employed to explore the best solutions to multi-objective optimization problems. In
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this way, a researcher can save time and come to satisfying solutions based on his/her
optimization goals and constraints. Furthermore, the mathematical formulations used to
optimize the structure at macro-scale level can be easily extended using the theory of
continuum mechanics to describe meso- and micro-scale optimization.

The TO-problem can be solved with either continuous, discrete, or hybrid methods. To
overcome the limitations of the discrete methods, such as the checkerboard problem and
their sensitivity to parameter variations, the continuous methods are applied using
continuous variables to solve the TO-problem. The conducted review in Section 3.4 showed
that the continuous methods, such as the density-based SIMP-method are well established
and explained in the literature. On the other hand, the discrete methods, except for the
checkerboard problem and the sensitivity of their results, are characterized by a lack of
formulations and constraints that can support their implementation in complex engineering
problems. In addition, they require numerous iterations to converge to a solution. For all
these reasons, continuous methods are preferred over discrete among commercial
software. However, the majority of the most implemented continuous and discrete
methods are derived from the fixed-mesh Eulerian approaches. Hence, their optimized
solutions are dependent on the FEA-results since the size and type of finite elements in
FEA affect both the geometry and the robustness of their designs. Thus, the researchers
try to combine different SO-types and TO-methods to benefit from their merged strengths.
In this way, hybrid methods are developed, such as the particle level set method, the split-
and merge, the xFEM, and the DCS.

The applied algorithms for the solution of the TO-problems can be categorized as
gradient-based (OC, CONLIN, MMA, and SLP) and non-gradient (genetic, artificial immune,
ant colonies, particle swarms, simulated annealing, harmony search, and differential
evolution schemes). The former suffers from multimodal problems and derivation
complexities due to the single-point search methodology, while the latter allows the
multiple-point exploration in the pursuit of the global optimum. The 99-line MATLAB code
by Sigmund (2001) is considered the predecessor of the TO-algorithms and the following
software. Top3D125 (Ferrari & Sigmund, 2020), topcut (Andreasen, Elingaard, & Aage,
2020), and BESO_basic (Zuo & Xie, 2015) are just a few examples of algorithms that use
different TO-methods and are developed in computer algebra systems, such as MATLAB
and Python. However, the author could not identify any algorithm that uses the methods
of phase-field and topological derivatives.

The literature research in the academic contribution C9 (Tyflopoulos & Steinert, 2022)
has shown that only 31% of the most applied software is open source, while 44% of the
commercial software packages give free access to the TO-module for the users with a
student license. However, the software companies do not describe in detail their used TO-
methods and their implemented algorithms, and thus, they are black boxes for the
researchers. Thus, it is highly recommended to use open software in the research where
they can get access to the programing scripts of the software as well as edit and adapt
them to their demands. Different filters and constraints can improve the design quality of
the optimized solutions and enable their manufacturability with both CMP and AM. An active
field of research is the development of new manufacturing constraints that fine-tune the
optimized designs for manufacturability since there is no option in TO-software to choose
a manufacturing process. Hence, this should be undertaken manually using manufacturing
constraints, such as symmetry and pull direction.

Many TO-studies in the literature compare either the different TO-methods or the TO-
algorithms using 2D/3D simple geometries. The cantilever beam, the MBB-beam, the L-
bracket, and the hollow plate are some examples of well-studied models. These are similar
to the case studies presented in the academic contribution C4 (Tyflopoulos & Steinert,
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2020b). However, the author believes that the literature is missing comparative studies
with real-world applications in TO, where the limits, in both design and optimization of the
used methods, could be evaluated. A special focus on the development of hybrid methods
that utilize the benefits of the well-known TO-methods could be of high interest to
researchers.

5.3 Lessons learned and recommendations for teachers

As presented in Section 4.9, TO is a combination of CAD, FEA, classical mechanics,
mathematics, computer programming, 3D printing, and CMP, and thus, can be considered
as a multi-educational tool. It is essential for the teachers giving lectures in any CAD-
engineering study to understand that a contemporary CAD-designer does not only design
but also engineer. In other words, a modern CAD-designer should possess multiple
attributes that can help him/her follow and participate in the whole NPD-process, from the
inception of a new idea to the final product. This is similar to the ‘conceive, design,
implement, and operate’, which is the main goal of the CDIO-approach. In addition, during
his research, the author has identified many active learning tools (i.e., TO-games for
handheld devices) and open source software (i.e., TopOpt and FreeFem) of different TO-
methods that could easily be applied in any active learning TO-education, where the
students have a central role in the lectures.

For all the above reasons, a TOBL educational framework was developed in the
academic contribution C7 (Tyflopoulos, Haskins, et al., 2021) under the prism of the CDIO-
approach. The optimization of the products constitutes an additional parameter added to
the CDIO-philosophy. The authors’ intention with this framework was to educate CAD-
designers to design optimized products. They state that the design fixation created by the
traditional PD and CAD makes the designers develop products that contain unwanted
material. Thus, they pose the following question; why should the designers first develop a
product and optimize it at a second step when they can develop an optimized product
already from the beginning? This shift in PD follows the DfO guidelines presented in Section
2.4 and constitutes the main idea behind the TOBL-framework. The author highly suggests
to teachers either embrace this framework in any study program about CAD-engineering
or use it as a baseline for developing an innovative course based on TO in any academic
year. The use of real-world applications in TO, as a part of group projects, will support the
facilitation of the TOBL-framework in any study program in CAD-engineering.
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6 Conclusions and future research

This Chapter summarizes the research work presented in this thesis by answering the
posed research questions. Lastly, suggestions for future research are displayed from the
different points of view of practitioners, researchers, and teachers.

6.1 Answering the research questions

Interesting aspects of the practical implementation of TO were discussed in the
presented thesis. A stakeholder analysis prior to the research helped the author identify
all the involved actors in TO, select the most crucial topics related to TO-implementation,
and state the research questions that guided his research. The answers to the five posed
research questions in this thesis follow together with the most interesting findings of the
conducted research.

RQ1: How can a CAD-designer affect the TO-results?

As presented in this thesis, the TO-results are prone to parameter variations. Here,
these parameters are referred to as designer’s inputs presenting the impact of a CAD-
designer on the several steps of a TO-workflow. All the designer’s inputs that affect TO-
results were identified and categorized into the following five clusters: design constraints,
supports and connections, loads, geometric restrictions due to manufacturing constraints,
and software constraints. The design constraints are the used dimensions that define the
initial CAD-geometry of the design. This geometry is further used in FEA, where the
designer chooses the supports, connections, and loads for the conduction of the
appropriate simulations that can best imitate the product's operation in the real world. In
addition, the CAD-geometry constitutes the design space for the TO, where the designer
optimizes the design in TO-software based on his/her optimization goals with respect to
the given constraints and the selected manufacturing process. The designer has to choose
several geometric restrictions (manufacturing constraints) in the optimization software to
take into account the manufacturing process of the optimized designs. In this thesis, the
identified manufacturing constraints were divided into two categories in the light of two
main groups of manufacturing processes, the CMP and the AM. Extrusion and maximum
overhang angle are examples of these two categories, respectively. Different case studies
were used to check the sensitivity of the optimized results to the above clusters of
parameters. It seems that the designer, with the introduction of multiple parameters in all
the steps of a TO-workflow, affects its results, and thus, his/her choices during TO-
implementation should be taken with caution.

RQ2: How can the manufacturing process of the topologically optimized designs
affect the implementation of TO?

The two main groups of the manufacturing processes are CMP and AM. A separate
cluster of the designer’s inputs under the name manufacturing constraints was used to
consider the selected manufacturing process in the TO. However, as presented in the
thesis, this selection affects the total optimization workflow. For example, the initial design
space should be created so that the remaining material powder could be removed from a
3D printed part in the case of the SLM 3D printing process, or the diameters of the holes
should be designed with respect to the capabilities of the available machine tools. Another
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differentiation in the TO-workflow between CMP and AM is the post-processing of the TO-
results with the redesign of the optimized design and the 3D preparation of the faceted
geometry, respectively. The introduction of appropriate manufacturing constraints in the
formulation of TO, increases the manufacturability of the optimized designs; however,
manual interpretation, repair, and modification of the TO-results are demanded by the
designer before the production. For all these reasons, two different categories of guidelines
were developed to optimize the structures oriented either to CMP or AM. The DfOCM and
DfOAM constitute these categories of the main DfO methodology presented in this thesis.

RQ3: What is the ideal combination among the different types of SO?

There is no clear answer to this research question. However, from the use of different
optimization workflows, it was found that the multi-level optimization, with the
combinations of the SO-types and the multi-scale optimization with the integration of
lattice and its optimization in the topologically optimized design space, resulted in the best
design solutions in terms of weight reduction and strength. General guidelines can be
followed based on the optimization problem, the size and the design complexity of the
product, the weight reduction rate of the optimization workflow, as well as other possible
trade-offs, such as the optimization time vs. the weight reduction. Due to the high mass
reduction rate, the TO-workflow could be an option for large complex structures, such as
airplanes and buildings. On the other hand, PO is recommended for medium and small
parts of structures, such as the case studies of ski binding and GE-bracket. Finally, the
simultaneous parametric and topology optimization workflow could be the best choice for
small and customized components with small mass tolerances like human implants. In
addition, the designer should evaluate the integration of uniform and graded lattice
structures in these workflows for additional weight reductions.

RQ4: What are the benefits of the existence and optimization of the meso-scale
structure, and how can this be practically combined with the macro-scale TO?

The presented optimization workflows with the sequential TO of the macro-and meso-
scale structure showed that both the existence and the optimization of the meso-scale
structure could lead to lighter designs without compromising their robustness. It seems
that a designer using the existing TO-software can easily combine the optimized macro-
scale structure with an optimized meso-scale. This combination resulted in interesting and
lighter structures with adaptive mechanical properties. These structures should be
addressed to AM and 3D printing due to their geometrical complexities created by adding
variable-density lattice infill.

RQ@5: Can topology optimization be used as an educational tool in CAD-
engineering? How and at which level?

Through the current conducted research, the author observed that TO is a combination
of CAD, FEA, classical mechanics, mathematics, computer programming, 3D printing, and
CMP, and thus, can be used as a multi-educational tool in any program in CAD-engineering.
The adoption of the developed educational TOBL-framework in any study program about
CAD-engineering will introduce TO to under-and postgraduate students of different
academic years and show its benefits. The facilitation of this framework will educate the
modern CAD-designers to conceive, design, implement, and operate optimized products
based on CDIO-approach and TO. In addition, the use of active learning tools and real-
world applications in TO, as a part of group projects, will support the facilitation of this
framework.
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6.2 Future research

Suggestions for future research are presented for the three main groups of the key
stakeholders: practitioners, researchers, and teachers.

There is still much space for improvement in the implementation of TO. The focus in
the future for the practitioners should be the automation of the optimization workflows,
especially in the case of multi-objective, multi-level, and multi-scale optimization practices.
In cooperation with researchers, CAD-designers should develop the ideal TO-software that
can reduce to a minimum their input to the optimization workflow and bridge the optimized
designs with any manufacturing process.

The theoretical background of the TO is well studied. However, the TO-software
platforms are still missing effective optimization algorithms. Thus, the researchers should
focus on developing new hybrid optimization methods that could utilize the benefits of the
well-known TO-methods and overcome their bottlenecks and limitations, such as their
sensitivity to the parameter variations and their inability to consider anisotropy of the 3D
printing materials, respectively. In addition, the research on the material properties and
the use of architectured materials in automatic multi-scale optimization could be an
interesting field of research.

Concerning the educational perspective of TO, the author encourages the teachers to
use TO, either in their lectures or in their research, to exchange ideas, knowledge, and
experience that can improve the educational TOBL-framework and ease its facilitation in
any study program of CAD-engineering.
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Abstract

Additive manufacturing allows us to build almost anything; traditional CAD however restricts us
to known geometries and encourages the re-usage of previously designed objects, resulting in
robust but nowhere near optimum designs. Generative design and topology optimization promise
to close this chasm by introducing evolutionary algorithms and optimization on various target
dimensions. The design is optimized using either 'gradient-based' programming techniques, for
example the optimality criteria algorithm and the method of moving asymptotes, or 'non gradient-
based' such as genetic algorithms SIMP and BESO. Topology optimization contributes in solving
the basic engineering problem by finding the limited used material. The common bottlenecks of
this technology, address different aspects of the structural design problem.

This paper gives an overview over the current principles and approaches of topology
optimization. We argue that the identification of the evolutionary probing of the design boundaries
is the key missing element of current technologies. Additionally, we discuss the key limitation, i.e.
its sensitivity to the spatial placement of the involved components and the configuration of their
supporting structure. A case study of a ski binding, is presented in order to support the theory and
tie the academic text to a realistic application of topology optimization.

Keywords: topology optimization, product development, design, finite element analysis



1. Introduction

The ideal linkage between the additive manufacturing (AM) and the structural optimization (SO)
is the key element in product development these days. On the one hand, models are produced by
the addition of thousands of layers with the use of additive manufacturing (AM). That offers to
designers a huge geometrical flexibility, with no additional cost, compared to traditional
manufacturing. AM encompasses many technologies such as 3D printing, rapid prototyping and
direct digital manufacturing (DDM). On the other hand, structural optimization reduces the
material usage, shortens the design cycle and enhances the product quality. SO can be implemented
according to size, shape, and topology (see Figure 1). Topology optimization is usually referred to
as general shape optimization (Bendsee, 1989). Most of the techniques optimize either the
topology or both the size and the shape. There are only few examples that have tried to confront
the problem in a holistic way (M. Zhou, Pagaldipti, Thomas, & Shyy, 2004).

; = XXX
AXXXXX] = [XXTXX]
S — [/SZS7N

Figure 1: Illustration of a truss model and its different categories of structural optimization by: a) size, b) shape
and c) topology (Bendsee & Sigmund, 2003).

The current state of the art of topology optimization (TO) is most oriented in the conceptual
design phase. The general idea is to find the optimal material distribution of a structure with respect
to its design and boundary constraints. However, the main challenge of TO is to provide a design
parameterization that leads to a physically optimal design too (Sigmund & Petersson, 1998).

The first article about topology optimization was published in 1904 by the insightful Australian
mechanical engineer Michell (1904). Michell’s article addressed the problem of least-volume
topology of trusses with a single condition and a stress constraint. His contribution to topology
optimization was the introduction of essential elements the so-called now, after a century, layout
optimization, continuum-type optimally criteria, adjoin strain field and ground structure (Rozvany,
2009). After approximately 70 years it was Rozvany (1972) who extended Michell’s theory from
trusses to beam systems and introduced the first general theoretical background of topology
optimization termed ‘optimal layout theory’ (Rozvany, 1977). The scientific revolution in this field
had begun and it has been mainly carried out the last 30 years with many interesting articles. There
are three main approaches which deal with the topology optimization problem: element-based
solution approaches (density, topological derivatives, level set, phase field, etc.), discrete
approaches (evolutionary based algorithms) and combined approaches (Sigmund & Maute, 2013).
The most known methods of topology optimization are: the solid isotropic material with
penalization (SIMP) and the evolutionary structural optimization (ESO) or the bi-directional
evolutionary structural optimization (BESO).



In the same direction, either gradient-based (optimality criteria algorithm, convex linearization,
method of moving asymptotes, etc.) or non-gradient algorithms (genetic algorithms) were
developed to support the theory of topology optimization.

Optimality criteria algorithm (OC) is the most fundamental gradient-based mathematical
method. In this method, there is a proportional dependency between the design variables and the
values of the objective function (Prager, 1968). The 99-line MATLAB by Sigmund (2001), which
tackles the compliance problem for the Messerschmitt-Bolkow-Blohm (MBB) beam, is based on
OC and nested analysis and design formulation (NAND). Convex linearization (CONLIN) is a
linear mathematical programming method for structural optimization with mixed variables and
respect to the problem’s characteristics. This method was introduced by Fleury and Braidbant
(1986). Svanberg (1987) presented the method of moving asymptotes (MMA) which is a more
aggressive version of CONLIN that is expanded by moving limits. The MMA creates an enormous
sequence of improved feasible solutions of the examined problem. In addition to that, it can handle
general non-linear problems and simultaneously take into account both constrains, design variables
and characteristics of the structural optimization problem (cost, robustness, etc.). That was the
foundation of the homogenization method (isotropic material) which was conducted the next year
by Bendsge and Kikuchi (1988) and a predecessor of the density-based approach of solid isotropic
material with penalization (SIMP) (Bendsee, 1989; M. Zhou & Rozvany, 1991)

The most notable non-gradient algorithms are the successive linear programming (SLP) and the
successive quadratic programming (SQP). Both these methods transform the non-linear problem
to a linear at a design point and optimize it within a limited region by movable boundary limits
(Dantzig, 1963).

The aim of this paper is to give an overview over the different topology optimization approaches
and practices. In addition, we run a case study of a ski binding using different practices of design
optimization in order to implement the approaches and identify their needs. Of particular interest
is the problem of the a priori fixed boundary and the real nearby limits to the potential designs and
solutions.

2. Topology optimization (TO) and Finite Element Analysis (FEA)

Topology optimization is an iterative procedure adapted to the computer-added design (CAD). The
main goal of this method is the best structural performance through the identification of the
optimum material distribution inside the available volume of a structure with respect to its loads,
boundary conditions and constraints. If TO is integrated into the traditional finite element analysis,
the procedure can be divided to 8 steps as it is shown in Figure 2. This figure illustrates the
geometry shift of a structure from its original geometry to topology geometry. In the beginning,
FEA is implemented. It is possible to be used geometric modifications in order to simplify the
initial problem. This stage is challenging to be computerized because it involves applying
experience and judgement in a qualitative manner. However, the most crucial step at FEA is the
definition of the problem statement and its equivalent mathematical model with all the required
parameters (material properties, loads and restraints). The optimum results occur through the
discretization (meshing) of the model and with a repetitive convergence method. The topology
optimization method offers a new optimized design geometry with a notable mass reduction (or
increment) which can be used as a new starting point for the FEA. Finally, the new FEA results
validate or evaluate the success of the TO approach.



‘ CAD geometry ’
|

FEATO results FRA geometry
TO ‘ Geometry shift FEA
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TO geometry FEA model
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Figure 2: The geometry shift model of a cantilever beam with Abaqus based on the Kurowski FEA model (2017,
pp. 10-11) and Simulia’s ATOM lifecycle.

3. The general topology optimization problem

The general mathematical solution of a continuous element-based optimization problem seeks the
minimum (top down) or maximum (bottom up) value of a function f(x) and its related variable
vector x = (xq, ... ,x,) € IR™ which generates it, with respect to possible conditions and
constrains. According to Hassani and Hinton (1999, p. 3), the f can be called the objective or cost
function and respectively the quantities x;, i = 1, ...,n design variables and n the number of
design variables. The design variables are depended due to equalities among the constrains, so it
can be assumed that the real design space is a sub-space of IR™, where its dimension will be n
minus the number of the independent equality constraints. Then the optimization problem can be
expressed as:

f0) minimize this objective function
h;(x) =0, j=1,..,n; equality constrains
gr(x) <0, k=1,..,n, inequality constraints
xH < x; < xH, i=1,..,n design variables

M

where

ny,: number of equality constraints

ny: number of inequality constraints

ny,: number of design variables

x!: lower bound of the design variable x;
x{': upper bound of the design variable x;

The term feasible domain can be used for the set of design variables which satisfy all the equality
constrains and respectively infeasible domain the set of them which outrage at least one. Hence,
there are either linear optimization problems, where both equality and inequality constraints are
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linear functions of the design variables or non-linear optimization problems (most of the structural
optimization problems), where at least one of the constraints is a non-linear function of the design
variables (Hassani & Hinton, 1999, pp. 3-4).

4. Topology Optimization approaches
Topology optimization approaches can be categorized into element-based, discrete and combined,
depending on the different argorithms they use.

4.1 Element-based approaches

The traditional topology optimization approaches are element-based. The general approach of
these methods is the discretization of the problem domain in a number of finite elements whose
solution is known or can be approximated. The definition of CAD geometry, by a number of solid
elements and their connection points (nodes), is a prerequisite in FEM. These nodes have known
degrees of freedom (loads, temperature, displacement, etc.). All the discrete solid elements of the
model are used in their turn, in the definition of the mathematical interactions of node’s degrees
of freedom and are combined to create the system’s equations. Finally, the solutions of these
equations expose useful information about the system’s behavior (Thompson & Thompson, 2017,
pp- 1-2).

As a consequence, topology optimization can extend the FEA-geometry of the model to the
FEATO-geometry (combined FEA and TO geometry, see Figure 2). This iterative convergence
method indicates either full material, partial material or lack of material to each solid element. The
interpretation and verification of the TO’s results is a demanding procedure, especially in the case
of combined size and shape optimization (Harzheim & Graf, 2005). The main challenge is that the
building models have to be as close as their FEATO-geometry. If the interpretation of the results
is not done properly from the designer, the whole optimization process will lose its significance
(Cazacu & Grama, 2014)

The most notable element-based approaches are the density-based (gradient-based), the
topological derivatives, the level set and phase filed approach.

At the density-based approaches, the basic topology optimization problem is tackled by
discretizing the design domain 2 (allowable volume within the design can exist) using either solid
elements or nodes. One of the most implemented and mathematically well-defined interpolation
methodologies is the solid isotropic microstructure with penalization (SIMP). Other notable
density-based methods are the rational approximation of material properties (RAMP), the optimal
microstructure with penalization (OMP), the non-optimal microstructures (NOM) and the dual
discrete programming (DDP) (Luo, Chen, Yang, Zhang, & Abdel-Malek, 2005; Rozvany, 2001;
Sigmund & Maute, 2013)

Eschenauer et al. (1994) initiated the approach of topological derivatives known also with the
name ‘bubble-method’. According to this approach, a microscopic hole (bubble with center x and
radius p) is introduced at point x in or out of the design domain {2 in order to predict the influence
(derivative) and trigger the creation of new holes. The bubble-method is a special case of
homogenization, where the topological derivatives represent the limit of density going to 0 (void).
These derivatives can indicate the ideal placing of a new hole or can be used either together with
the level set approach or directly in element-based update schemes (Allaire, 1997; Burger, Hackl,
& Ring, 2004; Eschenauer et al., 1994).



Level set models (Osher & Sethian, 1988) are characterized from their flexibility, dealing with
demanding topological changes, due to implicit moving boundary (IMB) models (Jia, Beom,
Wang, Lin, & Liu, 2011). These complex boundaries can form holes, split into multiple pieces, or
merge with other boundaries to form a single surface. Hence, the adaptive design of the structure
is carried out to solve the problem of structural topology optimization. At the traditional level set
method (LSM), the boundary of structure is defined by the zero level (contour) of the level set
function ¢ (x). The zero level, in its turn, is derived by the objective function (such as energy of
deformation, stress, etc.) and the optimal structure can be obtained through the movement and
conjunction of its external boundary. The structure is defined by the domain (2, where the level set
function takes positive values (Sigmund & Maute, 2013).

Phase field methods correspond to density approaches with explicit penalization and
regularization. The initial approach was implemented by Bourdin and Chambolle in order to carry
out perimeter constrains and represent the surface dynamics of phase transition phenomena, such
as solid-liquid transitions (2003). This approach works directly on the density variables and is
based on a continuous density field £2 which eliminates the need for penalization of interfaces
between elements (Wallin & Ristinmaa, 2014).

4.2 Discrete approaches

As it was mentioned at section 3, the basic topology optimization problem uses discrete variables.
Hence, it is reasonable to deal with it by formulating it instantly in discrete variables. However,
this mathematical solution (sensitivity analysis) can be very challenging. In addition, this approach
has some limitations with respect to size of problems and structures (Mathias Stolpe & Bendsee,
2011). Nevertheless, there are some notable discrete approaches, such as the evolutionary
structural optimization (ESO), additive evolutionary structural optimization (AESO) and the
bidirectional evolutionary structural optimization (BESO), which have considerable efficiency.

4.3 Combined approaches

As it is mentioned at section 1, the most of the topology optimization methods use, as optimizing
parameter, either only the topology of the elements/nodes or both the size and shape of the
structure. There are not many approaches which try to confront the problem in a holistic way.
Some notable combined topology optimization approaches are the extended finite element method
(XFEM) (Van Miegroet & Duysinx, 2007) and the deformable simplicial complex (DSC) (Misztal
& Bearentzen, 2012). On the one hand, the purpose of the xXFEM was an introduction of a
generalized and adaptive finite element scheme which could allow us to work with meshes that
can represent smooth and accurate boundaries. On the other hand, DSC scheme combines
nonparametric shape optimization approaches with the ability to introduce and remove holes.

5. Comparison of the different Topology Optimization approaches

At this section, is presented a comparison between the main topology optimization approaches
with respect to their procedure (top down/bottom up), characteristics, strengths and weaknesses.
The comparison is based on both review and research papers about topology optimization and is
shown in Table 1.



(8861
‘UBIYIOS %P 10YSQ
1102 T8 1 elp)

(g ur) [eLRleW PIjos Aq papunolns
sjurod je sa[oy mau djeroudd 0y Kyijiqeu]
soLIepunoq

Sunsixo woxy A1owoas pajoLnsay]

ug1sap

1snqo1 10J suoneLea odeys puij ue))
judpuadapur-ysauw oq ue))

saSueyo [esr3ojodoy ur AIIqrxor g

sfopowr (gIA]) Arepunoq Sutaow J1orjduy
‘sa[qeLieA

A)Suap [800] JO pEAISUL SALIEPUNOQ PIM AerddQ
SpoIoW PLIGAH pue (Ysaw paxX1y) UeLIdN

39S [9A9T]

sa[0y
MOU JO UOTEaId AY) 103311) puk (SANBALIOP) dduUN[jul
oy 301paxd 03 1opio ut joy ordoosororr danponU]

(661 “2 1 ‘So[qeLIEA uoneziundo A3ojodoy pue adeys suiquio) e
Ioneuayosy 007 [njosn aIe SIANRALIOP uS1ISop UO paskq (JUSWA[AQNS 10) [BLIOJEUL 2AOWIDY @
“le 1 smg PpaINdwod ay) JOYIAYM JBI[OUN 19K STY[ o | JUSWI[Q puk [epou udamieq urddew uoneziuaSowoy Jo ased [e10ads e (.poyrew-ojqqng
{1661 QIre[y) sonewayjew xa[dwo) e Aq Surioy[iy apnjour AJO2IIpu] e poyiour (ysowr Suimo[joj Arepunoq) uerueide ] e AL, v SOATIBALIOD Eomwoﬁo&oﬁ
(1007 “Aueazoy [BLIOIBW 0AOWISY o
1661 ‘Aol S)uSWI[d 91d01)0S PI[OS 0} UOHBZHAIOSI(] ® (daa)
29 SI0Y09¢g) douerdwod 10J AJuUo J]qe[IeAY e AIBSSO00U 10U ST UONRZI[RUSJ e poylou (Ysaw paxij) ueLo[nyg e Suruwe3o1d 9301081 [eng
uonezijeuad oN e
uoneziuoSowoy soxnboy e SIUOWIA[
(1007 “Aueazoy XOAUOOUON & JINO UBY} JUSWID[S/SI[BLIBA SST snoaudSowoyuou [ewndouou 0} UOHEZIAIASI ®
18861 ‘Tyony Iy uonezi[eudd JuoIdIINSUL PUE X1 o SUIBIISUOD SUFISAp JINIS uo-paseq e (JNON) S2Im3onsoITAl
29 20spuag) JJAILS UBY) TUSWID[I/SI[RLIBA QIOA e JO suoneuIquuod [[e 10J J[qe[ILAY e poyjaw (Ysaw paxiy) UBLId[N e EESQQ-QOZ
douer[dwod 10J AJUO J[qe[IeAY
uonezijeuad Jo 92130p oY) U0 Juopuado e
uoneZIuAZoWoy SaImbay e
XOAUOOUON o (JeLoyewt
SONEWAYIBW PIOUBAPY 2[oB[q ‘PIOA :2)IYyM) poyjow uonezijeudd [[1y-pieH, e m
JSNQOIUON e wnundo sjuawed snodudSowoyuou [ewndo 0) UONEZIIISI o 2
(1007 ‘Aueazoy JINIS eyl 11059 [euonenduwiod JI0[N e (g4S]) snood/Kydwa,/prjos-ordonost JINIS UO paseq o (dINO) uonezijeudd .,mv
{1661 “@Ire[Y) SONISUAP QJRIPAWIAU] o 9 JNOQR UOHBULIOJUL JIO]N poyIaw (Ysow paxiy) ueLdMg o | YIM INJONNSOINA [ewndO &
(100Z S1equeag 2
% 2djois ‘W 3
6007 “T€ 12 on| £)1SUSP 019Z J© AJATIISUDS OIOZUON o
5 10T ‘ypuein AISUSP MO UI SONNOLFIP [eOLIOWNN e JINIS UO paseg e (dNVY) sentadold [eLRiey
29 uojed() uonezijeuad Jo 9313ap ay) uo juopuadog e XOAUOD) o poylou (Ysaw pax1j) ueLd[ny e Jo uonewrxoiddy jeuoney
SUIRIISUOD SUSISIP
JO suoneuIquiod [[e 10J A[qR[IBAY e
paainbar sonewatew ([eLoreW OB]q ‘[BLIJEU [BUOIORI)
Joys1y ou) Ayordurs jenydosuo) e K13 ‘proa :0)1ym) porjow uonezijeuad JIy-1jos, e
uonezieuad pajsnfpe A[oo1] e POIOW 9TIIAUOD DATIRINI UE BIA Wd[qoId urensuod
uonIpuod QunjoA & 03 300[qns ooueIdwod Y} SZMUIUIA e
(1661 Aueazoy XOAUOOUON o ugisop Aue (ysowrfe) 0) 2Andepy e (ANVN) yoeoidde ugisop pue siskjeue pa)soN e ( ) uonezieud
2% noyz ‘W uonezijeuad Jo 93130p ay uo juopuadog e SSAUISNQOY © [BLIDIEW QAOWDY o dNIS ezl d
1007 ‘Aueazoy Juopuadop-ysojy e Kouoroygd [euoneindwio) e SR 91dO1OSI PI[OS 0} UOHEZIVIOSI o M SAIMONNSOIIA
6861 “0Spuog) SONISUIP dJeIPIWINU] o | Asinbazaid e jou s1 uoneZIUGFOWOH e poyjou (Ysaw paxij) UBLIANG e o1donosy p1jos

Paseq-juowo|g

A10333)

sroded
“WOINY

SISSIUNBIAA

sYIsudnS

uondridsa/R.anpadoad

yoeoaddy

saydeoaddy uoneziundQ A3o10do ], 9y} jo uosriedwo)) *1 dqe],




Aypenb ysaw juardrynsuy
poypaut jos

[SOUI 99LJINS AU} Ul SUONLINTFU0d
PIOJIUBWIUOU I0] SMO[[Y

O[OV JO [EAOWIAI/UOTIONPOIUT

(2107 ‘uoziuoIRg [9A9] oY) UBY) 10MO[S o |  d[duwis pue [eInjeu [onuoo A3o0jodo], e pue uoneziumndo adeys owdwereduou surquio) e (Osa (@
¥ [RIZSIN) UOISNYJIP [BOLIOWNN Ayanippe [eo13010do) 1snqoy e poyiouwt plqAH e x9[dwo)) yerorjdwig sjqewojoq Q
'J0S [OAJ] UO PIseq e m..
swojqoad SOLIEPUNOQ 9)BINOJE PUE (joows juasardor 5
[eLnsnpul 9[eos (¢ a81e] Apnis ue) e UBd JBY) SOUSIW )M JI0M YIIYM JUWIAYOS JUIWD[D m..
(L00Z “Xuis&n( paxmbai st Surysowai oN e anuy oandepe pue pozi[eIauas € Jo uononponu| e (NFIX)
2 1001301\l UBA) UONBWINSY SSAI)S AY) UI SIOLID 9FIeT SONINUNUOISIP NH] QWA o uoneziumdo adeys pazieiousn) e POYISIAl JUSWID[H IUL] PIPUIXT
uonnjos
poo3 & donpoid ueos ysow aulj € pue
Jd oner A1euonnjoAs [jews e Juis) e
(000T adeys aandepy e JUSWI[Q JO 90udsaId 1| YUSWI[D JO OUISqR :()
“re 10 ‘Gunox 0S4 01 Sutredwioo PAPAAU 2IDYM [BLIDJEW SAOWI PUE PPY
awend) 4200 swy euonendwos jo uononpay e SOIQRLIBA 9JOI0SIP JO S| e (0sg49) uoneziumdQ rempnng
‘ory 2% Suenp) ysow uo juopuadop oq ue) e Juopuadopul-ysajy e 0S4V pue OSH JO UoHeUIqUIOd A[[eINBWAYIRIA o K1euonnjoAq [euonodIprg
AnAnisuas
SurSueyd A[pider yym umop syearqg e
(000T ‘arX swdpqoxd g opduurs Ajuo opyoe], e peoy parjdde oYy A1res 03 wnwruTur W)
2% ‘UoAd)S “Funo & Aypeuoner Surjoe] A[jeo1Sojopoyioly e () SI JBY) 2IMINIS 2109 € WO s)e)s uoneziumdo e aSIu
‘uuang) 0002 Juatoljoul 1ayel Ajeuoneindwo) e uonn[os (sassans Y31y [e90] AY) 90NPAI 0)) [BLIGIEW PPY =
Q661 X F SUSLINOH e poos & sonpoud ueds ysow duty SO[QRLIEA 9JRIOSIP JO 9S[) e (0sav) uonezrumdo mv
‘UoAR)S  ‘uLIdN()) juopuadop s1ojowrered pue Ysojy e pue () onel AIRUONN[OAD [[eWS e (OSH uo-paseq e [enionns \Cmcoﬁ_do\/m QANIPPY
KNADISUSS PajeUII[d 216 UonoUNy
SurSueyd Aprder yyim umop syearg e UOLIOILID 119} JO ON[BA 1SIMO[ o) [)IM SIUIWD[D Y],
(1007 ‘Aueazoy swojqoid (g ofdurs A[uo opjoe], e [BLIDYRW JULIOIIJOUT SUIAOWAI
2% NOYZ N ‘€661 Ayreuoner Suryoe] A[[ed1S0[OPOYION e Koannadar Aq wnwmdo ue ojur swIn) 91MonIs oYL, e
‘WoAAIS B ATX A Juaroljour 1ayel Ajeuoneindwo) e uonnos (JeLIOYBW OB[q ‘PIOA :D)IYM) POYIOUW [[IY-PIRH,
1 ONSLINOH poo3 e oonpoid ues ysow oury [PLIDIBW JAOWY AOmmD :OCNNMESQO

IA “010T ‘Sueny
% X U IX)

Juopuadop s1ojowrered pue ysoy

pue () oner A1eUONN[OAS [[eWS

SO[qQELIBA 9JOIOSIP JO 9S()

[eanjonng AIeuonnjoAy

($10T ‘eewunsry
% uIepm

£€00€ ‘@loquey)y
% uIpInogy)

uonnjos 90UdSIIAUOD
pue uone[suen A1epunoq Mojs AIoA

suonisuen) pibij-prjos
se yons eudwoudyd uonisuern aseyd
Jo sonweukp doejns oy juasaidar
pue surensuod rojowad 1o Aue) e
2A199[qo
A1) 0 UOTJRLIBA AJISUSP [RIO], e

uonezLEe[N3aI pue uonezijeuod

yorrdxe yim soyoeordde Aysuop o3 puodsario)
9A199[qO Ay} 0) UOTBLIEA

Aysuop e10) oy Surppe £q pio1y uSIsop o) [loows
so[qeLieA AJISUSp A} U0 A[)OAIIP SYIOM

pOoWdW (YSaUW PAXIf) URLIAIN

PI2Y aseyd

PT Ul SOABALIOP
1eo130]0d0) Y)IM PaUIqUIOD JSNIA]
S2INYLYJ OLIOWO033 JO

01U dZIS pue ‘uorouny

105 [9A9] oy} JO sjuatpeid [eneds oy
JO [013U00 ‘UoTRZLIB[NTIY

sy[nsar sson3 Sunielg

90BLIDIUI Y} 1B SUONIPUOD Arepunoq
9QLIOSIP puL d0BJIANUI Y UO
S)UIRIISUOD PUB SIANDA[QO de[nwIo e

SOUSAW PAXI) PUE [RLIDBUI Z}ESIO S JSOJA!
(A3o10do) jewmdo 2y jo yuowdoaAap Ay

10 saAneALop adeys sasn) yorordde Lysuap parjIpojA
(INOYU09) [9AJ] 0I9Z = AIMINIS JO ATepunog

aoeyns

9[3uIS © WO} 0] SALIBPUNOQ JOYI0 M dF1oW 10
‘sooard ardnynuw ojur 11[ds ‘sa[0Y L0} UBD SALIBPUNOE




6. Design optimization practices and examples

It is important to differentiate between a local optimum (a solution of a defined CAD model) and
the optimal solution of a structural problem. A lot of design optimization practices have been
developed the last years which try to combine both topology, shape and/or size optimization
approaches in order to avoid the local optimum. Three main categories have been identified: a)
predefined design space practice, b) maximum possible design space practice (with respect to
boundary conditions) and c) integrated shape and topology optimization practice (IST). An
overview of these practices is presented in Table 2.

Table 2. Overview of the design optimization practices

. Recom.
Practice Examples Strengths Weaknesses
papers
Partially hold of | Restricted design
Predefined . L space (fixed (Wang & Ma,
. Upper carriage of a naval gun the initial visual ; .
design space design dimentions and 2014)

boundary conditions)

(Emmelmann,

Laser-remote-scanner Kirchhoff, &
L desi Restricted desi Beckmann, 2011)
. arger design estricted design (Chang & Lee
Maximum g >
ozsibllle Compressor bracket space (less space (fixed 2008)
ders)ign space | Trailer chassi restrictions on the | dimentions and (Ma, Wang,
railer chassis i i Kikuchi, Pierre, &
algorithm) boundary conditions) Raju 2006)
H (McKee & Porter,
anger 2017)
Integrated
shape-and . . Optimization of Computationall
to Iz)lo Automotive Design and bc?un dar cos ﬂp and timey (Fiedler, Rolfe, &
pology Manufacturing cary yar De Souza, 2017)
optimization conditions consuming
practice

7. Case study of a ski binding

In order to present the limitations of the topology optimization approaches and design practices,
an example of a minimum compliance design of a ski binding will be presented. The optimization
problem is restricted due to time and computational limitations. We assume that the applied forces
are given and the ski binding is fixed to the ground with four screws. Hence, the topology
optimization of the structure is conducted in conjunction with the optimization of the positions of
the screws. In this case, the model was built in Abaqus CAE 2017 and the optimization was
conducted using the optimization software Tosca Structure, which is based on SIMP topology
optimization approach. First the three main practices were tested in our case and finally a new
practice is recommended based on the identified limitations of the existing practices.

7.1 Topology optimization of a ski binding
In Figure 3, both the predefined design space and maximum possible design space practices of the
ski binding are presented.




Figure 3: Ski binding optimization with use of a) the predefined design space (left) and b) the maximum possible
design space practice (right)

As it is shown in Figure 3, the maximum possible design space practice resulted to an optimum
with a larger design space.

In Figure 4, is illustrated the mathematical model in the IST practice which consists of the design
envelope, a set of screws and a contact set with a ski. As dynamic design parameters are used the
distance d between the pairs of the screws and the thickness t of the support structure under the
yellow area.

TOmodel 1.d~35.5 TOmodel 2,d~30.5 TO model 3,d=255 TOmodel 4,d =205

Design Envelope

Figure 4: Topology optimization with IST practice of the ski binding with thickness of the support structure,
t = 2mm (yellow colour) and different distances between the pairs of screws (from left to right), d = 35.5mm,
d =30.5mm,d = 25.5mm and d = 20.5mm.

Two different studies are executed in order to detect the optimal solution. In the first study, the
chosen thickness of the support structure is t = 2mm, while the distance d between the pairs of
screws are decreased by 5mm in each iteration in a range of 20.5 — 35.5mm (see Figure 4). In
the second study, the same screw-hole patterns are re-tested but now with thickness of the support
structure, t = 5mm (see Figure 5).

TO model 5,d=35.5 TO modcl 6,d=30.5 TO model 7,d=25.5 TOmodel 8,d=20.5

Design Envelope

Figure 5: Topology optimization with Abaqus 2017 of the ski binding with thickness of the support structure,
t = 5mm (yellow colour) and different distances between the pairs of screws (from left to right), d = 35. 5mm,
d =30.5mm,d = 25.5mm and d = 20. 5mm.

Comparing the results of the three practices, TO model 1 and TO model 6 from the IST practice
are the solutions with the lowest strain energy (i.e. the stiffest result) and thus the local optimum
in study one and two respectively.
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7.2 Evaluation of the applied practices

It is clear that these practices led to a local optimum and not to the best optimized solution of the
ski binding. It is crucial to understand that the optimum solution to a defined setup might not be
the ideal solution to the problem. In other words, the optimum material distribution is influenced
by the initial boundary conditions defined by the engineer. Therefore, it is not possible to find the
real optimum of a structure, if its outer boundary conditions are not optimal and predefined. Then
it is necessary to find first the optimum input (boundary conditions) for the topology optimization,
and second the optimum material distribution.

In this case, the identification of the real optimum has been carried out by comparing the different
optimized design models in the conducted practices. However, this methodology has several
limitations such as the requirement of a huge amount of time and computer capacity due to the
analysis of big data (different sizes and placements of screws, variation of the support structure for
the loads and boundary conditions, etc.). This method also implies the need of all the setups to be
defined by an engineer, making the final design more vulnerable to human error and his/her
previous experience.

7.3 Suggestions about a new practice

The success of a topology optimization approach could be achieved through the identification of
the evolutionary probing of the design boundaries. Hence, the topology optimization problem
could be divided in two sub-problems (levels); the optimization of the outer boundary conditions,
and the optimization for the inner optimum. The CAD-geometry of the structure could be replaced
by a black box with the allowable design envelope (level 1). A topology optimization algorithm,
based on NAND formulation, could be used for calculating the optimum adaptive (moving)
boundaries of the structure with respect to outer design parameters (i.e. length, width, height, holes,
etc.), constrains, loads and contact sets. The optimum boundary conditions could be used in their
turn, as a starting point for a traditional topology optimization of the structure’s interior (level 2).
The geometry shift model and the principle flow chart of this approach are presented in Figures 5
& 6 respectively.

Black Box
(allowable design envelope)

Geometry shift

Level 1 TO geometry
(optimization of the outer
boundary condtions)

Level 2 TO geometry
(optimization of the
inner optimum)

Figure 6: The geometry shift model of a cantilever beam based on the two-level topology optimization approach
with Abaqus 2017
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A comparison between the traditional (Figure 2) and the two-level (Figure 6) geometry shift
shows that both CAD and FEA geometries have been replaced by a more ‘generative design based’
optimization approach. This can result in optimum and high applicable structural designs with
minimized human error and reduced number of convergence iterations.

START

Input data: outer
design parameters,
contraints, loads

and contact sets

Outer Boundaries
optimum

NO nput data:
inner design

parameters

Inner optimum

Convergence?

Figure 7: Principle flow chart for the two-level topology optimization approach

8. Conclusion and future research potentials
In this paper, in the first section, was presented the general topology optimization problem and the
most implemented topology optimization approaches. The most used and commercial applied
method is the SIMP. ESO is also a promising method with many potentials, but it is still missing
the mathematical background for multiple constraints and loads. However, all the approaches have
their advantages and limitations. Both SIMP and ESO are dependent on the design parameters
(CAD), mesh and boundary conditions of the structures.

In the second section, some design optimization practices were used in the case of a ski binding.
Through the applied optimization practices and their results we agreed on the following
limitations:

CAD is a limited design methodology due to its design parameters restrictions to known
geometries.

CAD encourages the re-usage of previously designed objects resulting in robust but
nowhere near optimum designs.

The main key limitation of the topology optimization is its sensitivity to the spatial
placement of the involved components and the configuration of their supporting
structure. For example, the local optimum of the ski binding will be completely different
if we use three screws instead of four.

Many topology optimization approaches are still dependent on starting guesses.

All the existing topology optimization approaches and practices are time consuming and
demand huge computational effort when they try to tackle big 3D construction models.

12



It is clear that there is a need of new practices which could overcome these limitations.
Suggestions about a new practice were presented. The main goal of this approach is to implement
a two level optimization, first the outer bounder conditions optimum and as a consequence the
inner optimum which is based on the first one. A geometry shift model and a principle flow chart
of this approach were presented. Further research, validation of the applicability of this practice
and the development of its mathematical formulation are needed to be done.
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Abstract

Additive manufacturing can increase the flexibility in the design phase of product development and that, in its turn, has changed
the designer’s way of thinking. The design problem has reformulated; from designs that were not possible to be constructed, due
to lack of equipment and technology, to constructions that the designer could not think to design. Topology optimization and
generative design are useful tools in the hands of designer that can help him/her in the pursuit of the global optimum of a
construction and in the choice of an alternative design solution respectively. However, topology optimization results are always
depended on the given boundary conditions and restrictions. In other words, the designer’s decisions can affect the results of
topology optimization and can easily lead to a local and not a global solution. In this paper, an identification and categorization
of the most important parameters, that can affect the topology optimization results, were conducted. The main focus of the
implemented research was on the pre-processing of topology optimization and especially on the designer’s decisions. The applied
topology optimization approach here was a simple compliance optimization based on the SIMP interpolation methodology (Solid
Isotropic Material with Penalization) and it was executed with the use of the commercial software Tosca (Abaqus). Different
alternative designs of a wall bracket were used as a case study to test the sensitivity of the optimization algorithm and quantify
the potential loss.

© 2019 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the scientific committee of the CIRP Design Conference 2019.
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1. Introduction the production phase. Hence, the chosen manufacturing
methods can also add geometric restrictions to the design.
The key limitation of the topology optimization approaches

is their sensitivity to the given parameters by the designer [1]. Table 1. The different parameters clusters given by the designer.

These parameters, as they are presented in Table 1, can be Clusters Description Examples
categorized into four main parameter clusters; design Design How the designer is thinking | size and shape
constraints, supports and connections, loads, and geometric Constraints to design the component? dimensions
restrictions due to manufacturing constraints. First, as design (geometry related constraints)

constraints are considered all the dimensions that form the size Supports and | How is the component fixed, roller/slider,

and the shape of a component. Then, both the supports,
connections and loads describe how the components interact
with each other and with the environment. Finally, the design
phase in product development should be in correlation with

2212-8271 © 2019 The Authors. Published by Elsevier B.V.

Connections

supported? (degrees of
freedom)

fixed hinge, bearing
fixture, etc.

How is the component
mounted to the
main/subassembly?

glue, weldment,
screws, etc.
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Loads What loads and load cases are | forces, presses,
applied on the component? moments, etc.

Geometric How will the component be non-design regions

restrictions manufactured? (“frozen areas’), size

due to (manufacturing derived minimums (e.g.

Manufacturing | constraints) minimum thickness,

Constraints distance between two
holes), symmetry
(planar, cyclic), design
for extrusion, etc.

In this paper, the authors quantified the potential loss, by
pre-set parameters, in topology optimization. For this reason,
a design model of a common wall bracket was used as case
study. The wall bracket was optimized using the SIMP
approach in Abaqus. Especially, four alternative designs of
the bracket were tested with respect to the aforementioned
categories of parameters and subsequently, their results were
evaluated. This paper is focusing on the pre-processing of
topology optimization, and mainly on the designer’s choices.
The post-processing of the topology optimization results, with
the redesign and validation phases, is beyond the scope of this
research.

A common goal of a designer, using topology optimization
approaches, can be the redesign of a product with a significant
mass reduction but always with respect to boundary
conditions and restrictions, and with the best possible
stiffness. This procedure is known as a minimum compliance
design and it is firstly described by Bendsee [2] under the
term ‘direct approach’. The direct approach is an optimization
problem, which uses discrete variables. It is an element-based
method which minimizes a given objective function f (p,
U(p)) using discrete element density variables p. (0:void,
1:material) and with respect to specific constraints gi. The
problem formulation, as it was originally presented by
Bendsee (1989), is the following:

min f(p, U(p)) subject to: (1)
Y1 Vepe =V p SV )
g(pUP) <gi, i=1,..M 3)
pe={3 e=1..N @
K(pU=F (5)

where v. and p. are the element volume and density
respectively, and K is the element stiffness matrix at global
level. However, the use of integer numbers in the formulation
can guide to the so-called ‘checkerboard’ problem. Rozvany
[3] reformulated the problem applying continuous relative
densities (0<p.<1). In addition to that, he introduced the
element penalization p in order to avoid the intermediate
density elements. This approach is known as solid isotropic
material with penalization method (SIMP). According to
SIMP, the stiffness interpolation is calculated by the formula
[4]:

E(p.) = pSEy, p=1 (6)

The continuation methods, such as SIMP, can increase the
possibility to obtain a global optimal solution to the void-
material problem but still the global minimum solution is not
guaranteed [5]. The diagram (a) on Figure 1 illustrates the
differences between the global and local optimized solutions
of a cantilever beam. Furthermore, the diagram (b) highlights
the feasible region of an objective function subject to two
design responses (constraints). In a SIMP-based compliance
approach, as objective function is selected the total strain
energy (SE) of the elements, which has to be minimized with
respect to a volume fraction as constraint. A small change of a
parameter in the design can create a completely new objective
function. Thus, the designer has to tackle with two crucial
problems; to choose the best objective function in his/her case
and to differentiate between the local and global optimized
solution.

Objective Function
Design response 2

Constraint
violated

(a) Optimized solutions (D) Design response 1

Figure 1. (a) Difference between local (black dots) and global (red dot)
minima and (b) Two design responses diagram (black dot = local minimum).

2. Topology optimization of a wall bracket

This section presents a case study of a simple wall bracket
in order to identify the problems of the SIMP topology
optimization method in correlation with the designer’s choices
in the design phase of product development. Four different
design alternatives were used to test the topology optimization
method and compare their results (see Figure 2). These main
designs have the same support (2 screws) and load F (normal
distributed load, 1000N). The critical dimensions of the wall
bracket are; L: length, H: height, D: distance between the
holes of the supporting screws and t: thickness. The used
material is an alloy steel with Young’s modulus E=2.1E11
and Poisson’s ratio v=0.28. The model was designed in
SolidWorks CAD software.

K

Figure 2. The four design alternatives of the wall bracket with their
dimensions given in mm: a) L=430, D=430, H=530 and t=60 b) L=430,
D=430, H=530 and t=60, c¢) L=430, D=410, H=530 and t=60, and d) L=430,
D=430, H=530 and t=60.

The topology optimization of the model was implemented
in Abaqus with the use of SIMP approach. First, the CAD-
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models were imported in Abaqus as IGES files from
SolidWorks and then, they were used for a static FEA with a
mesh size equal to 10 and C3D10 (ten-node tetrahedral
element) elements. Finally, the models were topologically
optimized in the topology optimization modulus of the
software. In total, 55 topology optimization simulations were
implemented based on different design alternations. All the
simulations were conducted using an Intel Core 17-7820HQ
computer with 32GB RAM.

Abaqus includes two different approaches to tackle with
topology optimization problems; the condition-based and the
sensitivity-based. The first one is a minimum compliance
design, which is based on the general topology optimization
mathematical procedure and the SIMP approach [2, 6]. The
sensitivity-based approach uses the method of moving
asymptotes (MMA) as it was presented by Svanberg [7]. This
method works with a sequence of approximate subproblems
to reach the optimum solution. In the case of the compliance
optimization, the algorithm begins by scaling the entire model
to meet the volume constraint, and then it tries to optimize the
objective function. On the other hand, the condition-based
approach starts with the original design space and then slowly
decreases the model’s volume until the volume constraint is
met. Another difference between the two approaches is that in
the sensitivity-based approach, the designer has the flexibility
to choose multiple design responses and constraints.
Furthermore, it usually takes 50-150 design cycles (DC) to
execute a sensitivity-based topology optimization instead of
15-30, in the case of condition-based approach [8].

For these reasons, the sensitivity-based approach can be
more demanding in both time and computational power. In
this paper, the condition-based approach was used due to its
time efficiency. In addition, it was assigned a dynamically
material removal so that the optimization will achieve its
volume constraint in the defined design cycles. The maximum
number of design cycles was chosen to be equal to 15, unless
something else is stated. Thus, the main challenge of the
designer in this approach is to identify the lowest volume
constraint that still results in a compliant model. Different
volume constraints were used in the selected examples with
respect to the model’s initial design space. As design space is
considered the body that encompasses a space assigned the
optimizer to work with. As it is shown in Table 1, the
designer can possible ‘freeze’ a region of the CAD-model in
order to exclude it from the topology optimization module.
Usually, these frozen regions constitute the support and
connection regions, and the regions where the loads are
applied. Another category of non-design space can be the
regions that are important for the proper functioning of the
system, such as the teeth of a gear [8].

2.1. Wall bracket and parameter clusters

In the following sections, some representative design
alternations of the four main wall bracket designs were tested
with respect to the different clusters of design parameters, as
they were already described in the introduction. An overview
of the simulated design examples and their results are shown
in Table 2 in the appendix.

2.1.1. Wall bracket and design constraints

A common mistake at topology optimization occurs when
the designer is fixated on existing designs. This does not leave
enough design space for the optimization algorithm.
Generally, more design space increases the simulation time,
due to the higher amount of finite elements (see also section
2.4), but also increases the amount of the optimized solutions
and the possibility to identify the global solution. In this
example, as it is shown on Figure 3, the four design
alternatives (see Figure 2) of the wall bracket led to different
optimized solutions. The CAD-models were optimized using
as maximum 15 design cycles and different volume fractions
(VF) of their initial volume (IV) in order to reach the same
volume (V=1.24E+06 mm3) at the final design cycle in each
of the cases. Furthermore, as frozen areas where defined the
top side of the bracket, where the load was applied, and the
two holes which represented the screw connections. The red
colour, in the optimized designs, indicates the elements that
contribute to the stiffness of the model while the blue colour
the elements that do not and thus, can be further removed with
a lower volume fraction [8]. Both 2-1-1, 3-1-1 and 4-1-1
optimized models are respectively 35.1%, 54.9% and 54.6%
stiffer than the 1-1-1, with the same retained volume.

(1-1-1)

(2-1-1) (3-1-1) (4-1-1)

Figure 3. The optimization results of the four design alternatives using stain

energy (mJ) as objective function subject to an adjustable volume fraction as

constraint: 1-1-1) VF=0.7, E= 1.24E-06, 2-1-1) VF=0.334, E= 8.02E-07, 3-
1-1) VF=0.257, E=5.58E-07 and 4-1-1) VF= 0.128, E= 5.61E-07.

Other design alternations were made based on the wall
bracket’s thickness. In this case, new CAD-models were
created in each of the four design alternatives with + 20%
thickness variation. The presented case here is the fourth
design alternative (see Figure 2), due to its highest given
design space (see Figure 4). The results showed a small
decrease by 4.8% of the stiffness in the subcase with the
increased thickness (4-2-1) in comparison with the original
design. On the other hand, there was an increase of the
stiffness by 8.5% in the subcase of reduced thickness (4-2-2).
It seems that smaller thickness gave better results.
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(4-1-1)

@é-2-1) (4-2-2)

Figure 4. Sensitivity of the optimized results due to thickness changes with
strain energy (mJ) as objective function with respect to volume fraction
constraints: a) VF=0.128, E= 5.61E-07, b) VF=0.107, E= 5.88E-07 and c)
VF=0.160, E= 5.13E-07.

2.1.2. Wall bracket, and supports and connections

In the case of missing requirements in the design phase, the
designer has to make his/her own simplifications and
assumptions. The design subcases, presented in this section,
have two alternative supports; 2-3-1) fix on the backside, and
2-3-2) use of three screws instead of two. Here are shown the
results of the second design alternative (see Figure 2). As
presented on Figure 5, the solutions are completely different.
The subcase 2-3-2 gave the stiffest solution with 18.3%
stiffness increase, than the 7.7% stiffness increase at the
subcase 2-3-1, comparing to the main design. However, the
process in the case of three screws is broken, as the algorithm
suggested a nonconstructive solution. The designer could also
interpret the result as a suggestion to shorten the length of the
wall bracket. The optimized results of the first design
alternative (1-3-2) guided also to material discontinuities (see
Table 2). The use of the backside of the model, as an
additional frozen region with a minimum thickness, could
partially solve this material discontinuity problem.

@11 : @3-1) l (232) []

Figure 5. Sensitivity of the optimized results due to supports (fixed on
backside) and connection changes (3 screws instead of 2) with strain energy
(mlJ) as objective function with respect to volume fraction constraints: 2-1-1)

VF=0.334, E= 8.02E-07, 2-3-1) VF=0.331, E= 7.49E-07 and 2-3-2) VF=
0.335, E= 6.51E-07.

2.1.3. Wall bracket and loads

The topology optimization algorithm tries to locate the
main load path in order to keep the critical elements, which
contribute on that, and remove the other [9]. Many researchers
have used the topology optimization procedure to identify the
optimum load path of a structure. The identification of the
optimum load path can also be used as basis in the pursuit of
the global optimum [10]. In the case study of wall bracket, the
authors used four different subcases: 4-4-1) + 20% of load
magnitude, 4-4-2) - 20% of load magnitude, 4-4-3) load
placement on the half top-face, and 4-4-4) different placement
of the load (see Figure 6). As it was expected, the subcase
with the lower load magnitude (4-4-2) gave the stiffest result
(38.1% stiffer than the original design). On the contrary, both
subcases 4-4-1, 4-4-3 and 4-4-4 gave less stiff results by 48%,
105.4% and 67.1% respectively, in comparison with the initial
design case. Thus, even small changes of loads at a simulation
model can lead to high stiffness fluctuations of the structure.

441l
RREKL

@1-1) (-4-1) (“42) (4-4-3) (4-4-4)

Figure 6. Sensitivity of the optimized results due to changes of load
magnitude and positioning with strain energy (mJ) as objective function and
adjustable volume fraction constraint: 4-1-1) VF=0.128, E= 5.61E-07, 4-4-1)
VF=0.128, E= 8.30E-07, 4-4-2) VF=0.128, E= 3.47E-07, 4-4-3) VF=0.128,

E= 1.15E-06 and 4-4-4) VF=0.171, E= 9.37E-07.

2.1.4. Wall bracket and geometric restrictions due to
manufacturing constraints

Many design alternations fall within this category of
parameters, from geometric restrictions (e.g. minimum radius,
fixed distance between holes) to a design based on a
manufacturing procedure (e.g. demold control, design for
extrusion). In this section, three design examples are
presented based on the fourth design alternative (see Figure
2). The planar symmetry and the distance between the two
holes are the changing parameters. In all the four design
alternatives, a vertical planar symmetry was used. Especially
in the subcases 4-5-1 and 4-5-2 no symmetry and both vertical
and horizontal symmetry were used respectively. Finally, the
distance of the holes was reduced by 20% in the last subcase
(4-5-3), adjusting the placement of the top hole. The subcase
4-5-1 gave the stiffest result by 5.7% compared to the original
design. Both subcases 4-5-1 and 4-5-3 gave less stiff results
by 78.8% and 28.3% respectively (see Figure 7).
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dde
RREE

(4-1-1) (4-5-1) (4-5-2) (4-5-3)

Figure 7. Sensitivity of the optimized results due to manufacturing constraints
with strain energy (mJ) as objective function and same volume fraction
constraint, VF=0.128: 4-1-1) E= 5.61E-07, 4-5-1) E= 5.28E-07, 4-5-2) E=
1.00E-06 and 4-5-3) E=7.19E-07.

2.2. Topology optimization and objective function

The diagrams on Figure 8 show the analytical correlation
between the objective function (strain energy) and the
topology optimization constrain (volume fraction) during the
design cycles. It is reasonable that a change in the design
space could result to a different objective function but even
small changes, such in subcase 4-4-1 (+ 20% of load
magnitude) and 4-5-3 (- 20% change of holes distance), led to
new objective functions and thus, to different local optima.
The local optimum in the wall bracket case study, with the use
of compliance topology optimization, was the design with the
lowest stain energy for the lowest possible volume fraction.
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Figure 8. The optimized results during 15 design cycles of six subcases of the
fourth wall bracket alternative represented by two design responses diagrams
(strain energy in mJ, and volume fraction): 4-4-1) The fourth design
alternative, 4-2-1) + 20% thickness, 4-3-1) Fixed on back side, 4-4-1) +20%
of load, 4-4-3) Load placement on the half top-face and 4-5-3) -20% of holes
distance.

2.3. Wall bracket and design cycles

All the topology optimization simulations were executed
with 15 maximum design cycles. In each of the design cycles,
the algorithm tries to minimize the maximum value of the
given objective function. The objective function in a
compliance topology optimization is the sum of the finite
elements’ strain energy. This is implemented with respect to
constrains, which in the case of compliance optimization is a
volume fraction or a specified volume value. According to
condition-based approach in Abaqus, it is recommended to
use 15-30 design cycles [8]. The following diagrams present
the strain energy results of all the four alternative designs
simulated with 15, 20, 30, 40 and 50 design cycles and the
correlation between the amount of the design cycles and the
execution time. It is difficult to identify the ideal number of
the used design cycles but, as it is shown in the diagram (a) in
Figure 9, there were small changes in strain energy results in
all the four design alternatives of the wall bracket. It seems
that the results had been converged from the beginning using
only 15 design cycles. That is very important because, as it is
presented in the diagram (b) on Figure 9, there is a
proportional correlation between the number of defined
design cycles and the execution time of the topology
optimization algorithm. Thus, the choice of the right number
of the design cycles by the design can lead to a certain time
saving. In addition, the third and fourth design alternatives, as
it is shown in the diagram (a), gave the best and almost
identical results with respect to model’s stiffness. Hence,
there is also convergence in algorithm’s results after a certain
increase of the design space.
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— |
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“te—Wall bracket alternative 2
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Figure 9. a) Design cycles-Strain energy diagram of the four design
alternatives, b) Design cycles-Time diagram of the four design alternatives.
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2.4. Topology optimization and time

The execution time of the implemented simulations varied
from 6.4 to 40.2 minutes. There was a clear correlation
between the given design space, in amount of finite elements,
and the execution time (see Figure 10). In addition, if in this
time are also considered both the design and the post-
processing time of the optimized designs, with the redesign
and validation, it is clear that topology optimization is time
demanding. The parameters that affect the number of finite
elements are the design space, the frozen areas and the mesh
quality with possible mesh-controls in critical regions (e.g.
holes). In other words, a small mistake, a wrong assumption
or a small change of the initial design by the designer can be
interpreted as loss of valuable time.

60.0

R?>=10.959
R =0.979

E 40.0 ®

™ y=0.0003x + 0.3153

£

=200

0.0
0 40000 80000 120000

Number of Finite Elements
Figure 10. Finite elements- time diagram of all topology optimization
simulations of the wall bracket.

3. Conclusion

This paper identified the effect of the topology
optimization results in relation to the designer’s choices in the
pre-processing phase. The design parameters were classified
in four categories based on the different questions that the
designer had to answer in the design phase. What is the size
and the shape of a component? How will it be supported and
connected to the construction? How will it be manufactured?
These are some of the crucial questions that have to be
answered by the designer. Thus, the key limitation of the
topology optimized results are not only the different answers
to these questions but also the questions themselves. In
addition to the different type of supports, the connections and
the manufacturing constrains, other designer’s dilemmas that
can affect the results, are the size of the design space, the
mesh quality and the choice of the frozen areas. All these can
affect the executing time and the results. Moreover, either
under-constrained or over-constrained models can guide to
fail optimized results.

As it was found in the case study of wall bracket, the
optimization algorithm was searching for the closest local
optimum and led to biased results. The initial design together
with the taken by the designer path resulted to different
optimized design solutions. The main reason is that small
changes in the design changed the objective function in the
topology optimization. The four presented parameter clusters
helped the designer to answer crucial questions during the
design phase and frame the design problem. However, there
are often constrains that cannot be used in a software. For

example, in the presented subcases 1-3-2 and 2-3-2 the
topology optimization procedure guided the designer to not
feasible constructions. Therefore, the designer needs to spend
more time in order to modify them.

Finally, it is clear that the path from the topology
optimized and CAD results is broken. It is very important for
the designer to understand that the optimized solutions are not
the best solutions but some suggestions that could be used as a
base in the post-processing phase with redesign and validation
using FEA. Thus, the optimized solutions need to be
interpreted in terms of cost, time and manufacturing
feasibility.

4. Future research

In this paper, the different geometries of the wall bracket
were optimized using a compliance optimization based on the
SIMP interpolation methodology under the name ‘condition-
based approach’ in Abaqus. An alternative option in Abaqus
could be the method of Moving Asymptotes (MMA). This
approach is more demanding, in both time and computational
power, but can increase the chance of identifying the global
optimum. In addition, it could be interesting to compare the
optimized results taken by different topology optimization
approaches, such as the Evolutionary Structural Optimization
(ESO) and the Level Set.

Furthermore, an experimental work could validate and
support the simulation results of this paper.

Finally, topology optimization is a hard and time
demanding procedure, which is also vulnerable to designer
errors and choices. Thus, a further research regarding a more
automatic and effective topology optimization procedure is
needed.
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Appendix A
Table 2. An overview of the optimized results of the wall bracket
Case | Subcas Original and Optimized designs IV (mm?®) DC SE (mJ) VF
1-1-1 13 124E:06 | 0.706
1-12 18 124E06 | 0.704
1-1-3 2475339 26 | 123E-06 | 0.706
o 1-1-4 | fixed 2 holes | 1-1-1 1-12 1-1-3 1-14 1-1-5 34 1.24E-06 | 0.705
z 1-1-5 4 1.24E-06 | 0.705
g 1-2-1 ‘q Y 2948706 13 | 830E-07 | 0.703
2 122 1B 308 e . 1994680 13 | 2.15E-06 | 0.707
E 131 ‘QW ‘q < 2517750 13 | 989E-07 | 0.706
g |32 13-1: fixed backside 1.3-2: fixed 3 holes 2454133 | 13 | 124E06 | 0.706
= 1-4-1 2475339 13 1.78E-06 | 0.706
«
E 1-4-2 1-4-1: + 20% load 1-4-2: - 20% load 14| 79007 | 0.705
1-5-1 AN 14| 124806 | 0.704
) 2475339
1-5-2 1-5-1: no planar symmetry 1-5-2: change of holes’ distance 14 3.56E-06 | 0.704
2141 14 | 8.02E-07 | 0345
2-12 < ( ( § ( 19 | 8.04E-07 | 0344
- 2-13 5231589 28 | 7.95E-07 | 0345
2-14 37 | 7.93B-07 | 0345
2 = s Jne ] S s
Z 2.5 |TxeZloles| 2T | 202 | 24 | 204 | 245 48 | 793607 | 0344
g 2:2-1 ‘ Y 6286389 14 | 8.63E-07 | 0.2890
% 222 2-2-1: +20% thickness 2-2-2: - 20% thickness 4176789 15 8.48E-07 428
E 231 1 X 5274000 15 | 749E-07 | 0343
g 23 2-3-1: fixed backside 2-3-2: fixed 3 holes 5210383 | 15| 6S1E07 | 0347
=
3 | <X 3158 | 3| 51507 | 034
z 2-4-1: +20% load 2-4-2: - 20% load : :
2-5-1 . 231589 14 | 8.00E-07 | 0345
2-5-2 2-5-1: no planar symmetry 2-5-2: change of holes’ distance 15 1.32E-06 0.347
311 15 | 558607 | 0272
312 E Q ( E \ ¢ 20 | 54207 | 0270
313 6794589 28 | 5.16E07 | 0.269
e 314 37 | 525B-07 | 0.269
fixed 2 holes |  3-1-1 -1- -1- -1- 3-1-5
z PR 312 13 ] 314 48 | 4.97E-07 | 0269
£ 32-1 A | K “K 8161989 15 | 5.98E-07 | 0229
2 322 3-2-1: + 20% thickness 3-2-2: - 20% thickness 7189 | 5 | 3207 | 0353
3 331 A DS 6837000 | 15 | 6.08E-07 | 0269
E 3-3-2 3-3-1: fixed backside 3-3-2: fixed 3 holes 6773383 15 5.50E-07 0.269
= 3.4-1 <4 ‘( | ‘Q 15 8.15E-07 | 0270
) 342 6794589 15 | 3.59E-07 | 0270
3 3-4-1: +20% load 3-4-2: - 20% load . .
3-51 < qx 14 | 5.66E07 | 0.269
6794589
3-5-2 3-5-1: no planar symmetry 3-5-2: change of holes’ distance 15 7:43E-07 0.271
411 15 | 5.61E07 | 0.141
o v ® | €[l ¥ b | S | o
413 13631588 30 | 5.09B-07 | 0.142
4-1-4 | fixed 2 holes | 4-1-1 4-12 413 | 414 | 415 40| 4.96E-07 | 0.141
-« 4.15 49 | 471E-07 | 0.41
2 421 [ ¢ 16366389 | 15 | 588E-07 | 0.120
]
g 422 4-2-1: + 20% thickness 4-2-2: - 20% thickness 10896789 | 15 | S.A3E-07 | 0.173
5
e 4341 -‘8 13674000 | 15 | 6.18E-07 | 0.142
< 4-3-2 4-3-1: fixed backside 4-3-2: fixed 3 holes 13610383 15 4.92E-07 0.142
ol
g 4-4-1 J\( 13631589 | 15 | 830E-07 | 0.141
£ 442 ) o 13631589 15 | 347607 | 0.143
2 4-4-1: +20% load (left) ) 4-4-4: different
= 443 4o 0% load 4-4-3£1 lo}ﬁ fplace;nent placement of the | 13631589 15 1.I5E-06 | 0.141
3 4-4-4 (right) on the half top-face load 10213089 15 9.37E-07 0.185
4511 15 | 528607 | 0.143
4.5 451 0 anar 4-5-2: xy and xz- 4-5-3: change of 13631589 15 1.00E-06 | 0.141
453 -5-1:nop planar symmetry holes’ distance 15 | 7.19E-07 | 0.143

symmetry







C3: Tyflopoulos, E., & Steinert, M. (2020a). A comparative study between traditional
topology optimization and lattice optimization for additive manufacturing. Material Design
& Processing Communications, 2(6), e128. http://dx.doi.org//10.1002/mdp2.128.






Received: 27 November 2019 Revised: 10 December 2019 Accepted: 12 December 2019

DOI: 10.1002/mdp2.128

SPECIAL ISSUE ARTICLE WILEY

A comparative study between traditional topology
optimization and lattice optimization for additive
manufacturing

Evangelos Tyflopoulos | Martin Steinert

Department of Mechanical and Industrial
Engineering, NTNU, Trondheim, Norway Abstract
Topology optimization (TO) aids designers to come up with new ideas that
Correspondence

Evangelos Tyflopoulos, Department of
Mechanical and Industrial Engineering,
NTNU, Richard Birkelandsvei 2B, which makes almost impossible their manufacturing by conventional methods.
Trondheim 7034, Norway.

Email: evangelos.tyflopoulos@ntnu.no

would be impossible to be designed without this technology. However, the
optimized results are usually characterized by high geometric complexity,

Additive manufacturing (AM) overcomes this problem and increases the
design flexibility. In addition, lattice structures with their porous infill combine
the design flexibility with good material properties, such as high strength com-
pared with relatively low mass. In this paper, the authors compare designs
derived from traditional TO lattice optimization with respect to their tensile
strength. A case study of a custom cylindrical model is used to support the the-
ory and collect empirical data. The simulation data as well as the implemented
methodology in this work can be used as a guidance for the designers looking
for new lightweight design ideas for AM.

KEYWORDS

additive manufacturing, finite element analysis, lattice optimization, topology optimization

1 | INTRODUCTION

In this paper, a case study of a custom cylindrical model, with four alternative geometries, was developed and used to
compare the derived results from both traditional compliance topology optimization (TO) and lattice optimization with
respect to tensile stress.

On the one hand, compliance TO is the most common case of TO, because of the fact that it is mechanically intui-
tive (work done by the loads) and self-adjoint."* In general, structural TO can combine size, shape, and TO in order to
identify the best solution of a structure minimizing/maximizing an objective function with respect to design con-
straints.> However, the traditional TO does not usually take under consideration fatigue, buckling, or other nonlinear
types of analysis.* In addition, it still has some clear limitations even with the use of additive manufacturing
(AM) construction methods. One important limitation is that the optimized designs change the original shape, unless
the designer uses many constraints that can “freeze” the external shape of the structure. Furthermore, the general TO
problem discretizes the design space in elements with relative densities between 1 (solid) and 0 (void).? This, in its turn,
results to large intermediate relative densities that the traditional algorithms cannot take into advantage. Finally, the

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
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optimized designs can contain overhang structures. These structures need to be redesigned in order to avoid stress con-
centrations and support material in 3D printing.®

On the other hand, lattice structures are of high interest in AM nowadays because of their mechanical properties
and design flexibility.” According to Gibson and Ashby,® lattice structures are repetitive cellular structures that consti-
tute a subcategory of the so-called architectured or hybrid materials. Architectured materials are considered all the
combinations that consist of either two or more materials such as metals, polymers, elastomers, glasses, and ceramics
or one material and void. The different combinations of these materials affect both the physical and mechanical proper-
ties of the architectured materials and thus the end structure.’ Cellular structures, in their turn, according to Gibson
and Ashby,® can be described as assemblies that consist of cells with either solid edges or faces and can be classified in
honeycombs and open/closed-cell foams, which are 2D and 3D structures, respectively. Honeycombs are 2D cellular
designs, such as the most known hexagonal honeycomb, that can be extruded in the third direction. Open-cell and
closed-cell foams are 3D cellular designs where only cell edges and cell faces are shown, respectively. In these three cat-
egories, lattices can also be added. The appearance of lattices is similar to open-cell foams when six or more unit cells
are used in each direction. However, they differ in that they are stretch dominated comparing with the open-cell foams,
which are mainly bending-dominated structures.'®!! In general, nature and mathematics have inspired designers both
in design and product development. In particular, designers mimic different porous structures found in nature and try
to benefit from their lightweight composition and robustness. Some examples of these structures are bones,'* shells,"?
and wood."!

The lattice infill of the structures is mainly constructed by a slicing software before the creation of the g-code, which
is sent to the 3D printer. Alternatively, the lattice infills are generated by parametric equations using a computer alge-
braic system such as Matlab* or can be directly modeled using pattern features in a CAD software.'* Recently, lattice
TO has been developed in order to overcome the aforementioned limitations of the traditional TO by preserving the
original structure’s shape and exploiting the intermediate relative densities using exact optimal densities taken by the
optimization.®

The most crucial part in lattice optimization is the calculation of the macroscopic (effective) material properties of
the structures, on the basis of the representative volume element (RVE), which is used to create the lattice infill. In lit-
erature, there are three different approaches that try to confront this problem; homogenization, continuum modeling,
and member modeling.

Homogenization is considered as the most common approach. This method is based on the micromechanics theory,
which uses scaling laws to calculate the effective (macroscopic) elastic properties of the heterogeneous materials. In
other words, the RVE is used in a finite element analysis (FEA) to predict the effective material properties using peri-
odic boundary conditions. Finally, these material properties can be adapted to the whole lattice structure.®

The continuum modeling approach uses bulk material properties to describe the microscopic material properties of
the structure. This method is independent of the lattice type, size, and contact effects and thus does not take into
account the material anisotropy created by the AM methods."?

Finally, the member modeling invokes the beam theory to represent and describe the microscopic properties and
build them up as properties of the whole cellular structures.’® All these approaches have their advantages and disadvan-
tages, and they need to be experimentally validated. In this paper, the homogenization method will be employed.

2 | METHODS AND RESULTS

A flowchart of the implemented phases in this research paper is illustrated in Figure 1. The design and the numerical
parts were conducted in SolidWorks 2019 and ANSYS R1 software, respectively.

A cylindrical 3D model with four design alternatives was used as a case study in this paper. The different design
alternatives were Geometry 1—Original, Geometry 2—Topology, Geometry 3—Cubic, and Geometry 4—Octahedral
(diamond), as shown in Figure 2C.

The first design alternative (Geometry 1—Original) was designed at SolidWorks and then imported to ANSYS
Workbench for the TOs (see Figure 2A). The initial design was developed in a way that it could be 3D printed and even-
tually tested for tensile/compression in a future experiment. As it is shown on Figure 2B, the model's geometry consists
of five bodies. Bodies 1 and 5 are the areas where the grippers of a tensile test machine can be applied. Bodies 2 and
4 were used as transition from the solid to lattice areas in order to avoid material failures at gripper's area. Finally, body
3 is the design space of the model, which was used for optimization with 50% mass reduction as constraint. A higher
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FIGURE 2 (A) The initial design; (B) the five bodies of the model; (C) the four geometries from left to right: Geometry 1—Original,
Geometry 2—Topology, Geometry 3—Cubic, and Geometry 4—Octahedral; and (D) the used boundary conditions

diameter in this area was chosen in order to increase the design space for the TO algorithm. According to their designs,
the authors expect that the specimens will break in the middle of body 3. A future tensile experiment could validate this
assumption.

The numerical part in this paper consists of three phases: the finite element preliminary analysis of the model
(FEPA), the topology or lattice optimization (TO/LO), and the finite element validation analysis (FEVA). The used
boundary conditions, in all the aforementioned numerical phases, were based on a tensile test. Hence, a fixed constraint
was applied on the one side of the model and a ramped force, F = 50kN, on the other one. The gripper areas were
excluded from the FEA as it is illustrated on Figure 2D. A structural ASTM A36 steel was assigned to the 3D model with
the following properties; E = 200 000 MPa, v = 0.3, p = 7.85 g/cm3, yield strength = 250 MPa, and ultimate
strength = 460 MPa. The second design alternative (Geometry 2—Topology) was topology optimized with the use of
TO with compliance as objective function and 50% mass reduction of the design space as design constraint.

The third and fourth geometries (Geometry 3—Cubic and Geometry 4—Octahedral) are the results of LO with 50%
mass design constraint, consisting of cubic and octahedral lattice cell types, respectively. The conducted LO at ANSYS
is based on the homogenization method presented in the paper of Cheng et al.® Interested readers should refer to that
work for further details. In the first place, the software identifies the optimal lattice density of the design space using
the homogenization approach, as well as the TO theory, with respect to the given objective function and design con-
straints. Subsequently, the designer has to choose both the cell type, the size, and the density limits of the lattice struc-
ture. On the one hand, the lower density limit was used in order to avoid too thin lattices in the structure. On the other
hand, the elements with a density higher than the upper limit are considered as solid structure. Finally, the initial struc-
ture was reconstructed by placing lattice cells with varying densities, and thus varying material properties, inside the
derived lattice density. Especially for the latter two geometries, the variable density of the lattices was chosen between
0.1 and 0.6, and their cell size was defined as equal to 2.5 mm. Furthermore, the surface of body 3 (design space) was
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TABLE 1 The results of the numerical phase

Number of Mass of 3D Models Mass Reduction Compliance, Equivalent
Geometries Nodes/Elements (Body 3/Total), kg (Body 3/Total), % N/mm Plastic Strain
Geometry 1— 2377780/1754292 0.121/0.267 - - 0.0009
Original
Geometry 2— 1185833/867768 0.060/0.206 50.5/22.8 0.036 0.0015
Topology
Geometry 3— 1206319/730011 0.049/0.195 59.8/27.0 0.082 1.4791
Cubic
Geometry 4— 1345770/758734 0.047/0.193 61.3/27.7 0.057 0.0010
Octahedral

excluded from the optimization. The reason for that was to take into account the powder removal from the inside of the
lattice structure, in case that selective laser melting (SLM) would be selected as AM method for the specimens.

At the FEVA, a nonlinear validation analysis was implemented in each of the design alternatives. The nonlinear
and fatigue behavior of the assigned material (structural ASTM A36 steel) is depicted on Figure 3. A mesh control was
applied to their design space (body 3) with 0.5-mm element size, in order to create a proper mesh quality at the lattice
structures. This led to a huge number of elements (see Table 1) and increased dramatically the simulation time. For this
reason, only 10 steps were used to conduct the nonlinear validation analysis. In addition to geometries' compliance
found at the optimization phase, their equivalent plastic strain was calculated here, in order to identify and compare
their nonlinear tensile behavior.

Table 1 shows the mass, mass reduction, compliance, and equivalent plastic strain for each of the four geometries.
The conducted optimizations at ANSYS could reduce the mass of the design space of geometries 2, 3, and 4 by 50.5%,
59.8%, and 61.3%, respectively, and not by 50% as it was chosen as design constraint. This happened because of geomet-
ric differences between the lattice density and the reconstructed lattice geometry by the software’s algorithm. According
to the compliance results of the optimized geometries, the Geometry 2—Topology was the stiffest with compliance
equal to 0.036 N/mm compared with Geometry 3—Cubic and Geometry 4—Octahedral with 0.082 and 0.057, respec-
tively. It seems that the cubic and the octahedral lattice structures are two and three times weaker than the topology-
optimized design.

However, the results of the equivalent plastic strain derived from the validation studies showed something different.
On the basis of these results, the strongest structure was the Geometry 4—Octahedral with the lowest plastic strain
equal to 0.0010, which is at the same level with the equivalent plastic strain of the initial design (Geometry 1—Origi-
nal). The Geometry 2—Topology came at second place with a plastic strain 0.0015 and finally the Geometry 3—Cubic
with the highest plastic strain equal to 1.4791.

3 | CONCLUSIONS

A comparison study of four design alternatives of a cylindrical model, which was used as a case study, was conducted
in this paper. The used geometries were the original, a topology-optimized geometry, and two geometries that contained
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cubic and octahedral (diamond) lattice structure in the middle, generated by LO. The compliance results were different
compared with the equivalent plastic strain found in the validation analysis. This proves that the topology/lattice opti-
mized designs are oriented to the given load cases and analysis types. Thus, the optimized designs cannot be expected
to show the same behavior at the nonlinear area. Hence, there is a clear need for further investigation of the optimized
designs before the final decision. In other words, it is possible to choose an optimized solution that does not have the
lowest compliance, such as the Geometry 3—Octahedral in this paper, but has shown a better nonlinear or fatigue
behavior.

The lattice structures together with the LO can either replace or be integrated in the traditional TO method. Espe-
cially in the case where the structure's layout has to be preserved, the LO may be preferred over the TO. However, an
extensive research has to be carried out in the pursuit of the lattice structure that gives the best design solution for spec-
ified load cases of a structure.

As future work, the execution of experimental validations of the design alternatives was decided by the authors.
Thus, the four geometries will be manufactured with an MLS 3D-printer, and then they will be tested for tension. A
comparison study between the simulation and experimental results could be of high interest. Finally, the porosity of
the 3D-printed specimens could be calculated by a scanning electron microscopy (SEM) analysis. The specimens’ poros-
ity, in its turn, could be used as evaluation criterion for the 3D printing efficiency. Finally, in addition to the tensile test,
fatigue, buckling, or other nonlinear tests could be implemented.
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Abstract: Topology and Parametric Optimization are two of the most implemented material
optimization approaches. However, it is not clear in the literature which optimization procedure, or
possible combination of them, can lead to the best results based on material reduction and
optimization time. In this paper, a quantitative comparison of different topology and parametric
optimization design processes is conducted using three benchmark examples: A Hollow Plate, an
L-Bracket, and a Messerschmitt-Bolkow—Blohm Beam (MBB-Beam). Ten different design processes
that were developed in each case study resulted in 30 simulations in total. The design processes
were clustered in three main design workflows: The Topology Optimization, the Parametric
Optimization, and the Simultaneous Parametric and Topology Optimization. Their results were
compared with respect to mass, stress, and time. The Simultaneous Parametric and Topology
Optimization approach gave the lightest design solutions without compromising their initial
strength but also increased the optimization time. The findings of this paper will help the designers
in the pursuit of lightweight structures and will create the basis for the identification of the ideal
material optimization procedure.

Keywords: topology optimization; parametric optimization; finite element analysis; design

1. Introduction

Two notable categories in Structural Optimization (SO) are the Parametric Optimization (PO)
and Topology Optimization (TO). These optimization approaches have been increasingly applied as
material reduction methods in the industry over the last decades. The gains from these optimization
methods are notable and have thoroughly been presented in the literature [1,2].

On the one hand, PO allows a selective optimization of the model based on the given parameters
and their value range. It can easily guide to global shape and size optimum solutions for linear and
convex problems, but it cannot optimize the topology of the structure [3]. Furthermore, both the
Design of Experiments (DOE) and Sensitivity Analysis (SA) were developed simultaneously with the
PO to support the implementation and the choice of the most crucial parameters in optimization,
respectively [4].

On the other hand, TO reduces the material usage while enhancing both the quality and the
robustness of the structures. In addition, it increases the design flexibility, as well as shortens the
design process and thus the time to market [5]. However, it is a hard and time-demanding procedure,
which can result in complex shapes that are difficult and expensive to be manufactured. For this
reason, TO can be categorized as TO for Additive Manufacturing (AM) and TO for Conventional
Manufacturing Processes (CMP). The traditional TO is mainly oriented to AM. In general, the
topologically optimized design solutions are characterized by their organic shapes. AM enables the
direct use of these shapes and decreases the number of geometric restrictions. However, it is possible
to prefer CMP to AM. In this case, the designer adds the corresponding geometric restrictions due to
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manufacturing constraints, such as design for extrusion or size minimums [6]. The choice between
these two different TO orientations depends on the optimized design, the cost, and the production
time.

A plethora of research papers focused on either development of new approaches or
improvement of the existing optimization methods [7,8]. However, there is limited literature that
compares the aforementioned optimization methods or possible combinations of them with respect
to their results and optimization time [9,10]. The identification of the ideal design process is
challenging. Furthermore, the geometric and boundary uncertainties in a fuzzy design environment
make this decision harder. In this paper, the authors answer critical questions about practical issues
in both TO and PO. Concerning the post-processing of the topology optimized results, it is not clear
if a designer will use them as a starting point of his/her initial designs or if they will constitute the
final designs of a structure. In the second case, AM, with 3D printing, is inevitable as a manufacturing
method while the CMP can mainly be used in the first case. Furthermore, possible combinations
between topology and parametric optimization were explored in the pursuit of the ideal design
process with respect to mass reduction and maximum stress as measuring parameters. In addition to
them, an approximation of the optimization time was calculated. The optimization time encompasses
the used time for the individual phases of TO, PO, Validation (V), and Redesign (R) and was
calculated based on the software’s outputs and the designer’s measurements. Different combinations
of topology and parametric optimization were developed. In particular, ten design processes were
created in this comparative study. The main goal was to identify the ideal methodology based on the
aforementioned parameters. For this reason, three benchmarking examples, a Hollow Plate, an L-
Bracket, and a Messerschmitt-Bolkow-Blohm Beam (MBB-Beam), were used as case studies. The
designer looking for lightweight structures could use the findings of this paper to choose the design
process that fits his/her design case and optimization goals.

This paper is composed as follows: In Section 2, the different, most known types of SO are
presented as well as the theoretical background of the implemented topology optimization method
in this paper. The conducted experimental design process follows in Section 3. Subsequently, in
Section 4, the results of the three case studies are presented and discussed, and finally, the conclusions
and the future research based on the findings in this paper are presented in Sections 5 and 6,
respectively.

2. Types of Structural Optimization

Structural Optimization (SO) is a mathematical optimization of the structure’s material with
respect to given boundary conditions and constraints [11]. Sigmund [12] categorized the different SO
approaches, based on the mathematical form of their objective function, to Gradient-Based Topology
Optimization Techniques (GTO) and Non-Gradient Topology Optimization Techniques (NGTO).

On the one hand, the former category encompasses several approaches, such as the
Homogenization Approach, the Density Approach (SIMP), and the gradient-based forms of the Level
Set Method (LSM), the Evolutionary Structural Optimization (ESO), the Phase-Field Methods, and
the Topological Derivatives. In general, the GTO techniques utilize algorithms that are characterized
by a single-point search and, thus, suffer from multimodal problems. For this reason, NGTO
techniques have also developed [13].

The NGTO techniques are stochastic approaches that were created to overcome the multimodal
optimization problem as well as the derivation complexities created by the GTO, especially in
commercial software tools. These methods allow multiple-point searches and utilize different
evolution strategies such as Genetic Algorithms, Artificial Immune Algorithms, Ant Colonies,
Particle Swarms, Simulated Annealing, Harmony Search, and Differential Evolution Schemes [12].
However, some of these strategies use gradient or gradient-like information in order to improve their
evolutionary search for optimal solutions. A notable example of the latter category is the Covariance
matrix adaptation evolution strategy (CMA-ES) based topology optimization, using a level set
expression to solve multimodal optimal design problems [13]. In this paper, the LSM in ANSYS
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software (Canonsburg, PA, USA) was used to conduct the TO simulations. The theoretical
background of this method is described in Section 2.1.

The SO, as presented by Bendsee and Sigmund [14], consists of three different types of
optimization: Size, shape, and topology. According to Mortazavi and Togan [15], size optimization
refers to the physical size of the members within the structure, such as thickness, while shape
optimization refers to the geometric layout (the boundary of the state equation). There is either
nonparametric (free form) or parametric shape optimization. In the case of nonparametric shape
optimization, the design space consists of the surface nodes (design nodes) of the finite element
model. On each of the design points, a displacement vector is placed. The scalar optimization
displacements along these vectors constitute the implicit parameters in this type of free form
optimization.

On the other hand, the parametric shape optimization is linked to the Computer-aided design
(CAD) geometry of the structure [9]. Finally, TO generates material layout concepts by changing the
number and the configuration of the structure members, i.e., the number of the holes in a structure.
In these three categories, we can add the topography, topometry, and lattice optimization.
Topography optimization is a particular case of shape optimization where the nodes in a structure
can be moved either transverse or to a given direction related to the original points using perturbation
vectors [16]. Topometry optimization is a more general type of size optimization where each element
can be optimized independently [16]. Finally, lattice optimization generates a lattice-optimized
structure within a region of interest by including repeating cellular structures with varying thickness
[17]. Figure 1 illustrates the aforementioned types of SO by presenting an example of a Hollow Plate.

(‘090\0%‘;

S

Shape Optimization

Size Optimization
Topology Optimization

Figure 1. The different Structural Optimization (SO) types of a Hollow Plate.

In this example, the size optimization of the plate could be the optimization of its thickness
or/and its section size (length and height). In the case of nonparametric shape optimization, both the
external shape of the Hollow Plate and the shape of its internal members (in this case, the hole’s
shape) could be optimized. The position of the hole could be considered as parametric shape
optimization. The TO could contain both the external shape of the plate, its internal member shape
(hole), and the creation of new internal members, i.e., new holes for the given design space. In other
words, TO could be considered a combined size and nonparametric shape optimization with the
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acceptance of either creation or removal of internal members of the structure. Regarding the subcases
of topography and topometry optimization, the shape of the front face of the plate and the thickness
of some of its elements could be optimized, respectively. Finally, the introduction and optimization
of lattice structures [17] could be evaluated by using the lattice optimization approach.

A parametrization of a structure’s geometry could allow a PO of it. In the case of a Hollow Plate,
both the length, height, thickness, and position of the hole could be used as parameters in PO. This
type of optimization changes both the size and the shape of the structure but not its topology and can
be considered as a traditional size/shape parametric optimization. Gradient or response surface
algorithms are used in order to solve the parametric optimization problem. The choice and the
amount of the parameters, as well as the range of their acceptable values, can affect the identification
of the optimum design and possibly lead to infeasible design solutions [9]. For example, the
parameters that define the position of the hole should always be in accordance with the upper and
lower limits of the plate’s length and height. In other words, the hole is not allowed to be placed
outside of the given design space. A systematic way for the identification of the input parameters
(factors), their allowable values (levels), dependencies, and trade-offs, as well as their impact on the
parametric optimization results (sensitivity), is mainly known as DOE. Thus, the DOE is a statistical
method that helps the designer to explore, understand, and optimize his/her designs by changing the
range of values of the design parameters in the same set of experiments [18].

2.1. Level Set Method

In this paper, the LSM was chosen for the TO due to its effectiveness and simplicity in the post-
processing [19]. In addition to that, it can be mesh-independent and does not suffer from
checkerboard discontinuities [20]. Osher and Sethian [21] introduced first the mathematical
background of the level set method, which was later used effectively by Wang, Wang [22] and Allaire,
Jouve [19] as an alternative topology optimization technique. The Eulerian shape parametrization of
a structure is represented using a Level Set function, ¢(x) with the following formulation [2,20,22]:

> 0Vx € solid,
©(x){ =0xV € boundary, 1)
< 0Vx €wvoid.

An illustration of this level set function, as well as its design domains, is depicted in Figure 2.

b  c—

Figure 2. The level set function and its domains adapted from Jia, Beom [20].

The topology optimization of the structures is attained by solving the Hamilton—Jacobi equation:

de/dt+V x [Vl =0 2)

where:

t: Pseudo-time
V: Speed function of ¢(x) change

Hence, the optimization problem is formulated as:

minimize: J(u,p) =fa F(u) x H(p) x dQ, 3)
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s.t: a(u,v,p) =L(v, ), @)
:ul ra=uo, Vvelu, ()
V= IQ H((p) x dQ) < Vimax (6)

In terms of energy bilinear form a(u,v,¢), (5), (6), and (7) can be formulated as:

o(u,v,@) = fa Eija x & (u) x ex (v) x H(p) x dQ, 7)
Lv,p)=fopxvxH(p) x dQ+[rtxvxd(p) x Vel xdQ (8)
V(p) = Ja H(p) x dQ )

where:

O(x): Dirichlet function

F(u): Structure volume by means of a continuous auxiliary function
u: Displacement field in the space U
H(x): Heaviside function

v: Volume field of volume V

Eij: Elastic tensor

&ij: Strain tensor

p: Displacement

uo: Prescribed displacement

L(v,9): Linear form of the load
V(¢): Volume of the structure

T: Boundary tractions

Q: Design space

I': Partial design space

I'a: Partial boundary

Here, the Level Set topology optimization of the three presented examples was implemented at
the Workbench ANSYS finite element analysis software.

3. The Experimental Design Process

As already mentioned in Section 1, the aim of the authors was to develop different design
processes based on possible combinations of topology and size/shape parametric optimization. Thus,
ten different design processes were created and executed in an Intel Core 17-7820HQ computer with
32 GB RAM. Three case studies: A Hollow Plate, an L-Bracket, and an MBB-Beam were used to test
the design processes. Hence, 30 simulations were conducted in total. Their results were compared
with respect to mass, optimization time, and stress. An overview of the implemented design
processes is presented in Table 1.

In addition, the authors clustered the design processes to those that can lead to designs that
either can be mainly produced by AM (3D printing) or both by AM and CMP. An illustration of this
categorization is depicted in Figure 3. Each of these processes consists of a maximum of four
optimization levels. Furthermore, the main processes were classified, based on their first optimization
level, in three main design workflows; TO, PO, and simultaneous PO and TO. The goal of these
workflows was the mass reduction of the structures with respect to their yield strength. The first level
optimization can be followed either by a no redesign/redesign or TO procedure at the second level
and possibly, with a new PO round at third and fourth level for a further mass reduction.
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The most implemented design process is the topology optimization with redesign and
parametric shape optimization (TO_R_PO) ,process (3). A representative example of this design
process in the literature is the topology optimization of the leading-edge rib of an airbus A380 [23].
The general idea of the presented methodology in this example is that first, the initial design is
topologically optimized. Then, it was redesigned at the second level, and finally, it was used as input
in a size/shape parametric optimization. This last step contributed to TO with an additional mass
reduction of the structure. Furthermore, the redesign, together with the PO, helped in overcoming
possible stress concentrations at the optimized topology design and made its manufacturing feasible
by the conventional processes. However, it is not clear if this process is the ideal combination of TO
and PO. It seems that relative research work is missing from the literature.

Table 1. The ten implemented design processes, their name, description, and production method.

. Design .. Production
Design Workflow Process Description Method
(1) TO_NR topology oI;:?lcrlr;?a:on with no AM
Topology PN £ ; -
Optimization (2) TO_R topology optimization with redesign ~ AM + CMP
(3) TO_R_PO topology optm'nzatlon w1th rt.ede?lgn AM + CMP
and parametric shape optimization
(4) PO parametric size/shape optimization AM + CMP
(5) PO_TO_NR param.etr.lc S{ze/shf;lpe, and topplogy AM
optimization with no redesign
Parametric parametric size/shape, and topology
Optimization (6)PO_TOR optimization with redesign AM+ CMP
@ parametric size/shape, topology
PO TO R PO optimization with redesign, and AM + CMP
- T - parametric shape optimization
simultaneous parametric size/shape
(8) PO+TO_NR  and topology optimization with no AM
redesign
Simultaneous simultaneous parametric size/shape
Parametric and (9) PO+TO_R and topology optimization with AM + CMP
Topology redesign
Optimization simultaneous parametric size/shape
(10) and topology optimization with
AM + CMP
PO+TO_R_PO redesign, and parametric shape vC

optimization

TO: Topology Optimization; PO: Parametric Optimization; R: Redesign; NR: No Redesign; AM:

Additive Manufacturing; CMP: Conventional Manufacturing Processes.
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[X> TO: Topology Optimization
4 PO: Parametric Optimization
2> PO+TO: Simultaneous PO and TO
1> R:Redesign
Ut NR:No redesign
W V: Validation

[ 3D Printing

& c ional Manufacturing Processes (CMP)

Initial Design

Level 1

Level 4

Figure 3. The ten design processes and their categorization based on the design workflow as well as
the production method.

For the scope of this research, both the CAD, the Finite Element Analysis (FEA), as well as the
topology and parametric optimizations, were conducted in ANSYS software. Concerning the TO, the
LSM was used in ANSYS Mechanical. Furthermore, the PO was implemented in ANSYS
DesignXplorer and was divided into six steps: Step 1. Definition of factors and responses, Step 2.
Selection of design exploration method, Step 3. Selection of DOE method, Step 4. Creation of a
response surface, Step 5. Sensitivity analysis of the results, and Step 6. Design optimization. The
implemented process is depicted in Figure 4.

Step 2:

Step 1: : | . Step 5:
i Selection of Step 3: Step 4: Creation i vt
Definition of - 4 | Sensitivity Step 6: Design
design | Selection of DOE of a response ; et

factors and » exploration - e GiEEeE - analysis of the » optimization
Tesponses v ‘ | results

| ‘ \ |

X - 4

Figure 4. The experimental design process in ANSYS software.

In the first step, the designer has to parameterize the design and decide all the possible factors
(inputs) and responses (outputs) that will be used in the optimization process. On the one hand, as
factors in a PO of a structure could be used, its length and thickness. On the other hand, some
common responses are the mass, weight, and the volume of a structure, as well as its maximum stress,
deflection, and displacement. All three presented structures here share the same goals, which are the
minimization of their mass and maximum stress.

The second step is about the selection of the solution of the parametric optimization problem. In
this paper, the Response Surface Methodology (RSM) was applied. The RSM was firstly developed
by Box and Wilson [24] to leverage the data from DOE. It is a collection of mathematical and statistical
techniques that are used to optimize simultaneously different variables of an objective function and
represent their dependencies graphically [18]. The term response surface is derived from the
appearance of a second-order model’s plot. A common RSM is usually based on the method of
steepest ascent. For example, a first-order and a second-order regression model of two factors (k =2)
can be formulated by the following polynomials [25]:

f(x) = Po+ Prxi+ Pax2+ g(x) (10)
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f(x) = Po+ Prxi+ Paxa+ Prixi2+ Poax2? + Pr2xt x2+ €(x) (11)
where:
f(x): Response of the model
X1, X2: First-order terms
x12, x22  Second-order terms
Bi: Regression coefficients
g(x): Model error

The response surface plots for the two models are illustrated in Figure 5.

YA

(b)

Figure 5. Examples of response surface plots: (a) Response surface plot of a first-order regression
model, and (b) response surface plot of a second-order regression model.

There are many different methods of DOE that have been developed to fit response surfaces.
Some of the most known DOE methods are the Full factorial, the Fractional factorial, the Box-
Behnken, the Plackett-Burman, the Latin Hypercube Sampling (LHS), the Central composite, and the
Taguchi designs [18]. The selected DOE method in this paper is the LHS. The LHS is a statistical
method that is used to generate random samples based on the given factors [26]. This method was
preferred due to its data accuracy, efficiency, and flexibility in the presence of a large number of
parameters [26]. As was presented by McKay, Beckman [27], at the LHS, the sample values are placed
in a square grid, also known under the name Latin square. Unlike random sampling, the researcher
using LHS needs to decide on the number and the placement of the sample points inside the square.
If an experimental design consists of p design points and k number of factors (random variables), its
sampling space is a p x k matrix. Each column of this matrix represents a variable, and each row a
sample. An example of an LHS with two factors, nine design points, and nine levels in each factor is
depicted in Figure 6. One challenge of the LHS is to place the chosen design points evenly within the
design space in order to cover as much space as possible.

Y

X2

T

Figure 6. An example of a Latin Hypercube Sampling (LHS) with two factors and both nine design

X1

points and factor levels.
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The next step is about the creation of a response surface for prediction purposes, based on the
results from the DOE. The Polynomial, the Kriging, the Support Vector, the Feedforward neural
network, and the Sparse Grid are some of the methods that can be used for the regression analysis.
In this research, the Kriging method was applied. Kriging is a Gaussian regression process that is
dependent on all raw data and fits automatically through all the existing points [28]. A general form
of the Kriging model is the following:

y(x) = f(x) + Z(x) +e(x) 12)

The Z(x) is the Gaussian process and the term that differentiates the Kriging method from the
polynomial regression model. Thus, the Kriging model interpolates the sampled design points and
quantifies their interpolation errors.

In the fifth step, the designer can conduct a sensitivity analysis of the results. A sensitivity
analysis is the calculation of the objective function uncertainties in possible factors fluctuations. This
analysis can be used as a diagnostic tool by the designer and can help him/her to identify and screen
the most crucial parameters among them. These parameters, in their turn, can be used as a new focus
in the PO of the structure [29]. An example of a sensitivity analysis diagram is shown in Figure 7.
This diagram presents the norm of the partial derivatives of the chosen objective, in this case, the

mass, with respect to the selected variables, herein: Length, radius, height, and thickness.
100
90
80

o Length
Radius
Height

70 Thickness

60
50
40
30
20
10

0

Local Sensitivity (%)

-10
-20
30
-40
-50
Mass (kg)

Figure 7. An example of a sensitivity analysis diagram.

Finally, the created prediction models can be used for design optimization. At this point, Pareto
fronts can be developed for multi-objective optimization of the structures. In Pareto optimality, the
plot (surface) of the objective functions, whose non-dominated vectors compose the Pareto optimal
set, is called Pareto front [30]. Pareto fronts help the designer identify useful trade-offs and potential
solutions among the used objective functions in PO. The most used algorithms in solving multi-
objective optimization problems are Screening, Genetic, Nonlinear Programming, and Adaptive
Optimization. The Multi-Objective Genetic Algorithm (MOGA), as was presented by Murata and
Ishibuchi [31], was used to optimize the three structures in this paper. The mass and the maximum
stress of the structures were used as an objective function and constraint, respectively in the creation
of the Pareto fronts.

4. Results

As it has been already mentioned in Section 1, a Hollow Plate, an L-Bracket, and an MBB-Beam
were used as case studies in this research. The presented procedure here is based on the Hollow Plate
example. Identical procedures were used for the other two models. Finally, the results of all three
cases are presented and discussed.
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4.1. Hollow Plate

The Hollow Plate was designed at the DesignModeler, ANSYS software. The initial design of
the model, as well as its boundary conditions, are depicted in Figure 8. Concerning the FEA of the
component, the plate is fixed on its left side, and a vertical force F = 2000 N is applied to a specific
area (denoted with force area (FA)) on the top of the plate. The model was discretized with 1 mm
tetrahedrons. In addition, mesh control was used around the hole area. A structural ASTM (American
Society for Testing and Materials) A36 steel was assigned to the 3D-model with the following
properties: E = 200,000 MPa, v = 0.3, o = 7.85 g/cm?, yield strength of 250 MPa, and ultimate strength
of 460 MPa. The initial mass of the Hollow Plate was 1103.5 g. The design parameters (factors) and
their allowable value range that were used in the size/shape parametric optimizations are presented
in Table 2.

32197 Max.
2508

[ Design Region: Topology

7ams Bl
wclusion Region
S L 9

0.0006373 Min

@ (b) (©)

Figure 8. (a) The original design of the Hollow Plate, as well as the finite element model, (b) the Finite
Element Analysis (FEA) of the Hollow Plate (omax = 33.2 MPa), and c) the design space for the
Topology Optimization (TO).

The optimization procedure was presented in Figure 3 and consisted of three main design
workflows: Topology Optimization (TO), Parametric Optimization (PO), and Simultaneous PO and
TO.

4.1.1. Topology Optimization of a Hollow Plate

This is the most common design workflow. The general idea is to identify an optimized layout
through TO and then use it as a design base for further optimization with a size optimization. Firstly,
the initial design of the Hollow Plate was topologically optimized using the LSM. The objective
function of the optimization was the compliance of the structure, and the response constraint the
minimization of its mass in a percentage. The area where the boundary conditions were applied, as
well as the plate’s hole, were excluded from the optimization region (frozen area). The maximum
identified mass reduction of the Hollow Plate, for a factor of safety (FOS) equal with two, was 59.82%.
The optimized design was either validated as it is, redesigned and validated, or further optimized
with a PO. The conducted design processes here are the (1) topology optimization with no redesign
(TO_NR), (2) topology optimization with redesign (TO_R), and (3) topology optimization with
redesign and parametric shape optimization (TO_R_PO). The authors used the following rule
concerning the maximum of the von Mises stress, omax< 125 MPa, which corresponds to a FOS > 2
(Von Mises factor of safety). Many iterations were applied to processes (1) and (2), from the TO to the
validation study, etc., in order to stick to this stress rule. Concerning the size optimization in process
(3), the LHS was applied as the DOE method with 50 samples. The Kriging method and the MOGA
were used for the creation of the response surface and the Pareto fronts, respectively. The final
designs of the aforementioned processes are depicted in Figure 9.
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)

Figure 9. The three design processes in the TO workflow: (1) Topology optimization with no redesign
(TO_NR), (2) topology optimization with redesign (TO_R), and (3) topology optimization with
redesign and parametric shape optimization (TO_R_PO).

Concerning process (3), the design taken from process (2) was parametrized. At this level, a
parametric shape optimization was conducted using small changes in the chosen factors (thicknesses
and radiuses) with the procedure described in Section 4.1.2.

4.1.2. Parametric Optimization of a Hollow Plate

At this design workflow, a PO of the Hollow Plate was conducted at the first level before the
TO, which now was implemented at the second level. In other words, a size/shape PO was carried
out before the procedure presented in Section 4.1.1. The intention was to decrease the design space
for the TO. The processes presented here are (4) parametric size/shape optimization (PO), (5)
parametric size/shape, and topology optimization with no redesign (PO_TO_NR), (6) parametric
size/shape, and topology optimization with redesign (PO_TO_R), and (7) parametric size/shape,
topology optimization with redesign, and parametric shape optimization (PO_TO_R_PO).

Concerning the size/shape parametric optimization in process (4), the same procedure was
followed as process (3), but in this case, 100 samples were used in order to increase the prediction
accuracy of the statistical model. The following rules had to be followed during the selection of the
factors and their range in this process:

L>2xr, (13)
L>FA, (14)
r<ll<L-r, (15)
H>2xr, (16)
andr<hl<H-r 17)

The equality sign in these inequality constraints was overlooked. In this way, we could avoid
infeasible design solutions that change the model’s topology, as shown in Figure 10.

(®) © @ (e)

Figure 10. Unfeasible design solutions: (a) L<2x1,b) L<FA,c)r>I11>L-r,d)H<2xr,ande)r>hl
>H-r.

(a)
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For this reason, three new percentage parameters were defined: The allowable range for the hole
at the horizontal direction, the allowable range for the hole at the vertical direction, and the allowable
range for the force placement denoted with hole horizontal position (hhp), hole vertical position
(hvp), and force position (fcp), respectively. The values of these parameters were ranged from 10%
to 90% with a value increment (step) equal to 10. Hence, the 11, hl, and FA are now dependent
parameters and were calculated by the following formulas:

I1=r+hhpx(L-2x1), (18)
hl=r+hvpx (H-2xr), (19)
and d1 = fcp x (L - FA) (20)

An overview of all the used design parameters in the case of the Hollow Plate is presented in Table
2.

Table 2. The used design parameters (factors) in the optimization of the hollow plate, their
description, initial value, allowable range, and value increment (step) in parentheses.

Initial value

Symbol Description (mm) Range (step) (mm)
L Length 100 50-150 (5)
H Height 50 40-60 (5)

t thickness 30 10-50 (5)
r hole radius 10 5-15 (5)
hhp allowable range f(fr th.e hole at horizontal 50 10%-90% (5)
direction
. . dependent
11 horizontal distance of the hole 50
parameter
hvp allowable range .for t.he hole at vertical 50 10%-90% (10)
direction
. . dependent
h1 vertical distance of the hole 25
parameter
FA Force Area 30 20-40 (5)
fcp allowable range for the force placement 90 10%-90% (10)
d1 force placement 63 dependent
parameter

In addition, a sensitivity analysis was carried out in order to identify the factors that had the
most significant influence on the output parameters (see Figure 11). The length and thickness are the
factors with the most substantial impact at Hollow Plate’s mass reduction. On the other hand, the
parameters that affected the stress most were the thickness and the hole radius.

Furthermore, many iterations were carried out at processes (5) and (6), creating a manual loop
between the TO and the validation study. The maximum identified mass reduction was 34.7%, and
it could be achieved at the second optimization level with the TO. Finally, a new round of parametric
size optimization was held at process (6). The final designs of the processes in this workflow are
illustrated in Figure 12.
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Figure 11. (a) Sensitivity analysis of the Hollow Plate, (b) response surface plot presented the impact
of the thickness and length to the mass, and (c) response surface plot showed the effect of the thickness
and the radius to the maximum equivalent stress.

(&)

Figure 12. The four design processes in the PO workflow: (4) parametric size/shape optimization (PO),
(5) parametric size/shape, and topology optimization with no redesign (PO_TO_NR), (6) parametric
size/shape, and topology optimization with redesign (PO_TO_R), and (7) parametric size/shape,
topology optimization with redesign, and parametric shape optimization (PO_TO_R_PO).

4.1.3. Simultaneous Parametric and Topology Optimization of a Hollow Plate

At this design workflow, an automatic loop was created where a simultaneous PO and TO of
the Hollow Plate was executed. The taken design space from each iteration was further used, at the
same optimization level, as the topology region of the TO. The processes described in this workflow
are (8) simultaneous parametric size/shape and topology optimization with no redesign
(PO+TO_NR), (9) simultaneous parametric size/shape and topology optimization with redesign
(PO+TO_R), and (10) simultaneous parametric size/shape and topology optimization with redesign,
and parametric shape optimization PO+TO_R_PO. The same factors, as well as their rules, from the
process (4), were also applied in the process (8). In addition, the percentage of mass reduction in TO
was used as a new factor in a range from 10 to 90 with a value increment (step) equal to 10. The
optimized value of this factor was 70%. The results were evaluated according to the structure’s
compliance, mass, and maximum stress and always with respect to the aforementioned stress rule. A
redesign based on the result of process (8) was conducted in process (9). Finally, a parametrization of
the geometry and a new round of a size optimization was implemented in process (10). Figure 13
illustrates the design solutions of the processes in this workflow.

(©

PN
L
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®) ©) (10)

Figure 13. The optimized design by the PO within the simultaneous PO and TO workflow, as well as
its design results: (8) simultaneous parametric size/shape and topology optimization with no redesign
(PO+TO_NR), (9) simultaneous parametric size/shape and topology optimization with redesign
(PO+TO_R), and (10) simultaneous parametric size/shape and topology optimization with redesign,
and parametric shape optimization PO+TO_R_PO.

An overview of the results from all the implemented design processes in the Hollow Plate case
study is presented in Table 3.

Table 3. The results of all design processes of the Hollow Plate optimization.

Parameter Initial (1) (2) (3) 4) (5) (6) (7) (8) 9) (10)
Mass (g) 1,103.5 450.7 4481 2859 1015 66.6 656 555 450 398 347
Max Stress
(MPa)
Optimization
time (min)

347 1201 602 1094 557 948 1065 1154 752 1154 1146

55 201 704 759 769 868 1247 2755 2855 3234

It can be observed that the mass of the structure is decreasing as we are following the processes
from (1) to (10), while the optimization time is increasing. On the other hand, there is not a clear
pattern in the maximum stress results. However, they are always stuck to the given stress rule (omax
<125 MPa).

4.2. L-Bracket

The second case study in this paper is a simple L-Bracket, as shown in Figure 14. The
optimization procedure of the L-Bracket is identical to the Hollow Plate’s case. The same material,
mesh type, and element size were also used here. Concerning the boundary conditions, the L-Bracket
is fixed on the top, and a vertical force F = 250 N is applied on its right side. The used factors in the
size/shape parametric optimizations, as well as their allowable value range, are presented in Table 4.
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Figure 14. (a) The initial design of the L-Bracket, as well as the finite element model, (b) the FEA of
the L-Bracket (0max = 19.7 MPa), and (c) the design space for the TO.

In addition, the following geometrical rule was defined here:

O<r<(I1-t1+12-1t2)/2 (21)

Table 4. The used design parameters (factors) in the optimization of the L-Bracket, their description,
initial value, allowable range, and value increment (step) in parentheses.

Symbol Description Initial value (mm) Range (step) (mm)
t1 thickness 1 20 10-30 (5)
11 length 1 100 50-150 (5)
2 thickness 2 20 10-30 (5)
12 length 2 100 50-150 (5)
w width 30 10-50 (5)
T Radius of fillet 5 1-19 (1)

Figure 15 illustrates the design solutions from all the implemented design processes presented
in a 3 x 4 matrix. The lines represent the three workflows and the columns the optimization levels. In
this way, the reader can easily track the design processes and their solutions. For example, the
element 2,2 of the matrix is the design solution that resulted by the PO_TO_NR design process. In
addition, the element 1,1 is the initial design of the L-Bracket. Finally, the element 3,1 is the optimized
design by the PO within the simultaneous PO and TO workflow.

Table 5 contains the results of the mass, maximum stress, and optimization time in the ten
applied design processes. It seems, also in this case, that the mass is decreasing while the optimization
time is increasing as we are going from design process (1) to (10).

Table 5. The results of all design processes of the L-Bracket optimization.

Parameter Initial (D) (2) 3) 4) (5) (6) (7) (8) 9) (10)

Mass (g) 8491 3446 3434 3185 711 651 639 559 288 271 232
Max Stress 197 1010 1154 1064 959 121.0 963 1140 843 81.8 1056
(MPa)

Optimization

. . 74 171 633 674 68 73 106.7 374.6 379.6 413.2
time (min)
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®

Figure 15. The design solutions of the L-Bracket.

4.3. MBB-Beam

The results of the third and last case study of an MBB-Beam are presented. The same procedure
was also followed in this case. The same material and mesh properties were applied. The MBB-Beam
is supported with a fixed and roller support, as shown in Figure 16. Furthermore, two forces, F1 =100
N and F2=100 N, are applied to the top of the beam.

I

4

a0

|

[ Design Region: Topology
u:ﬁ:pmzm,. [ Exclusion Region

(a) (b) (c)

Figure 16. (a) The initial design of the Messerschmitt-Bolkow—Blohm Beam( MBB-Beam), as well as
the finite element model, (b) the FEA of the MBB-Beam (0max = 32.9 MPa), and (c) the design space for
the TO.
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The following two parameters were used to define the placement of F1 and F, respectively:
di=fcp1xL/2, (22)

and da2=L/2 + fcpa x L2 (23)

where fcpi and fcp: represent the allowable range for the Fi and F2 placement in percentage. The
allowable range of the used factors respected the following geometric rules:

L>di+de, (24)
di<L/2, (25)
and d2<L/2 (26)

The chosen factors, as well as their value range and value increment (step), are shown in Table 6.

Table 6. The used design parameters (factors) in the optimization of the MBB-Beam, their description,
initial value, allowable range, and value increment (step) in parentheses.

Symbol Description Initial value (mm) Range (mm)
L Length 100 50-150 (5)
H Height 30 10-50 (5)
t thickness 20 10-30 (5)
fepl allowable range for the placement of F1 60 10%-90% (10)
fep2 allowable range for the placement of F1 40 10%-90% (10)
di1 placement of F1 30 dependent parameter
d2 placement of F2 70 dependent parameter

Figure 17 illustrates the design solutions from all the implemented design processes also
presented here in a 3 x 4 matrix. The element 1,1 is the initial design of the MBB-Beam. Finally, the
element 3,1 is the optimized design by the PO within the simultaneous PO and TO workflow. In

addition, the mass, maximum stress, and optimization time of all the solutions are presented in Table
7.

TO NR

©9)

Figure 17. The design results of the MBB-Beam.
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Moreover, in this case, there is a gradual mass reduction of the structure from processes (1) to
(10), while the optimization time is increasing.

Table 7. The results of all design processes of the MBB-Beam optimization.

Parameter Initial (D) (2) B @ (5) (6) (7) (8) ) (10)

Mass (g) 471 1139 1136 528 393 149 147 106 99 89 42
Max Stress 329 653 262 276 856 1031 1014 1103 1002 616 92.0
(MPa)

Optimization 31 229 649 656 663 813 1141 1671 1821 2149
time (min)

4.4. Comparison of the Three Applied Design Workflows

In this section, differences and similarities of the results in the three implemented design
workflows will be identified. It is important to recap that when we mention here TO, PO, and
simultaneous PO and TO design workflows, we are referring to the workflows as they were
presented in Figure 3. All these workflows were a combination of topology and size/shape
optimization. However, they differ in the execution order of their optimization levels. As it was
presented in Section 1, the TO workflow began with a TO of the structure and could be either ended
with a validation study, at the second level or be continued with a further PO on the third level. On
the contrary, the PO workflow began with a PO and could be followed up with a TO and a second
PO. Finally, the third design workflow was simultaneous parametric and topology optimization. In
addition, all the applied design processes in these workflows were clustered into the processes with
or without redesign at the post-processing. In this way, the CMP could be added as an alternative to
AM. Thus, ten different design processes that were committed in each case study made them 30
simulations in total.

The results of all the implemented simulations are summarized in Table 8. It is observed that
there is a gradual mass reduction of the three structures from the first to the tenth design process,
while the optimization time is increasing. Comparing the three design workflows, the simultaneous
PO and TO, at design process (10), resulted in the most lightweight structures. The mass reduction
here of the Hollow Plate, L-Bracket, and MBB-Beam were 96.9%, 97.3%, and 99.1%, respectively. In
addition, the highest mass reduction in the PO workflow could be achieved at process (7) with 95%,
93.4%, and 97.7% mass saving in the three cases. Finally, the dominant process in the TO workflow
was process (3) with 74.1%, 62.5%, and 88.8% mass reduction.

Table 8. An overview of the simulations’ results in the three case studies.

. . Mass Mass Mass Max .
Design Design . . . Time
Workflow  Process Mass  reduction reduction Reduction Stress (min)
(g) (%) Rate (g/min) (MPa)
Hollow Plate
Initial 1,103.5

1 450.7 652.8 59.2% 118.7 120.1 5.5

TO 2 448.1 655.4 59.4% 32.6 60.2 20.1

3 285.9 817.6 74.1% 11.6 109.4 70.4

4 101.5 1,002 90.8% 13.2 55.7 75.9

PO 5 66.6 1,036.9 94.0% 13.5 94.8 76.9

6 65.6 1,037.9 94.1% 12.0 106.5 86.8
7 55.5 1,048 95.0% 8.4 1154 124.7
8 45 1,058.5 95.9% 3.8 75.2 275.5
PO+TO 9 39.8 1,063.7 96.4% 3.7 115.4 285.5
10 34.7 1,068.8 96.9% 3.3 114.6 323.4
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Table 8. Cont.

L-Bracket
Initial 849.1
1 344.6 504.5 59.4% 68.2 101 7.4
TO 2 3434 505.7 59.6% 29.6 115.4 17.1
3 318.5 530.6 62.5% 8.4 106.4 63.3
4 71.1 778 91.6% 11.5 95.9 67.4
PO 5 65.1 784 92.3% 11.5 121 68
6 63.9 785.2 92.5% 10.8 96.3 73
7 55.9 793.2 93.4% 7.4 114 106.7
8 28.8 820.3 96.6% 2.2 84.3 374.6
PO+TO 9 27.1 822 96.8% 2.2 81.8 379.6
10 23.2 825.9 97.3% 2.0 105.6 413.2
MBB-Beam
Initial 471
1 113.9 357.1 75.8% 115.2 65.3 3.1
TO 2 113.6 357.4 75.9% 15.6 26.2 22.9
3 52.8 418.2 88.8% 6.4 27.6 64.9
4 39.3 431.7 91.7% 6.6 85.6 65.6
PO 5 14.9 456.1 96.8% 6.9 103.1 66.3
6 14.7 456.3 96.9% 5.6 101.4 81.3
7 10.6 460.4 97.7% 4.0 110.3 114.1
8 9.9 461.1 97.9% 2.8 100.2 167.1
PO+TO 9 8.9 462.1 98.1% 25 61.6 182.1
10 42 466.8 99.1% 2.2 92 214.9

The results of mass, maximum stress, and optimization time are categorized into the three design
workflows and are depicted in Figure 18. It seems that the mass of the design solutions in the TO
workflow is not converged from design process (1) to (3). On the other hand, the PO and the
simultaneous PO and TO workflows have almost been converged. Thus, using these two design
workflows, a high mass reduction can be attained even with one design process, such as processes
(4) and (8). On the other hand, any interesting correlation among the stress results cannot be
identified. It appears that they are dependent on the specific model in each design process. However,
they are always stuck to the given stress rule (omax< 125 MPa). Of course, one could claim that since
the TO has been performed for stiffness, the stress comparison is not legitimate. However,
compliance minimization is expected to result in an iso-stressed optimized boundary; thus, in
general, reducing stress concentrations. Since stress-based optimization is far more complicated than
compliance minimization, the authors preferred to use the latter in this work.

Finally, the optimization time is increasing dramatically from the first to the last design
workflow. Hence, a regression analysis was conducted in order to identify a correlation between
mass reduction and time. The interval plot, depicted in Figure 18 (d), shows the means and the
confidence intervals (CI) of the mass reduction in each design workflow for all case studies together.
As it has already been mentioned, the TO workflow resulted in the smallest mass reduction while the
simultaneous PO and TO led to the most lightweight structures. The PO design workflow was placed
second with little difference compared to the simultaneous one. In addition, Table 9 contains all the
essential statistics in each workflow.
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Figure 18. Presentation of the results clustered in the TO, PO, and PO+TO workflows: (a) Mass, (b)
maximum stress, (c) optimization time, and (d) interval plot for the three case studies.

Table 9. The essential statistics of the workflows.

Design Workflow N Mean StDev 95% CI

TO 9 533.3 152.8 (376.7-689.8)

PO 12 755.8 248.6 (620.2-891.4)

PO+TO 9 783.2 261.7 (626.7-939.8)

The regression equations in each of the three workflows are the following:

TO: Mass Reduction =447.7 + 1.82 x time, (27)
PO: Mass Reduction = 603.1 + 1.82 x time, (28)
and PO+TO: Mass Reduction =254.0 + 1.82 x time (29)

Furthermore, the mass reduction rate in the three workflows is shown in Figure 19. The total
mass reduction in the simultaneous PO and TO was the highest; however, concerning the time
effectiveness was the worst. The TO design workflow could result in rapid material savings for the
structures. Thus, the designers looking for a quick mass reduction should go with the TO. In the case
that there is a need for a further mass reduction, they can continue with the PO. When the mass
reduction is of high importance, regardless of the optimization time, the simultaneous PO and TO
workflow is the best choice.
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Figure 19. (a) The mass reduction in TO, PO, and PO+TO workflows, and (b) an illustration of the
mass reduction in the three workflows vs. the size and design complexity, as well as typical examples
in each workflow.

Concerning the choice between AM and CMP, it seems that the TO mostly concerns the AM.
However, a redesign procedure in the post-processing of the topologically optimized designs can
allow their manufacturing from the CMP. In particular, processes (1), (5), and (8) constitute the
processes without redesign, and thus, they mainly concern AM. On the other hand, redesign
processes (2), (3), (6), (7), (9), and (10) can be time demanding but can decrease the maximum stress
of the structures and make possible their manufacturing using conventional methods. Finally, a
size/shape PO allows the designer to skip the TO level and create more traditional design solutions.

In other words, for large complex structures, such as buildings [32] and airplanes [33], the first
design workflow (TO) can be reasonable where the mass reduction rate is high. On the other hand,
the second design workflow (PO) could be chosen either for parts of structures or components. The
bicycle crank arm [34] and the ski binding [5] are two typical examples. Finally, the best choice for
either small or customized components with small mass tolerances, such as human implants [35],
could be the simultaneous PO and TO workflow. An illustration of these examples is depicted in
Figure 19b.

5. Conclusions

In this paper, a comparative study was conducted among ten design processes concerning TO
and size/shape PO or possible combinations of them with a focus on mass reduction, optimization
time, and maximum stress. In particular, three different case studies were used: A Hollow Plate, L-
Bracket, and an MBB-Beam to apply the different processes presented here and compare their results.
Three main design workflows were tested. In the first workflow, a TO of the structures was carried
out at the first level, together with a possible redesign of the design solution, and a size PO at the
second level. The second workflow was started with a size/shape PO at the first level, followed by a
TO at the second one, and finished with a size PO at the third level. Finally, the third workflow
constituted a simultaneous size/shape PO and TO of the structures at the first level, and a further size
PO of the design result at the second. Furthermore, validation studies were executed for each of these
processes concerning a FOS > 2. The results from all the case studies showed that following the
processes from left to right, as they were presented in Figure 3, there is a continuous mass reduction
of the structures while the process duration increased dramatically.

There is no clear answer to the question about what the best process was. This depends on the
designer’s criteria. If the most crucial criterion is the mass reduction, regardless of the optimization
time, the simultaneous size/shape PO and TO workflow (processes 8-10) gave the best results. On
the other hand, if time is essential, the TO process gave the quickest design solutions. Concerning the
maximum stress, it is not clear which process was better, and it is something that depends on the
tested structure. Hence, the above conclusions are case dependent in a sense that starting from
another initiation, the TO will result in a different local minimum of different performance. In this
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work, the authors just consider the standard ANSYS implementation, which consists in starting with
a full design domain initialization (no other alternative is provided), thus no trial and error were
possible. However, the above conclusions are, in general, expected to apply true for the majority of
test cases.

There is a plethora of possible combinations between SO and PO. It is the designer who should
choose the process that fits best with the specific design problem that he/she tries to confront. The
parametrization of the structures’ geometry and the choice of the factors in a PO is challenging and
time demanding. The SA, together with the RSM, contributed to the identification of the most crucial
design parameters. This reduced the optimization parameters and, thus, the optimization time.
Furthermore, TO may lead to complex geometries that cannot be manufactured with conventional
methods, or they are limited to the capabilities of 3D printing. Even though the redesign is a
subjective, time-consuming procedure, and always dependent on the designer, it can increase the
manufacturability of the topologically optimized design solutions. Finally, it can be concluded that
both PO and TO have their advantages and disadvantages, but it is clear that their results are based
on the designer choices before and after each optimization phase.

6. Future research

Experimental validation of these design solutions could be of high interest where the simulation
data would be compared to the corresponding data taken from the experiments. The creation of new
processes that could either integrate or combine existing optimization methods could expand the
designer’s options and create a more general overview of the optimization possibilities. For example,
the integration of lattice optimization in the procedure presented here could be interesting. The lattice
optimization of the layout taken by either a parametric or nonparametric shape optimization could
be compared to a lattice optimization of the original design space. Furthermore, automation of the
optimization process, by decreasing the designer’s input, could reduce the optimization time. A
CAD-less TO seems to be a utopia but also a solution to the optimization problem. Finally, the
improvement of the design methods for AM could increase the design flexibility but also decrease
the design cycle and, thus, the manufacturing time.
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Abstract: The weight optimization of a structure can be conducted by using fewer and downsized
components, applying lighter materials in production, and removing unwanted material. Topology
optimization (TO) is one of the most implemented material removal processes. In addition, when
it is oriented towards additive manufacturing (AM), it increases design flexibility. The traditional
optimization approach is the compliance optimization, where the material layout of a structure
is optimized by minimizing its overall compliance. However, TO, in its current state of the art,
is mainly used for design inspiration and not for manufacturing due to design complexities and
lack of accuracy of its design solutions. The authors, in this research paper, explore the benefits
and the limitations of the TO using as a case study the housings of a front and a rear brake caliper.
The calipers were optimized for weight reduction by implementing the aforementioned optimization
procedure. Their housings were topologically optimized, partially redesigned, prepared for 3D
printing, validated, and 3D printed in titanium using selective laser melting (SLM). The weight of the
optimized calipers reduced by 41.6% compared to commercial calipers. Designers interested in either
TO or in automotive engineering can exploit the findings in this paper.

Keywords: topology optimization; additive manufacturing; brake caliper

1. Introduction

The reduction of car weight is a topic of high importance in the automotive industry.
A lighter car has an increased acceleration, and thus an improved performance. Moreover,
this weight reduction reduces material cost, improves fuel efficiency, as well as reduces
vehicle exhaust emissions. According to Li, et al. [1], for every 100 kg weight reduction
of light transport vehicles (LTV), their fuel consumption will be decreased on average by
approximately 0.4 L/100 km, and thus their CO, emissions will be mitigated by 8-11 g/km.
There are several ways to reduce car weight, such as the use of lighter materials in man-
ufacturing, the downsizing of the car, and the removal of unwanted material from car
components [2]. One of the most implemented material-removal methods is topology
optimization (TO).

TO is a popular optimization procedure that is applied for both research and manufac-
turing purposes. It is a mathematical method that optimizes the distribution of the material
spatially in a design domain under the given objective functions, boundary conditions,
and constraints. This can result in significant material savings of the structures while their
mechanical strength is either maintained or enhanced. The TO, together with the size and
shape optimization, constitute the three categories of the so-called structural optimization
(SO) [3]. The most common approaches for solving the TO-problem are the Solid Isotropic
Material with Penalization (SIMP), the Bidirectional Evolutionary Structural Optimization
(BESO), and the level-set based optimization [4]. A description of the TO problem along
with the SIMP approach that was applied in this research work is presented thoroughly in
Section 2.
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In general, TO finds many applications in the automotive industry and in mechanics,
where the weight savings can be remarkable. The car doors, the suspension systems, and
the brake systems are some of the most common topologically optimized components in
literature. One of the first publications on TO applications in the automotive industry is
the work of Yang and Chahande [5]. In their research paper, they optimized three models,
including a truck frame, a deck lid, and a space frame structure, by using the traditional
compliance TO method with an in-house TO software in Ford Motor Company. Another
worth mentioning example is the optimization of the automotive tailor-welded blank door
either by Shin, et al. [6] or by Li, et al. [7]. Shin, et al. [6] applied compliance TO in the
first place, followed by a size/shape optimization, while Li, et al. [7] utilized the benefits
from the BESO. Kong, et al. [8] optimized a spring lower seat from a suspension system
by using a topology and topography optimization approach. Li and Kim [9] conducted
multi-material compliance TO with SIMP as an interpolation method of an engine cradle
and a cross-member of a chassis frame. Cavazzuti, et al. [10], in their study, optimized
a Ferrari F458 chassis with the SIMP method. A conceptual design of an engine cradle
was developed by Li, et al. [1] using a combined size, shape, and compliance TO. Sudin,
et al. [2] applied the SIMP method to optimize the mass of a brake pedal. Concerning the
optimization of brake calipers, only a few works are found in the literature. Mastinu [11]
optimized both the brake caliper and the upright of a racecar with compliance TO. Ballo,
etal. [12] developed a lightweight design of brake caliper implementing the SIMP approach.
Farias, et al. [13] optimized a brake caliper in order to reduce both its weight and its heat
transfer. On the other hand, Soh and Yoo [14] optimized the shape of a brake caliper
for squeal noise reduction. Finally, Sergent, et al. [15] optimized the mass of an opposed
piston brake.

The optimized structures in all these examples are characterized by their considerable
weight savings or/and their performance improvements compared to their initials designs.
However, the majority of the presented design solutions were conceptual numerical designs
and not manufactured parts. It seems that TO in its current state of the art is mainly used for
design inspiration and not for production [4]. The optimized parts are characterized by their
design complexities, which make AM with 3D printing the most appropriate manufacturing
method for them. A thorough review of TO for AM is presented in the recent research work
of Zhu, et al. [16]. On the other hand, the redesign of the optimized designs contributes
to the overcoming of these complexities and makes their manufacturing feasible by the
conventional manufacturing processes (CMP). In addition, it and can eliminate possible
overhangs at the 3D-printing parts. However, it can be time-consuming and, in some cases,
challenging. In addition, the 3D printed parts can contain discrepancies compared to the
numerical solutions.

The scope of this research work is to apply the TO in a real automotive component in
order to identify benefits, challenges, limitations, as well as trade-offs in its implementation
in the overall product development process, from an idea to an end product. For this
reason, a case study of a front and a rear caliper, intended for a student racecar, is presented
here. The brake calipers were designed, optimized, validated, as well as 3D printed in
titanium with selective laser melting (SLM). A comparison between the numerical and the
manufactured components contributed to the identification of possible deviations of the 3D
printed parts. Designers and engineers interested in TO, AM, and automotive engineering
can exploit the results of this research paper.

The rest part of the paper is composed as follows: In Section 2, the general TO problem,
together with the SIMP method, is introduced. The essential theory about brake calipers
is described in Section 3. The applied methodology in this research work is presented
thoroughly in Section 4, while Section 5 includes the results of the optimized calipers.
In Section 5, the challenges in the implementation of TO in manufacturing are discussed
based on the findings in this paper. Finally, Sections 6 and 7 present the most important
conclusions and the possible research possibilities, respectively.
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2. The General Structural Optimization Problem and the SIMP Approach

At the general structural optimization (SO) problem, an objective function of a struc-
ture, f(x), such as manufacturing cost, strain energy, stress, and displacement, to mention
a few, should be either minimized or maximized with respect to the given boundary condi-
tions (equilibrium constraints), behavioral, and design constraints. Hence, the optimization
problem can be described as [17]:

minimize/maximize f(x,y) with respect to x and y
behavioral constraints on y
subject to design constraints on x
equilibrium constraints.

(SO) (1)

In the case of a density-based TO problem of a structure, its design domain Q) is
discretized to finite elements. A binary value is assigned to their density p,; 1 for required
material, and 0 for void. Hence, the nested mathematical formulation, based on the
homogenization theory developed by Bendsge [18], is the following:

minF = F(u(pe), pe) = /f(u(pe),pe)dV @
O

s.t. Go(pe) = /ngde Vo < 0G;(u(pe), pe) < Owithj = 1,...,m

The f(u(p), pe) is the objective function, the pg, in the state function u(p,), is the density
of each element in the design domain Q. Gj(u(pe), p) are the constraints, and V is the total
volume of the structure. The most implemented objective function is the compliance of
a structure. Compliance is the reciprocal of the stiffness, so in other words, by minimizing
the compliance, the stiffness of the structure is increased.

The most challenging part of the solution of the TO problem is the calculation of the
elastic modulus. The homogenization theory uses an effective elasticity tensor to describe
the mesotropic properties of a structure [19]. The above formulation of a discrete TO
problem resulted in the known “checkerboard” structural problem [20]. Solving the TO
with continuous variables by interpolation could overcome this limitation. A popular inter-
polation method is the SIMP [21]. According to SIMP, the overall elasticity of a structure is
calculated by the following formula:

E(pe) = pPEg with p > Tand 0 < pin < pe < 1 3)

In this case, a continuous value is assigned to the elements” density, p.. Furthermore,
a minimum density p,,;, # 0 was used as a lower bound of density in order to avoid
a calculation of a zero structure’s elasticity. The “penalization” of the intermediate finite
elements; elements with density o, < p. <1 is conducted by the penalty factor, p. In other
words, the SIMP method prevents the formation of the intermediate elements by increasing
the structure’s density to an exponent equal to p. According to Sigmund (2001), the ideal
value of the penalty factor is three. Hence, the introduction of this factor reduces the
elasticity, and in turn, the global stiffness is reduced.

Allaire, et al. [19] argue that SIMP is an over-simplified version of the initial homoge-
nization theory and does not consider anisotropy. Despite this fact, the SIMP method is
broadly implemented due to its simplicity. A plethora of different commercial software,
software modules, as well as off the self-algorithms, has developed in the last decades
in parallel with the continuous development of computational power in order to solve
SO problems. The majority of these tools are still based on the traditional compliance
TO-theory. The SIMP approach will also be applied in this research work.
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3. Brake Calipers

A brake system is responsible for the deceleration of a vehicle, and thus is a vital part
of driver’s safety. The brake system is designed to both slow down and halt a vehicle
by transforming its kinetic energy into heat while applying friction forces to the vehicle
axles [22]. The most common brake system is the disc brake, which was initially developed
in 1951 for racecars application. Just a few years later, in 1955, disc brakes were first used
for mass production in the automotive industry, due to their success, on the Citroen DS
model [23]. The disc brakes are steadily replacing drum brakes in order to overcome the
potential brake power loss of the latter, also known as brake fade [22]. The most crucial
component of a disc brake is the caliper that presses a pair of brake pads against the brake’s
disc, also called rotor, and thus slows down their rotational speed. In the case of hydraulic
disc brakes, when the driver pushes the brake pedal, hydraulic pressure is applied by the
brake fluid on the caliper’s one or several pistons, and these, in turn, force the pads against
the disc [24]. Figure 1 depicts a disc brake.

Brake Rotor

Housing

Figure 1. A 3D model of a disc brake design in SolidWorks.

The design of calipers is challenging and should be developed with respect to some
technical requirements. According to Farias, et al. [13], the calipers must be stiff, light, and
heat-resistant. Brake calipers require acceptable stresses and deflections under multiple
load cases. It is important to mention that any crack on a caliper can lead to an instant
brake fluid leak that results in brake malfunction. Thus, a high caliper stiffness provides
a uniform pressure distribution on the brake system, which ensures short brake pedal
travel, ride quality, and vehicle safety [15]. The term unsprung mass is broadly used to
describe the total mass of the suspension, wheels, as well as other components connected to
them. On the other hand, sprung mass consists of the supported by the suspension vehicle’s
body and components. In the case that the vehicle’s brakes are mounted outboard, they are
considered part of its unsprung mass [12]. As has already been mentioned, a minimization
of the vehicle’s mass increases its performance. Therefore, the reduction of brake caliper
mass is of high importance. The applied friction forces between the brake pads and
the rotor result in heat concentration inside the brake system. A low thermal resistance,
together with insufficient ventilation of the brakes, increases their thermal deformations
resulting in a smaller friction coefficient and, in turn, less braking force [13]. It seems
that compliance TO of the brake calipers could reduce their weight while increasing their
stiffness. Moreover, the creation of voids in the calipers’ structure will increase their
ventilation and heat dissipation.

A brake caliper is mainly comprised of housing, brake pads, and pistons [12]. The hous-
ing is usually made of cast iron, the brake pads of semi-metallic, organic, and ceramic
materials, and the pistons of plastic, aluminum, or chrome-plated steel. Generally, there
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are two main types of brake calipers: the floating and the fixed calipers [25]. The calipers
mostly differ in terms of design, mounting, and operation. On the one hand, the floating
calipers move relative to the rotor. Furthermore, they have one or two pairs of pistons only
on the inboard side of the rotor. When the brakes are applied, the fluid pressure moves
the piston(s), which then pushes the entire caliper creating friction from the brake pads
on both sides of the rotor. The floating calipers are prone to sticking failure resulted from
dirt or corrosion at their moving components. This can cause extreme heating of the rotor,
vehicle’s steering vibration, and reduced fuel efficiency [26]. On the other hand, fixed
calipers, as their name implies, do not move but are rather fixed with bolts to the caliper
bracket. In addition, they have two to six pairs of pistons arranged on opposing sides of the
rotor [12]. The fixed calipers, due to their multiple pairs of pistons, as well as their intricate
brake fluid routing, have a more complicated geometry and are more expensive compared
to the floating calipers. However, they are preferred for their performance because they
have predictable braking behavior and due to the fact that their pads have balanced wear
and less tapering [27].

In the rest part of this section, the fundamental formulas describing the kinetics and
dynamics of a vehicle and its brake system are presented. The thermodynamics were
neglected in this research work. Interested users should also be referred to the works of
Milliken and Milliken [28], Heisler [24], and Jazar [29] for thorough details.

3.1. Brake System Kinetics

The main job of an automotive brake system is to slow down a vehicle by applying
a friction force. Hence, the kinetic energy, Eyinetic, Of the vehicle is converted to thermal
energy, Eermal, Which in turn is absorbed by the brake system. A simplified formula
describing the relation between a vehicle’s mass with a given velocity and the difference in
temperature of the brake system is the following [24]:

1 2
Ekinetic = Ethermal. Emvvv = mBSCh,BSATBS (4)

where

My: mass of the vehicle

v2: velocity of the vehicle

mpg: mass of the brake system

¢y, gs: specific heat capacity of the brake system

ATgg: temperature change in the brake system

In a disc brake, the clamping force of the calipers to the brake discs is translated to
a friction force opposing the disc’s rotational direction and thus can be expressed by the
equation:

M,
Firiction = Fetamping * p (: 1 Toff * V) ®)
where

Frriction: friction force on one wheel

Fclumping: Clamping force

u: friction coefficient between pad and disc
My: brake torque on the wheel

Teff: effective pad radius

n: number of friction faces

The friction coefficient will be varied according to the applied pressure and temper-
ature surface roughness connected to the wear. In addition, the moment of the disc is
assumed constant throughout the rotating wheel assembly. In order to exploit the capabili-
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ties of a braking system, the tire should be the limiting factor, and both the front and rear
axles should be on the verge of locking. A mathematical expression of that is

My * § * Wiire = Tlimited = Mo * § * 2 (6)

where

Thimiteq: max wheel torque, given by the tire-ground friction coefficient and vehicle weight

Utire:  friction coefficient between tire and ground

g gravitational acceleration constant

z: deceleration proportional with g

The Formula (6) describes the maximum negative acceleration without exceeding
Wire- In addition to the wheel torque, other parameters such as the aerodynamic drag,
the drivetrain losses, the gear meshing, the oil viscosity, and the rolling resistance can
contribute to the braking force [24].

3.2. Vehicle Dynamics

Three are the most applied models for the vehicle dynamics calculations that character-
ize its ride quality, such as vehicle’s transmissibility, suspension travel, and tire deflection
together with the tire-ground adhesion: the quarter car model, the 2-DOF half-car model,
and the 4-DOF half-car model. These models are based on the following assumptions: rigid
unsprung and sprung masses, linear suspension spring, and viscous damping. In addition,
the tire in these models is represented as a combination of spring and damper. However,
the tire damping is omitted in the analysis of all models [30]. The used models in this
research work were the quarter car model and the 4-DOF half-car model.

The quarter-car model represents one-fourth of a vehicle. Its degrees of freedom are
the translational displacement of both the sprung and unsprung mass, making it a 2-DOF
model. Figure 2 illustrates a quarter-car model [29].

&
{00066660)

ke
Y1 oo

Figure 2. The quarter-car model, adapted from Jazar [29].

i
H
:ﬁ

Here, the m; and the m, represent the quarter sprung and unsprung mass of a car,
respectively. In addition, ks, cs represents the spring stiffness and damper coefficient of the
shock absorber. Finally, k;, and ¢, are the spring-damper effect of the tire. Both the sprung
and the unsprung masses can be calculated by the following equations:

Sprung mass : msXs = —ks(xs — xu) — ¢s (ks — Xy (7)

Unsprung mass : 1,5, = ks(xs — %) — ¢s (s — %) — ku(xy —y) —cu(xu —y)  (8)

Translated into matrix form, we get the following equation of motion:

mx +cx +kx=F 9)
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where
ms 0 - Cs —Cs k— ks —ks Fo 0
0 my a —Cs  Cs + Cy o _ks ks + ku ! B ku]/ + Cuy

This model was utilized for the calculation of the suspension vibration and helped the
authors to identify the effect of a potential unsprung mass reduction in the case study of
the racecar. However, this model takes into account only the bounce motion of the vehicle.
For this reason, the 4-DOF half-car model was used in addition to the quarter-car model.

The 4-DOF half-car model was exploited for the pitch angle estimations, given the
dynamic load distribution between the front and the rear axle and with regards to the front
and rear braking load. At the 4-DOF half-car model depicted in Figure 3, the half body (i)
of the car as well as one front (111) and one rear wheel (11,) are presented. The k;; and ki,
are the spring stiffness of the tires. Furthermore, ¢; and c; are the damping coefficients,
and k; and k; the stiffness of the shock absorbers. Finally, the illustrated rigid bar in the
model represents half of the car’s mass, m, with a lateral moment of inertia, I.

X
az T‘ ay
0
| mi, fl ocC |
IS
ks % LJH C2 key % LJH C1
X2 4 = - x4 ‘ -
2 1
k., E ko E
Y2 _t2 *%’ Vi _t1 =

Figure 3. The 4-DOF half-car model adapted from Jazar [29].

The equation of motion from the quarter-car model, Equation (9), is used in this model
too. However, in this case, the x, m, F, ¢, and k matrices are [29]:

X m 0 0 0 0
0 0 L, 0 O 0
= = F =
x X1 o m 0 0 mq 0 ! ylktl !
X2 0 0 0 my ]/Zktz
1+ NpCy — €1 —C1 —C2
c— KpCp — X1C1 C]O(% + CZDC% n1C1  —0pCo
- —C1 o0 C1 0 !
L —C2 . 21%) 0 Cy
k1 + k2 tX2k2 - 0L1k1 *kl *kz
k= wpky — aqkq kla% + kle% wky —aoky
- *kl Délkl kl 0
L —k2 —lekz 0 k2

Both quarter-car and 4-DOF half-car models can be utilized as simplified represen-
tations of a vehicle’s brake system. Furthermore, they can show that for constant spring
stiffness and damping coefficient, a small increase of vehicle’s mass will increase the total
force, F. This will result in longer wheel travel and, thus, in an increasing damper frequency.
The increased damper frequency, in turn, will lead to less tire-ground adhesion. A solution
to the problem could be the increase of both damper coefficient and spring stiffness, but
this can be managed with heavier components adding mass to the unsprung mass. Hence,
the TO could be an alternative for the minimization of the vehicle’s unsprung mass and
the optimization of the braking system.
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4. Methodology

In this research work, the development of front and rear brake calipers for a student
racecar is presented. The in-house calipers were based on the commercial ISR calipers:
the ISR 22-048 for the front caliper and the ISR-049 for the rear. Both are fixed calipers
originally designed for 125cc bikes and Formula SAE racecars. However, the ISR 22-048
(front) uses four pistons while the ISR-049 (rear) two. The assemblies of the ISR calipers are
illustrated in Figure 4.

_ il

A

(a) (b)
Figure 4. The ISR calipers in SolidWorks: (a) Front caliper and (b) Rear caliper.

At the beginning of this research, the identification of mass reduction possibilities was
implemented. For this reason, an analysis of the vehicle’s braking behavior, together with
the ISR calipers, was conducted. Then, the calipers were optimized using a three-level
optimization procedure in order to reduce their weight, and thus the total unsprung mass
of the racecar. A reduction of the vehicle’s unsprung mass could improve its performance.
The implemented methodology is depicted in Figure 5.

Figure 5. The optimization procedure.
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Distance [m]

The analysis of the vehicle and the ISR calipers comprises two main tasks: the lap
time simulation of the vehicle in Matlab and the physical testing of the commercial ISR
calipers using an in-house test jig.

The calipers were a part of the disc brakes of the racecar, which in turn were connected
to a kinetic energy recovery system (KERS). The utilized KERS had limited torque output
at the motor’s top rpm. Thus, the vehicle’s top speed was used as the dimension load. As
has already been mentioned in Section 2, it is a good engineering practice to use the car
tires as the limiting factor for the brake system. The chosen tires for the racecar were the
Continental C19. A dynamic tire model was developed in MATLAB in order to conduct
a lap time simulation. This model was based on the Continental’s technical specifications
and the Pacejka M5.2 tire model [31] and is given by the following tire formula:

y=Dx sin{c stan”! [Bx - E(BX - tan*l(BX))] } (10)
where

y: force or moment resulting from a slip parameter

x: slip parameter

B: stiffness factor

C: shape factor

D: peak factor

E: curvature factor

Five lap time simulations were implemented for five different torques, range 300-700 Nm
with a 100 Nm step. These simulations contributed to the calculation of the brake system’s
load case using the above tire model, the vehicle load transfer, as well as the aerodynamic- and
motor representations. Furthermore, the minimum braking force that did not compromise the
lap times was identified. Finally, the temperature development on the discs was estimated
based on empirical data from previous autocross runs. These data were collected by an INFKL
800 °C IR brake temperature sensor placed into the hydraulic system of the disc brakes. Figure
6 depicts the results from the lap simulations of the calculated braking distance and velocity of
the car and the distribution of the longitudinal forces, in the case of braking, from 120 km/h to
0 km/h. In addition, a temperature-time diagram is presented based on the sensor’s data.
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Figure 6. Braking from 120 km/h to 0 km/h: (a) Distance-time graph for different torques, (b) Velocity-time graph for

different torques, (c) Longitudinal forces-time graph, and (d) Temperature-time graph.
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The conducted simulations in Matlab showed a convergence of maximum brake force
in cohesion to the tire model. Torque values above 600 Nm gave slower brake time as
the brake force exceeds the tire’s grip limit. In addition, from the longitudinal forces-time
graph (graph c), it is observed that it is required a 0.8 brake balance between the front and
the rear calipers. Finally, the empirical data of the temperature on the disc showed that
a temperature up to 450 °C was expected on the disc brakes. According to Low [32], the
main part of the generated heat, approximately 90-95%, is absorbed by the brake disc,
and the rest 5-10% is distributed among the pads, the pistons, the brake fluid, and the
caliper housing, assuming little to no heat dissipation. It is clear that the energy transferred
during braking is highly related to the thermal resistance of the pads and the disc surface.
Hence, the calipers also should be heat-resistant, and this is something that was taken into
consideration in the choice of their production material.

The maximum allowed pressure on the brake master cylinder, according to their
technical specifications, is 20 MPa. A pressure test was conducted at the ISR calipers,
using an in-house test jig, and the maximum displacement in the y-direction of the front
and the rear caliper, at 20 MPa, found 0.5 mm and 0.4 mm, respectively. In consequence,
these were the maximum allowed displacements for the in-house developed calipers too.
After the analysis of the vehicle and the ISR calipers, an optimization procedure of the
calipers for their weight reduction was implemented on three levels, based on the Sudin,
et al. [2] guidelines: downsizing of the vehicle, use of lighter materials in manufacturing,
and removal of unwanted material from vehicle components.

At level one, new design concepts of the calipers were developed in SolidWorks by
using reverse engineering of the commercial ISR calipers. The main goal at this point was
either the reduction of the calipers’ components or their downsizing. Thus, several design
concepts were created and validated with respect to the ISR calipers’ initial designs, the
weight trade-offs among their components, and their interaction with the car’s rim and
upright. A crucial decision was to decrease the number of pistons from four to two in the
front caliper. On the one hand, a four-piston caliper has an increased piston area and, thus,
a reduced hydraulic pressure compared to a dual-piston caliper. However, the use of more
pistons increases the risk of seal failure as well as the maintenance time. On the other hand,
a dual-piston caliper could result in smaller design space and a less complex assembly
due to the reduction of its components, but it contains a heavier housing to support its
increased hydraulic pressure. Thus, there is a trade-off between the weight of the housing
and the weight of the other caliper’s components. The authors decided to develop a design
concept of a dual-piston front caliper reducing its complexity and overall volume. Hence,
both front and rear will be fixed dual-piston calipers. Furthermore, the initial design space
of their housings was expanded as much as possible, with respect to the spatial placement
of the wheel components, in order to increase the design flexibility for the TO algorithm.
These design concepts, “design space assemblies”, were validated in ABAQUS for the same
load case and boundary conditions with the conducted physical test of the ISR calipers.

At the second level of optimization, an exploration of the material choices for the
calipers was conducted. All the materials of the calipers” components, except the housings,
were kept the same, thus from this point, the optimization focus was on housings only.
It was decided that the optimized housings will be 3D printed using SLM. Hence, material
research was done among the available 3D printing materials. Three were the predominant
materials: AlSi10Mg, Steel MS1, and Ti6Al4V. On the one hand, the AlSi10Mg was the
lightest material with the lowest specific gravity (2.7 g/ cm?) compared to the other two
available options, the Steel MS1 (8.1 g/cm?) and the Ti6Al4V (4.4 g/cm?). Concerning
the used case study in this paper, every gram counts in the development of calipers for
a racecar. However, the calipers of a racecar are exposed to high braking forces and
temperatures. Hence, the Ti6Al4V with an exceptional yield strength (1147 MPa), even at
500 °C (890 MPa), was considered an excellent choice [33].
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Concerning the third optimization level, the housings of both front and rear calipers
were topologically optimized, for weight reduction, without sacrificing their stiffness. The
TO of the housings is divided into five steps; (1) Pre-processing, (2) Topology Optimization
(TO), (3) Post-processing, (4) Validation, and (5) Production.

The pre-processing consists of the computer-aided design (CAD) of the housings in
SolidWorks and the finite element analysis (FEA) of them in ABAQUS. The initial design
concepts of the calipers” housings were created in SolidWorks with respect to the ISR brake
calipers. The CAD files were exported and transferred to ABAQUS for FEA. The applied
load case in the FEA was for maximum brake force at 120 km /h and warm tires. On the one
hand, a pressure, P = 10 MPa, and surface traction, t = 7200 N, were applied at the pistons’
area of the front housing. Furthermore, the housing was fixed with two bolts to the upright.
These bolts were replaced in the simulations by two fixtures to reduce the simulation time.
On the other hand, the pressure and the surface traction were P =4 MPa and ¢ = 2800 N,
respectively, at the housing of the rear caliper. The same boundary conditions were also
applied in this case. The design space, as well as the used forces and boundary conditions
in both housings, are presented in Figure 7. The 3D models were discretized using 1 mm
tetrahedral finite elements, resulted in 2,334,921 and 1,981,349 total elements for the front
and the rear housing, respectively. The assigned material was an anisotropic Ti6Al4V with
Young’s modulus Exy = 120 GPa and Ez = 110 GPa, Poisson’s ratio v = 0.31, and density
0 =441 g/cm3. The material properties were taken from the EOS data sheet, which was
the used material of the 3D printed housings.

F=2800 N

[ F=7200N | | p=4 MPa |

P=10 MPa

(2) (b)

Figure 7. The design space, the loads, and the boundary conditions of the housings: (a) Housing of
the front caliper, (b) Housing of the rear caliper.

Different TO software was used for the two case studies for comparison reasons.
On the one hand, the housing of the front caliper was optimized with a condition-based
algorithm in ABAQUS. This algorithm is based on the SIMP approach. The minimization
of the model’s strain energy was used as objective function while a volume fraction,
equal to 7.45% of the initial design space, was used as function constraint. This volume
fraction could lead to a 160 g housing. The 160 g target was set with regard to the targeted
stiffness properties of the ISR caliper. Optimizing with volume constraints is a process of
experimentation with different values of volume fraction until the stiffness goal is reached.
Furthermore, the surfaces for the pistons and the fluid channel were the “frozen areas”,
and thus were excluded from the available design space. Finally, 300 design cycles were
used as maximum limit. On the other hand, the housing of the rear caliper was optimized
in ANSYS Discovery software. This software uses a sensitivity-based algorithm for the
optimization and is GPU-based that promises automatically generated CAD models in less
than an hour. The applied TO here was also the traditional compliance optimization where
the minimization of strain energy was used again as objective function and the volume as
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function constraint. However, in this case, the volume was set equal to 8.55% of the initial
design space, which could lead to a 75 g housing. The surfaces for the pistons and the fluid
channel were defined as frozen areas also here.

At the post-processing step, the optimized design solutions were imported as STL
files to SolidWorks for redesign. Usually, the complex geometries of the optimized designs
are making challenging their production with CPM. For this reason, a redesign procedure
based on the optimized solutions takes place after the TO. However, when TO is oriented
to AM, this step can be omitted. In this study work, it was decided to manufacture the
housings with SLM 3D printing. Thus, the authors utilized the 3D printing flexibility and
redesigned only the interacting surfaces and the crucial areas, such as the piston chambers,
the seal surfaces, and the fluid channels. The latter was designed with a minimum angle
equal to 30° in relation to the build plate in order to be free of support material. No
tool could remove the support material inside the fluid channels. In addition, “power
surfacing” was used in SolidWorks for the whole geometry. This feature smoothens the
surface of the models and contributes to the mitigation of sharp areas that can lead to both
stress concentrations and overhangs later in 3D printing. Finally, the optimized housings
replaced their initial designs in the caliper assemblies. The assemblies were mirrored
between the right and left wheel resulting in an equal force path on the left and right
uprights. The symmetrical brake calipers can lead to a balanced brake performance of the
vehicle.

The validation of the final designs was conducted in two steps. In the first step, only
the housings of the calipers were checked with an FEA simulation similar to this at the
pre-processing. Consequently, a second FEA simulation was implemented using assembly
designs for the calipers. Each assembly consisted of a housing, two pistons, two bolts,
a brake segment, and a foundation element acting as the upright. The brake pads were
neglected from the validation studies to reduce the simulation time. However, the brake
discs were made much thicker to compensate for the brake pads’ thickness loss. This
resulted in a load case of extremely worn brake pads. The used loads were: pretension of
the bolts with bolt loads, F = 17 KN, the pressure inside the housing at the pistons’ area,
P =16 MPa, and torque to the brake disc in normal driving direction, M;, = 600 Nm. On
the other hand, the validation of the rear caliper was set with a pretension load F = 17 KN,
a piston pressure P = 8 MPa, and a brake disc torque M; = 300 Nm. Finally, the same
boundary conditions were used in both cases, as they are shown in Figure 8.

P=16 MPa

M, = 600 Nm M,=300 Nm
(a) (b)

Figure 8. The used assemblies for the validation studies with their loads and boundary conditions:
(a) Assembly of the front caliper, (b) Assembly of the rear caliper.
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The final step in the presented methodology was the production of the calipers.
Specifically, this step consists of five tasks, the geometric dimensioning and tolerancing,
the 3D printing preparation, the manufacturing of the housings, and the post-treatment of
the 3D printed parts as well as their analysis.

The possible post-machining process requires careful tolerancing and dimensioning
of the housings, specifying the allowable deviations in both geometry, size, weight, and
surface quality. Hence, technical drawings of the housings were developed based on ISO
TC213. In addition, the interacting surfaces with the other components, such as the seals
and the pistons, were designed according to the components” standards and specifications.
For example, it is recommended that the pistons” surface finish should be 0.4 um. That was
noted in the technical drawings and will be measured later at the 3D printed parts.

As has been already mentioned, SLM 3D printing was chosen as a manufacturing
method for both housings. Hence, a 3D printing preparation of the 3D models should be
conducted. The support structure was used on features with more than a 30° overhang
relative to the 3D printer plate. In addition, the fluid channels were free to support
material. In general, additively manufactured models can suffer from poor surface finish
and dimensional discrepancies making inevitable the post-machining of their surfaces
interacting with other components such as bolts, bearings, and fitting parts. For this reason,
the housings’ surfaces that interact with the other caliper components were designed to be
printed with 5 mm extra material.

Another challenge in 3D printing is that the 3D printed parts suffer from uneven mate-
rial heating between their layers resulting in internal stresses and material anisotropy [34].
Hence, a 12-h curing process was conducted on the 3D printed parts at the post-treatment
step. The housings were heat-treated at 740-900 °C over a period of up to 12 h for internal
stress relaxation without any impact on their geometry [35]. After the curing process, the
support material was removed from the housings.

Then, their weight and critical dimensions were measured in order to identify possible
differences from the 3D models as well as post-machining needs. In addition, an in-house
designed assembly jig and a test jig were developed for the assembly and the testing of the
calipers. However, the post-machining of the housings, the assembly of the calipers, and
their mechanical testing were planned for future work.

5. Results

The CAD designs and the bill of materials (BOM) of the caliper design concepts,
developed at the first level of the optimization process, are depicted in Figure 9. Both
calipers were dual-piston fixed calipers, and the size and number of their components were
decreased, resulting in lighter design solutions. At this level, the weights of the front and
rear caliper, except the housings, were 29.4% and 26.2% lighter than their commercial coun-
terparts. On the other hand, the design space of their housings increased approximately
five times comparing to the ISR housings, utilizing the maximum available space between
the wheel, brake disc and surrounding suspension components. Hence, there was enough
material for the TO conducted at the third optimization level. However, this increased the
optimization time dramatically.
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Caliper Housing

1 1
2 Brake Pad 2
3 Pad Pin 1
4 Bleed Screw !
5 Bolt - DIN 912 M6 x 20 2
6 Piston @30 2
7 Tnd Cap B30 1
8 0O-ring @36 1
9 Lip Seal 9130 2

1 End Cap 1
2 Caliper Housing 1
3 Piston @922 2
4 Lip Seal ¥22 2
3 Bolt - DIN 912 M6 x 20 2
6 Brake Pad 2
7 Pad Pin 1
8 O-ring @28 1
9 Bleed Screw 1

Figure 9. The assemblies of the caliper design concepts after the first optimization level in SolidWorks:
(a) Front, (b) Rear.

The TO resulted in 42% and 64.7% weight reduction of the housings of the front
and the rear caliper. The optimized geometry of the housings that was reconstructed in
SolidWorks, resulted in a weight increase of 2.1% and 12.5%, respectively. This is something
that was expected since both the partial redesign and the 3D printing preparation altered
the initial geometries of the optimized results. However, the total weight of the front caliper
was reduced to 36.9%, while the rear caliper was 48.5% lighter. The optimized 3D models
of the housings are presented in Figure 10.

(ay (b)

Figure 10. The optimized housings in SolidWorks: (a) Front, (b) Rear.
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The stress and displacement distribution at both housings and their assemblies, found
by the validation studies, are depicted in Figures 11 and 12.
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Figure 11. The results of the validation studies in ABAQUS for the front caliper: (a) Stress plot of the
front housing, (b) Stress plot of the front caliper, (c) Total displacement of the front housing, (d) Total
displacement of the front caliper.
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Figure 12. The results of the validation studies in ABAQUS for the rear caliper: (a) Stress plot of
the rear housing, (b) Stress plot of the rear caliper, (c) Total displacement of the rear housing, and
(d) Total displacement of the rear caliper.

The validation studies of both housings and calipers showed that the optimized hous-
ings were topologically optimized without sacrificing their stiffness. The validation studies
of the assemblies were also utilized as a connectivity checking tool between the housings
and the other components. On the one hand, the maximum stresses of the housings of
the front and the rear caliper were 5.9% and 3.9% smaller than the ISR. Moreover, their
maximum displacements were reduced by 59.3% and 17.1%, respectively. On the other
hand, the optimized housings fit correctly to the calipers’ assemblies. Furthermore, the
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front caliper had a 400 MPa maximum stress while the rear caliper 447 MPa. Moreover,
the displacements of both calipers were reduced. Specifically, the assemblies of the front
and the rear caliper had a 50% and 17.5% reduction of their maximum displacement in
y-direction compared to the ISR calipers.

The optimized housings were 3D printed at an EOS Lasertec 30 Dual SLM 3D printer
in Ti6Al4V. Figure 13 depicts the 3D-printed parts on the building plate after the post-
treatment. More components were printed for backup.

Figure 13. The 3D printed housings.

A weight deviation of both 3D printed housings was observed. In particular, the
housing of the front caliper was 0.9% heavier than its 3D model, while the housing of
the rear caliper was 6% heavier. Possible reasons for these differences could be the used
tolerances of the STL files, especially on all part interacting surfaces, the insufficient
removal of the support material, as well as remaining powder inside the 3D printed parts.
Furthermore, a geometry comparison between the CAD models and the 3D printed parts
was conducted using three basic dimensions, highlighted with arrows in Figure 14.

2

\

\

|

¥
S

Figure 14. A geometry comparison between the CAD models and the 3D printed parts of the
housings: (a) The front housing and (b) The rear housing.



Appl. Sci. 2021, 11, 1437

17 of 21

The results are presented in Table 1 and showed small geometric deviations.

Table 1. Geometric deviations between the CAD models and the 3D printed parts of the housings.

Diameter [mm] Depth [mm] Pad Distance [mm]
CAD of Front housing 25 59 10
3D printed Front housing 24.87 59.01 9.93
CAD of Rear housing 17 49.5 10
3D printed Rear housing 16.93 49.58 9.95
Average Deviation —0.47% 0.09% —0.60%

An overview of the results in this paper is presented in Table 2. In particular, the
weights, the maximum stresses, and displacements of the ISR housings/calipers and the
optimized housings/calipers are included.

Table 2. The results from the validation studies.

Component/Assembly Weight (g) Max Stress (MPa) Total Displacement Displacement in Y
(mm) (mm)
ISR 22-048 320 425 0.663 0.516
Optimized (raw model) 185.75 434 0.47 0.39
Housing Optimized after redesign 189.64 400 0.27 0.25
Optimized after 3D 22858 350 0.33 0.29
printing preparation
FRONT 3D printed 230.6 - - -
CALIPER ISR 22-048
483 - - 0.5
. assembly
Caliper .
Design space assembly 2285 73 0.041 0.037
Optimized 3047 400 027 025
assembly
ISR 22-049 210 465 0.543 0.461
Optimized (raw model) 74.10 312 0.47 0.36
Housing Optimized after redesign 83.37 447 0.45 0.33
Optimized after 3D 1124 105 0.37 0.36
printing preparation
REAR 3D printed 119.2 - - -
CALIPER ISR 22-049
320.8 - - 0.4
Caliper Assembly
Design space assembly 1254 44 0.012 0.009
Optimized
Assembly 165.11 447 0.45 0.33

6. Topology Optimization for Manufacturing

The TO is mainly used as a design tool. However, its utilization in manufacturing is
possible but challenging. There are many parameters that should be taken into account,
such as the overall optimization method, the manufacturing method as well as the TO
approach, and its applied software.

The TO procedure is dependent on the overall optimization method and cannot be
seen separately. The followed optimization method in this paper was implemented in
three levels: the development of new caliper design concepts using less and downsized
components, the exploration of lighter and stiffer materials in the production of the calipers’
housings, and the removal of unwanted material from them by using TO. First, the modi-
fications and changes made in the caliper assemblies could optimize the structures and
save material without any loss in their performance. For example, the reduction of the
pistons in the front caliper from four to two could reduce its weight. Secondly, material
exploration was conducted for the housings. The AlSi10Mg was the lightest material
among the available options; however, the Ti6Al4V was instead used due to its exceptional
yield strength, even in high temperatures. In addition, the 3D printing preparation of the
models should take into account the 3D printing material. For example, it is recommended
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to use support material for an overhang angle bigger than 20-30° for titanium parts, while
this angle limit is increased to 45° for parts made by aluminum. Third, the TO procedure
focused on the housings, which were the heaviest components of the calipers. A small
change in the overall optimization procedure could also have a high impact on the TO
procedure. For example, the number and the spatial placement of the caliper’s components
could affect the design space of the housings, and thus the results of the conducted TO.

The manufacturing method of the housings has been decided from the beginning of
this optimization work and was the SLM 3D printing. The reason for that was to avoid
the time-consuming redesign step of the optimized solutions. This does not mean that
the topologically optimized designs are only oriented to AM, but it highlights the need to
redesign them before their manufacturing by CPM. When TO is oriented to 3D printing, the
redesign at the post-processing of the design solutions can either be omitted or limited to
the interacting surfaces and critical areas of the structure. Hence, topologically optimized
designs can be manufactured directly or with small modifications. Moreover, a 3D printing
preparation of the design should be committed, taking into account the 3D printing method,
the use and removal of the support material, the 3D materials and their anisotropy, and
possible needs for post-machining of the 3D printed parts. One example was the non-use
of support material inside the fluid channel due to its impossible removal after 3D printing.
Another example is the use of additional material on interacting surfaces. The 3D-printing
parts suffer from poor surface finish making their post-machining inevitable in order to get
good surface quality. Thus, the use of 5 mm extra material to the crucial surfaces created
enough space for the surface finishing tools. Moreover, weight and dimensional deviation
should be expected in 3D printing. Hence, the designer should take into account these
deviations both in design and TO, introducing the required tolerances.

The used TO method in this paper was the traditional compliance TO with the SIMP
as an interpolation method. According to the theory, the SIMP method does not consider
material anisotropy. However, it is good practice to use the SIMP method due to its
simplicity, and apply an anisotropic material to the structure. When the amount of the
intermediate finite elements is small, a good approximation of the anisotropic properties
can be achieved. However, it is important to notice that the created anisotropy is static and
not design-dependent. For this reason, a deviation between the calculated and validated
material properties of the 3D-printed parts should be expected.

The choice of the TO software affects the optimization time and the quality of the re-
sults. Concerning the TO software, both ABAQUS and ANSYS discovery led to interesting
design solutions that respected the given optimization goals and restrictions. Concerning
the optimization time, the optimization of the front housing with ABAQUS was completed
after 295 design cycles and, thus, took many hours compared to the optimization of the rear
housing in ANSYS discovery that was completed in less than an hour. On the one hand,
ABAQUS with the TOSCA optimization module is one of the most traditional TO tools
with a plethora of choices for both the optimization algorithms, the objective functions, the
optimization constraints, as well as the load cases and the boundary conditions. In other
words, for all possible designer choices [36]. On the other hand, the ANSYS discovery
in this version (2020) is limited to simple load cases, basic constraints, and a sensitivity-
based optimization algorithm that does not take the displacement of the structures into
consideration, making it not ideal for multiple load cases and combined optimization
goals. However, the software could cover the optimization needs of the rear caliper due
to the used linear load case. Moreover, it offers real-time optimization in every design
cycle, making the monitoring of the optimized results easier. ANSYS discovery live model
predicted a 0.36 mm maximum displacement in the y-direction, which was close to the 0.33
mm displacement found in the validation study. It seems that its efficiency and accuracy as
a GPU-based TO tool could be an interesting research topic in the future.
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7. Conclusions

The optimization possibilities of a structure with a focus on its weight reduction were
researched in this paper. The used case study was the brake calipers of a student racecar.
The implemented optimization methodology in this research work could reduce the total
weight of the supercar’s calipers by approximately 668 g, which means a 41.6% weight
reduction of the ISR calipers. Moreover, the maximum displacements of the calipers in
the y-direction were also decreased by 50% and 17.5% for the front and the rear caliper,
respectively. Hence, despite the fact that the produced calipers have not been tested yet,
they were theoretically surpassing their commercial counterparts.

The weight optimization problem was confronted as a three-folded problem; using
less and downsized components, applying lighter materials in production, and removing
unwanted material. It is clear that the three levels of optimization could not be seen
separately. The final designs with their technical details and the tolerances should take into
account both the material selection and the production method. There is a big difference
to design for the CPM and for AM. The use and the removal of the support material,
the material anisotropy, the weight, and the dimensional deviations, especially in the
interacting surfaces and the critical areas, should be taken into account when we design
for 3D printing. There is a significant sensitivity in the optimization procedure. A small
change either in the design parameters or in the 3D printings parameters can affect the
final products and possibly lead to undesirable design solutions. However, when the TO
for 3D printing are seen together with the CAD and the material choice, they can benefit
the designer by providing remarkable material savings and complex design solutions that
would have been impossible without TO. TO can be used as a tool for design inspiration.
However, with the appropriate procedure and parameters, the topologically optimized
designs can be manufactured and used. A designer should decide between the possible
identified trade-offs in an optimization process, such as the material selection, the TO for
CMP with a full redesign or TO for AM with a 3D printing preparation, the design space
versus the simulation time, as well as the choice among the different TO methods and
software. However, he/she should consider the TO not only as an optimization tool but
also as a design and a CAM tool. Designers interested in optimization methods, such as
TO, and in automotive production could exploit the findings of this paper.

8. Future Research

The post-machining of the 3D printed housings, the assembly of the calipers as
well as the mechanical testing of them at the in-house jigs will take place in the near
future. In addition, the installation of temperature sensors into the hydraulic system of
the brakes could collect essential data related to the brake system’s behavior under high
temperatures and calculate real discs and pad wear. The findings from these procedures
could create a more accurate picture of the possible load scenarios and contribute to further
development of the calipers with a broader materials selection and design concepts. New
design concepts can be explored in the design phase, such as single-piston calipers or
calipers with different bolt patterns that could lead to additional weight savings. Moreover,
alternative TO methods, such as lattice optimization, can be applied in seek of the lightest
calipers. The lattice optimization could exploit more of the advantages of AM, resulting in
even stiffer and lighter parts. Finally, the identification of all the parameters that should be
taken into account in the TO procedure and affect the manufactured parts could lead to
a more automatic TO procedure, oriented towards manufacturing.
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Abstract

Over the last decades, the intense need for more robust and lightweight structures, together with the dramatic improvement of computational
power, had, as a result, the introduction of simulations in the traditional product development. As a simulation, it is considered any computer
process that imitates a real system by generating similar responses over time. Simulations allow the designers to create virtual prototypes that
can speed up the design phase and, thus, the product development time in total. This design paradigm shift is called simulation-based design
(SBD) and includes several simulations and optimization techniques. The most notable of these techniques are; computer-aided design (CAD),
finite element analysis (FEA), topology optimization (TO), and parametric optimization (PO). A combined SBD methodology, including these
techniques, is presented here. This methodology is a two-stage optimization process. During the first stage, traditional compliance TO using the
SIMP approach was conducted, while at the second, a PO with an evolutionary algorithm was applied. The presented methodology is focused
on the optimization of composite laminates. In particular, an angle-ply laminated beam made by carbon fiber reinforced polymer (FRP) was
used as a case study and optimized both for its topology and fibers’ direction. The results of this research are presented and tested using a
commercial example. The suggested methodology resulted in a lighter and more robust design solution. These design solutions can be
constructed either by conventional manufacturing processes (CMP) or by additive manufacturing (AM). Designers looking for interesting and
lightweight composited structures can exploit the results found in this paper. The implemented process can easily be modified in order to cover
any possible optimization of FRP products.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0)
Peer-review under responsibility of the scientific committee of the 31st CIRP Design Conference 2021.

Keywords: composite laminates; topology optimization; simulation-based design

1. Topology and Parametric Optimization as Simulation-
based design tools

Topology Optimization (TO) and Parametric Optimization
(PO) are two popular optimization techniques that have been
broadly used either independently or in combinations in
structural optimization [1]. These optimization techniques
originate from the previous century. Box and Wilson [2]
applied the first form of PO trying to leverage their
experimental data, while Michell and later Bendsee [3], with

the homogenization method, are considered as the pioneers of
the TO. Readers interested in the theoretical background of
these techniques should be referred to the aforementioned
research papers.

The current state of the art of TO is about three main
issues; the reduction of the simulation time, the mitigation of
the results’ sensitivity, as well as the reduction of the
designer’s inputs in the optimization process. In other words,
TO is a difficult and time-demanding procedure, which is also
sensitive to designer choices. Thus, there is a need for a more

2212-8271 © 2021 The Authors. Published by Elsevier Ltd.
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automatic and effective optimization procedure [4]. Many
research papers are focused on either the development of new
optimization algorithms or the improvement of the existing
ones with respect to their efficiency, especially for large-scale
and multidisciplinary optimization. On the other hand, the
development of other approaches, such as the generative
design, try to automate the optimization procedure while they
increase the design flexibility and, thus, the designers’
choices. The automation of the optimization procedure is also
the primary goal of this paper.

Both PO and TO can be considered as two iterative design
techniques that can be used in the design phase of product
development. These techniques eliminate the backs and
forwards between detailed design and validation by placing
the latter in the front place of this process. This design
approach is mainly known under the term Simulation-based
design (SBD). The SBD is the design procedure where a
series of simulations is considered as design evaluation and
verification [5]. It applies different computer tools and
algorithms in order to optimize the design of a structure and
always with respect to the given parameters. The simulation-
driven design process here replaces the traditional one
resulting in better and more optimal designs. The prototypes
in simulation-based product development are the derived
numerical models. These models can be used to tackle
complex optimization problems and, thus, refine the final
designs of the products.

As it is depicted in Figure 1, the SBD that also integrates
the optimization phase is a simultaneous implementation of
the following three phases; the design concept phase, the
simulation phase, and the optimization phase. At the design
phase, the designer develops all the possible design ideas that
fit the given boundary conditions. Afterward, these design
concepts will be checked for their validity using computer-
aided engineering (CAE), such as finite element analysis
(FEA). In the case that the product should be optimized with
respect to some given criteria (thickness, mass, etc.), an
optimization technique such as PO and TO can be conducted,
either in sequence or in parallel with the other two phases.
The most important advantage of the SBD is that all these
phases can be applied as a loop exploiting the computational
power [6]. Thus, the designer’s inputs can be limited to an
initial design concept. It is the software and not the designer
that will suggest alternative design concepts based on the
initial design and the given boundary conditions. However,
the initial design concept, the boundary conditions, and the

choice of the final design are still the designer’s
responsibility.
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Figure 1. A schematic illustration of a Simulation-Based Design (SBD).
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A semi-automatic optimization methodology is presented
in this paper. The conducted methodology is a simulation-
based technique that contains an automatic loop of PO. In this
way, the designer’s inputs are reduced, and thus, the design
time is decreased. A case study of an angle-ply laminate beam
made by carbon fiber reinforced polymer (FRP) was used to
apply this methodology. The beam was optimized for both its
topology and fibers’ direction (layup). The optimized design
was further compared to a commercial beam found in the
literature that is used in aeronautics. The authors’ intention
was to compare the beam to a similar one with an optimized
layup but not an optimized topology as a prerequisite. Thus,
they could highlight the need for a TO of the part before the
PO of the plies’ angle. Designers looking for interesting and
lightweight composite structures, such as carbon fiber
reinforced polymers, can exploit the insights from this paper.
These structures can be used in the construction of long flat
products such as alpine skis and snowboards.

According to Wang, Yu [7], composites are multiphase
materials that combine the properties of their components.
Hence, their mechanical properties can outperform the
properties of their components alone. One commercial
category of composite materials is the fiber-reinforced
polymers (FRP) that consist of polymer resins and high
strength fibers like glass, carbon, and aramid (see Figure 2a).
A stack of multiple FRP layers, also called plies, are bonded
together using adhesives, creates the laminates (see Figure
2b). The composite laminates, depending upon the stacking
sequence nature, can be classified into seven categories;
symmetric, cross-ply, angle-ply, anti-symmetric, balanced,
orthotropic, and quasi-isotropic laminates [8]. The category
that is relevant for this paper is the angle-ply laminates. This
type of laminates consists of a random number of plies of the
same thickness and material while they have various fiber
directions (ply angle) between -90 and +90 degrees. Plies with
different angles are stacked in a laminate when there is a need
for load-carrying capacity optimization in different directions
[9]. Due to their lightweight structure and robustness,
laminates widely find application in automobile, aerospace,
sport utilities, etc. However, they are characterized by their
anisotropic properties that make their design and construction
challenging. Furthermore, there is a clear gap in in-depth
knowledge about the mechanical properties of FRP in general.

(@)

Polymer resin

" Carbon fibers

Figure 2. a) A ply (layer) and b) A composite laminate consisting of stacking
plies.
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The basic outline of the remainder of the paper is as
follows; in Section 2, the implemented methodology, as well
as the theoretical background, are described in detail. The
results are presented and discussed in Section 3, and finally,
the conclusions and the future research based on the findings
are presented in Sections 4 and 5, respectively.

2. Method

An automatic loop for the TO and the optimal composite
composition of an angle-ply laminate beam is presented in
this paper. The conduced approach can be described as a two-
stage process where the first stage generates the optimal part
topology, and the second creates an optimal layup
configuration. The authors’ intention was to eliminate the
designer’s inputs and let the chosen software choose the
optimal design solution. The applied SBD methodology is
presented by a flowchart depicted in Figure 3. The two-stage
procedure is divided into five main steps: 1) Pre-processing,
2) TO, 3) Post-processing, 4) PO, and 5) Validation.

Step 1: Pre-processing
+  CAD (design
space)
FEA (finite
element analysis)

Step 4: Parametric

Step 5: Validation

) F
e Final design

Geometry Optimization (PO).
export/import Parameterization
Python script
l +  Optimization
Step 2: Topology Geometry
Optimization (TO) export/import
+  SIMPTO |
Step 3: Post-processing
Geometry Redesign
export/import Creation of
layers (plies)

Figure 3. The applied methodology in this research.

The Pre-processing step consists of two main activities; the
CAD and the FEA. At this step, the designer decides the used
design space and all the inputs for the FEA simulations.
According to Tyflopoulos and Steinert [10], the designer’s
inputs in the front-end phase of an SBD-method can be
categorized into four clusters; design constraints, supports and
connections, load cases, and geometric restrictions due to
manufacturing constraints. In these inputs, the TO and PO
options can be added too. As has already been mentioned, a
case study of a 200x6x200 mm (LxWxH) thin beam was used
in this paper to present the implemented method and support
the theory. The initial 3D-model was designed in the
SolidWorks CAD software, including all the relevant
geometrical features that both are required for the final
component and can influence the optimization results. Once
the design space was defined, the model was transferred to
Abaqus FEA software, where two load cases were applied,
resulting in both torsional and bending deformation of the

part. Then, the model was discretized into 5 mm hexahedral
finite elements, leading to 16000 elements in total. An
arbitrary elastic isotropic material with E=50 GPa and v=0.3
was assigned to the model. The elastic modulus for the
isotropic design space was significantly less than the
equivalent anisotropic lamina values, as will be presented at
the PO step. The initial design of the part, as well as the
applied loads and boundary conditions, are shown in Figure 4.

@)
y

200.00

H=

Figure 4. a) The initial design of the used model, and b) The FEA model:
fixed on the right side, F1= 10N and F2=5N.

At the next step, the TO was conducted using the Tosca
structure optimization software with the same boundary
conditions and loading scenarios. The Solid Isotropic Material
with Penalization method (SIMP) was used with strain energy
and volume as objective function and design response,
respectively. The sum of the elements’ strain energy is equal
to the compliance, which is the reciprocal of the stiffness.
Thus, the designers using this approach try to reduce the
material of the structure while they keep its robustness. The
applied algorithm minimized the total strain energy of the
structure using as a constraint a 50% volume reduction. The
SIMP method was initially proposed by Bendsee and Kikuchi
[11]. This method utilizes the density distribution within a
discrete design domain p, where a binary value is assigned:

pe = 1, where material is required (1)
pe = 0, where material is removed (void) 2)

The transformation from discrete to continuous values
(0<p<1) allows the creation of intermediate densities. In this
case, the Young modulus of each element is given by the
following power law:

E(p.) = prE, (©)

Where p is the penalization factor that diminishes the total
stiffness due to the intermediate densities. According to Zhou,
Pagaldipti [12], p must be between 2-4, and usually, its value
is 3. The reduction of the material elastic modulus leads, in its
turn, to a stiffness reduction. The global stiffness of a
structure is given by the formula:

KSIMP(p) = Zleyzl[pmin +(1- pmin)pg]Ke 4)
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where:

Prmin’ the minimum allowable relative density value for void elements
that are greater than zero

K,: the element stiffness matrix

p: the penalty factor

N: the number of elements in the design domain

Thus, in the traditional compliance TO approach, which is
also used here, the objective function is:

;. — VN T
min C({p}) = Xe=1(pe)” [ucl" [Kel[ue] ©)
where:
[u]: the nodal displacement vector of element e
[K.]: the stiffness of element e
{p}: vector that contains the elements’ relative densities

In addition, during each optimization iteration, the target
volume constraint (50%), the global force-stiffness
equilibrium, as well as possible functional constraints must be
satisfied. Here, a forging constraint was added to support the
manufacturability of the optimized design. Forging is a
special case of casting. In this case, the forging die needs to
be pulled only in one direction. Hence, this constraint adds
geometric restrictions to the optimized designs by creating a
virtual central plane internally on the back plane of the model.
In this way, the pulling takes place in only one direction [13].
Furthermore, the regions with the applied loads were excluded
from the design space of the TO. Finally, 50 design cycles
were chosen as a limit for the implementation of the TO.

The optimized design was exported as a STEP file and
imported in SolidWorks for the Post-processing. Here, a
redesign of the part was conducted with regard to
manufacturability. Thus, organic shapes and complex
geometries of the structure were either removed or
redesigned. At that point, the derived model was sliced into
four cross-sections (sets) for the sake of redesign simplicity.

The updated design was introduced again into Abaqus for
the PO. The used thickness of the plies was equal to 0.3 mm,
and thus, 20 plies were created in total. Each cross-section
had a corresponding ply in a way that when the plies were
stacked on top of each other, the resulting composite part
would match the geometry taken from the TO. A new
unidirectional pre-impregnated carbon fiber material, Hexcel
6376, was added for the laminas. This material is an
orthotropic high-performance matrix formulated composite.
The required data in order to calculate the orthotropic
elasticity of the structure in-plane stress are the principal
young moduli Ei and E», the poison’s ratio in the principal
direction Nui2, as well as the shear moduli in the principal
directions Gi2, Gi3, G23 [14]. The shear moduli are needed to
define the transverse shear behavior in shells. An overview of
all these data is summarized in Table 1.
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Table 1. Material properties for the Hexcel 6376

Symbol ~ Value [GPa] ~ Description
E, 164 Young’s modulus in the fiber direction
E, 9 Young’s modulus in the matrix direction
Nuy, 0.31 Poisons ratio
G 6.5 in-plane shear modulus
Gis 6.5 in-plane shear modulus
Gas 6.5 in-plane shear modulus
At that moment, an evolution-based parametric

optimization model was developed in the Isight software in
order to optimize the FRP-material layup. The used
evolutionary optimization algorithm is based on the works of
Rechenberg [15] and Schwefel [16]. The evolution strategy
developed to solve continuous parameter optimization
problems with the following form:

fiMCS R* >R withM #0 ©)

Where f is the objective function. Kursawe [17] extended
(6) in a more general form in order to can solve multiple-
criteria problems:

f:Mc R* > RKk>1 7
Thus, the global optimization problem is described as:
VxeM:f(x) = f(x") =f" ®)

where {* is a global minimum, and x” is a global minimizer.
In addition, for a problem with inequality constraints:

gj:R" >R ©9)
the feasible region M is characterized by:
M= {xeR"|gj(x) 20 vje(l,...q} (10)

The algorithm mutates designs by adding a normally
distributed random value to each design variable. The
standard deviation of the normal distributions is self-adaptive
and alters thought the optimization process. The optimization
parameter for the conducted PO was the ply angle. The
orientation of the angles could be varied from -90 to +90
degrees. As for the TO, the minimization of the total strain
energy, and thus the maximizing of the stiffness, was chosen
as a goal also here. A Python script applied a given layup
configuration to the model in Abaqus before each iteration.
The flexibility inside the Python script allows the user to
change the parameters and test different layup configurations.
The Python script is available for interested readers at the
following  link:  https://github.com/vagelan/A-combined-
optimization-methodology-for-optimizing-angle-ply-
composite-laminates.git. Isight reads the strain energy values
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after each iteration and optimizes them by using an evolution
strategy.

Finally, for the validation step, a conventional part from
the literature was chosen for comparison. The part was
adapted from the paper of Bruyneel, Craveur [18]. This is a
200x3.6x200 mm quasi-isotropic laminated beam with similar
mass, a uniform thickness, and a conventional plies
orientation [0°/+45°/90°] that is mainly used in aeronautics.
Furthermore, it consists of 12 plies with the same thickness
equal to 0.3 mm. The main difference between the optimized,
in this paper, beam and the adapted one is that the first was
generated after a two-stage optimization process where its
topology and then its layup were optimized while the adapted
beam was optimized only for its layup. The validation study
was conducted in Abaqus.

As can be observed, there are still many designer’s inputs
that can delay and affect the optimization procedure and, thus,
the final design solutions. However, the development of an
automatic loop for layup optimization could decrease the
inputs and, thus, the optimization time and the sensitivity of
the design solutions.

3. Results

The TO step resulted in a raw faceted geometry that was
imported and redesigned in SolidWorks. The TO procedure
could be converged after 24 design cycles. The volume of the
raw optimized model was reduced by 47.5% compared to the
initial design. The redesigned model, after the step of post-
processing, had a smoother surface with no stress
concentrations and complex geometries. However, the
redesign process increased the volume of the model by 8.33%.
The initial, optimized, and redesigned models are illustrated

in Figure 5.
@ (®) ©

Figure 5. a) The initial design, b) The exported topological optimized design,
and c) The design solution after the redesign.

The PO process could be converged after 850 iterations.
The composite stacking sequences with their corresponding
ply angles for the optimized and the conventional beam are
depicted in Figure 6. The ply orientation for the optimized
beam varied from -58° to +90° among the different layers of
the four sets, while at the conventional part, the ply-angles
alternated among 0°/+45°/90°.

% frespmreiird

Figure 6. The ply stack plots in Abaqus of a) the optimized beam and b) the
convention beam.

The validation step showed that the optimized part was
75.6% stiffer than the conventional part that was used for
comparison. In addition, lower maximum Von-Mises stress
and deflection were found at the optimized part. The results
from the validation study are presented in Table 2.
Furthermore, the deflection in the z-direction of the two parts
is depicted in Figure 7.

Table 2. The results of the validation study.
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Str.

Thickness Volume Deflection Stress

Part Layuj Ener
[mm] [mm?] o & [mm] [MPa]
[J/mm?]
Optimized 6 1.46E+05 -58 to +90 135 2.6E-01 6.86E00
Conventional 3.6 1.44E+05 0/+45/90 554 1.09E00 1.78E+01
(@) )

Mo 10350

Node! PART-111.55 Vosn: ART-A11 1641

Figure 7. The deflection in the z-direction of the: a) optimized part, and b) the
conventional part.

The used case study in this paper was an angle-ply
laminated beam. TO was implemented in order to identify the
optimized design layout of the structure. The ideal layout
could be identified after a small number of design cycles of
TO in Abaqus. This, in its turn, was used as a design space for
the PO loop. The PO was time demanding; however, it was
developed as an automatic procedure that could skip the
designer input and result in stronger design solutions. It is
clear that the angle-ply laminated beam outperformed the
commercial example of a quasi-isotropic laminated beam that
was used for comparison reasons. The implementation of the
TO before the PO of the plies orientation could contribute to
the identification of a stronger design solution making it a
prerequisite in the optimization process. The design solution,
as well as the implemented SBD methodology, could be used
in the industry in the manufacturing of aircrafts or sport
utilities. The redesign of the topologically optimized design
allows the manufacturing of the laminated beams with both
conventional production methods (CPM) and additive
manufacturing (AM). The geometry complexity, and the
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production cost and time could be used as evaluation criteria
for the final decision.

4. Conclusions

The purpose of this research was to develop an as much as
possible automatic SBD-method for the optimization of angle-
ply composite laminates. In particular, a 200x6x200 mm
beam of Hexcel 6376 was used as a case study to test the
implemented methodology. The findings from this research
can be used as a guide in the construction of composites.

The main goal of the authors was to decrease the designer
inputs in the optimization loop. A two-stage optimization
methodology was developed that encompassed both TO and
PO. Generally, it consisted of five sequential steps: 1) Pre-
processing, 2) TO, 3) Post-processing, 4) PO, and 5)
Validation. The designer’s inputs can be mainly found in the
pre -and post-processing. The former consists of the
aforementioned five parameter clusters; design constraints,
supports and connections, load cases, and geometric
restrictions due to manufacturing constraints. The latter is
about the designer’s choices in the redesign of the
topologically optimized geometry. The designer should expect
a slight discrepancy exporting the faceted design derived from
the TO. Thus, there is a need for redesign based on the
topologically optimized solution. In addition, the volume of
the redesigned model was increased to a small extent. Hence,
the design solutions at this point are biased and based on the
designer’s choices and skills. Another cluster of design inputs
could consider the properties and the parameters of the TO
and PO, respectively. However, an automated PO loop, at step
four, could reduce the designer’s inputs and, thus, the
simulation time.

The applied TO approach was a traditional compliance
optimization using the SIMP method while the PO was
executed using an evolution strategy and having as
optimization parameter the ply angle. The SIMP method
cannot consider the material anisotropy; however, it was used
here due to its simplicity. It is possible for the designer to
modify the Python script in order to optimize the structure
using other parameters such as the plies’ thickness and the
fibers’ material. The volume of the optimized design was
reduced by 47.5%. In addition, the validation study showed
that the final design solution was 75.6% stiffer than the
conventional one.

5. Future research

It is clear that the designer using the presented
methodology needs different software expertise. Furthermore,
there is still much room for improvement concerning the
reduction of his/her inputs, and thus, process automation.
However, SBD’s benefits of utilizing a tailored process to
design complex composite parts are evident. The
implemented methodology is characterized by its ease-of-use
and applicability and thus can be exploited by designers with

no or little experience with composites. Moreover, it is a
flexible and scalable process, which could be extended, i.e., to
sandwich composites using different materials and load cases.
Several TO and PO approaches could be tested. Furthermore,
alternative objective functions and additional constraints
could be used in both approaches. In addition to that, other
TO methods could be applied, such as the method of moving
asymptotes (MMA) and the Level-set method. Finally, the
construction of real-world parts could help the verification
and validation of the implemented process.
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Abstract: Topology optimization (TO) has been a useful engineering tool over the last decades. The
benefits of this optimization method are several, such as the material and cost savings, the design
inspiration, and the robustness of the final products. In addition, there are educational benefits.
TO is a combination of mathematics, design, statics, and the finite element method (FEM); thus, it
can provide an integrative multi-disciplinary knowledge foundation to undergraduate students in
engineering. This paper is focused on the educational contributions from TO and identifies effective
teaching methods, tools, and exercises that can be used for teaching. The result of this research is
the development of an educational framework about TO based on the CDIO (Conceive, Design,
Implement, and Operate) Syllabus for CAD engineering studies at universities. TO could be easily
adapted for CAD designers in every academic year as an individual course or a module of related
engineering courses. Lecturers interested in the introduction of TO to their courses, as well as
engineers and students interested in TO in general, could use the findings of this paper.

Keywords: topology optimization; education; teaching methods; CDIO

1. Introduction to Topology Optimization (TO)

Topology optimization (TO) is one of the most commonly implemented optimization
categories in structural optimization (SO) [1,2]. The design domain of a structure is
discretized, and then unnecessary material is either removed or moved to create a layout
that meets the given objective functions and constraints of the structure. TO is mainly used
by engineers who are interested in material reduction or other optimization objectives,
such as stress, deflection, and cost.

Bendsee and Kikuchi [3] developed the homogenization method in order to solve
the topology optimization problem. According to the homogenization theory, the design
domain of a structure is discretized into unit cells. These microstructures are used in
the calculation of global material properties. Since 1988, several gradient-based and non-
gradient-based techniques have been developed [4]. On the one hand, the solid isotropic
material with penalization (SIMP) method [5], as well as the evolutionary structural opti-
mization (ESO) method [6], are two notable examples of gradient-based techniques. On
the other hand, the application of genetic algorithms [7] that explore a whole population
for possible solutions in TO is worth mentioning as a non-gradient-based technique.

TO has been applied on the macro-, meso-, and micro-scale levels. In addition, several
methods have been developed for the implementation of multi-scale TO [8,9]. Hence,
there is a wide range of TO applications in the industry—from large, complex structures,
such as airplanes, to small antennas, micro-machines, fluids, dynamics, multi-physics,
and customized human implants. Furthermore, TO has been adapted in both architecture
and art for design inspiration. The Qatar National Convention Center [10] and the TO
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of furniture [11] are two notable examples in the two latter categories, respectively. TO,
at its current state of the art, is mostly used as a design process. Usually, topologically
optimized designs must be redesigned in order to be manufactured with conventional
production methods (CPMs). In recent years, much research has been committed to
additive-manufacturing-oriented TO, wherein the derived TO design solutions can be
produced directly [12]. Figure 1 illustrates that the implementation of TO is a combination
of classical mechanics, mathematics, computer programming, finite element methods
(FEMs), computer-aided design (CAD), 3D printing, and conventional production methods
(CPMs). The inclusion of so many methods suggests that TO can also be utilized as a source
of computational exercises across a broad range of engineering curricula.

, Mathematlcs /
{hysws\ /

Figure 1. A Venn diagram of TO as a multi-educational tool.

In this paper, the authors focused on the educational aspects of TO. Before engineers in
industry can see TO as a useful tool for material and cost savings as well as design inspira-
tion, the authors suggest educating the next generation of CAD designers by using TO as a
valuable teaching tool that can provide multi-disciplinary knowledge to undergraduate stu-
dents. The recommendation is to introduce TO in an easily taught way to students studying
CAD engineering from their first academic year by providing topology-optimization-based
learning (TOBL) under the prism of the CDIO (Conceive, Design, Implement, and Operate)
Syllabus. TOBL serves as a knowledge bridge to the essential elements of a CAD design
degree program, such as 3D modeling and finite element methods (FEMs), by using the
TOBL framework that was developed as the main result of this research. To demonstrate
the utility of TO in CAD design education, the authors examined the following questions:

e  Can TOBL be used effectively in a degree for CAD design?

e  How easy is it to introduce elementary TO to the under- and postgraduate students,
and is there an effective teaching method?

e  Whatis the prerequisite knowledge that is needed to teach the fundamental TO theory?

e At which level can TO be introduced? Are there differences between teaching TO to
undergraduate and postgraduate students?

The structure of this paper is as follows: In Section 2, the CDIO approach is presented.
Then, the general structural optimization problem is described in Section 3, leading to
Section 4, which contains examples of tools, software, games, and exercises that could be
effectively used as active learning tools in the teaching of TO. The findings from the previ-
ous sections constitute the background of the development of an educational framework
for TO in Section 5. The developed framework is discussed in Section 6. Finally, Section 7
concludes with the valuable contributions of this research.
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2. CDIO: An Effective Educational Framework

The changing needs in modern engineering have motivated academics to reconsider
engineering education. The industry expects newly graduated engineers to possess the
basics, to bring new skills with them into the workplace, to apply knowledge of mathe-
matics and engineering, to design new products and processes, to communicate effectively,
to function in multi-disciplinary teams, and to use new techniques and modern tools [13].
Since the 1960s, there has been a return to the roots in engineering education, i.e., from
theoretical to practical engineering. The participation of the students in the learning pro-
cess is increasing gradually with the introduction of in-class active learning tools. Active
learning is a teaching method where the students have a central role by learning through
games, activities, and crafts, as well as by communicating and working in groups and
projects [14]. Different pedagogical methods have been developed in the last decades, in-
cluding work-based learning (WBL) [15], practice-based professional learning (PBPL) [16],
problem-/project-based learning (PBL) [17], and design-based learning (DBL) [18], to
mention a few. All of these methods have the same denominator, which is increasing
students” knowledge acquisition, comprehension, and intuition, as well as stimulating their
motivation to learn by using theory in practice in the classroom. This pedagogical strategy
aligns the theory with the practical implementation, so the students can learn both the
theory’s applicability and its limitations.

In the late 1990s, an innovative educational framework for engineers was developed
based on this strategy under the name of CDIO [19]. The name of the framework is
an acronym of the major learning phases of Conceiving, Designing, Implementing, and
Operating. CDIO began as an initiative by four universities: Massachusetts Institute of
Technology (MIT), Chalmers University of Technology, KTH Royal Institute of Technology,
and Linkoping University. Their intention was to present a of the UNESCO’s universal ed-
ucational taxonomy developed in 1996 that was extended and focused on engineering [20].
The CDIO approach describes all of the activities that are needed during the total lifecycle
of a product, process, or system. The first activity is to identify the stakeholders’ needs and
strategies and to create project and business plans. This activity is described by the word
“conceive”. The word “design” is the second activity, which is the creation of any type of
design (plans, drawings, algorithms, etc.) that describes the product or the process that
will be implemented. The third activity, “implement”, is the transformation of the design
concepts into the product or process, as well as testing and validation of how well they
perform. Finally, “operate” is the last activity, which is the use of the product or process for
its intended purpose, as well as its maintenance, evolution, recycling, and retirement [17].
The implementation of the CDIO framework is described in detail in the CDIO Syllabus
report [21]. In addition, the framework was designed as a template with instructions for
adoption in any engineering education institution. The CDIO community has grown to
include approximately 120 university members worldwide since its inception.

2.1. The CDIO Syllabus and Its Standards

The CDIO Syllabus was developed based on feedback from academics, industries,
under- and postgraduate students, and practicing engineers. It thoroughly describes the
full set of knowledge, skills, and attitudes that a modern engineer should possess after
his/her graduation and their level of proficiency. The revised version (second version) of
the CDIO Syllabus, at its first level, consists of four main parts: 1. Disciplinary knowledge
and reasoning, 2. Personal and professional skills and attributes, 3. Interpersonal skills,
teamwork, and communication, and 4. Conceiving, Designing, Implement, and Operating
systems in the enterprise, societal, and environmental contexts. The CDIO Syllabus is
described in “The CDIO Syllabus v2.0: An Updated Statement of Goals for Engineering
Education” at the first, second, third, and fourth levels [21]. However, at its second level of
detail, the CDIO Syllabus is considered sufficient for a course or module design.

The first section of the Syllabus is the UNESCO's “Learning to know”, and it describes
the expected knowledge, such as mathematics, physics, and engineering fundamentals,
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that the students should gain from their study program. The content of this section can vary
among the different study programs based on their particular needs. The remaining three
sections include the knowledge, skills, and attributes that are required from all engineering
graduates regardless of their specialization. Specifically, the second section is about the per-
sonal learning outcomes of the students, ranging from problem solving, experimentation,
and system thinking to attitudes and ethics. This section is equivalent to the UNESCO’s
“Learning to be”. The interpersonal skills are the focus of the third section, where the
students learn to work and communicate in groups. The teamwork and communication
presented in this section are very close to the “Learning to live together” described by
UNESCO. Finally, UNESCO'’s “Learning to do” is the conceiving, designing, implementing,
and operating (CDIO) described in the fourth and last section of the Syllabus.

The CDIO Syllabus is intended to ensure that students will expand their skills through
its implementation. According to the vision of CDIO [19], this depends on the structure
of the curriculum, the content of the courses, the learning environment, the teaching
method, and the way that the learning outcomes are evaluated and interpreted. For this
reason, the CDIO initiative developed 12 principles under the name of CDIO Standards
to guide any educational engineering program that embraces the CDIO approach. The
utilization of these standards will secure, monitor, and evaluate the implementation of
CDIO. According to the CDIO Initiative, the standards can be formed into groups with
respect to their context. Standard 1 is considered as the foundational principle of the CDIO
approach, as it provides a lifecycle context of education. The next three standards (2—4) are
related to the development of an integrated curriculum that can support the CDIO Syllabus.
Standards 5 and 6 describe how the ideal design and implementation experiences, as well
as the students’ required workspaces, should be arranged, while Standards 7 and 8 focus on
the teaching and learning methods. The development of faculty is presented in Standards 9
and 10, and finally, Standards 11 and 12 deal with the assessment and evaluation of the
study program.

2.2. Designing a Course Aligned with the CDIO Approach

Despite the fact that the CDIO approach is mainly applied on a program-level scale, it
is also applicable on a course or module level [19]. However, the design of a course that is
aligned with the CDIO approach is challenging. It is crucial for the person responsible for
the course or the designer to plan the course in relation to the integrated CDIO curriculum
and not independently. Thus, the development of the course can be seen from both a
top-down and a bottom-up perspective. An illustration of a course design procedure that
is aligned with the CDIO approach is depicted in Figure 2.

The development of an integrated CDIO curriculum of a study program is imple-
mented together with all of the stakeholders that share an interest in the graduates, such as
the faculty, under- and postgraduate students, and the industry. These key stakeholders
evaluate and monitor the development process and elaborate on the needs of a contem-
porary engineer. The goals of the study program are defined based on these needs, and
these, in turn, configure the CDIO Syllabus. At this point, the program leaders and the
responsible faculty design the integrated CDIO curriculum by going through all of the
included courses and are always in dialogue with the program stakeholders. According to
Standard 3, the disciplinary courses should mutually support the curriculum. In addition,
personal, interpersonal, and building skills should be a focal point.

The planning of each course begins with the identification of the purpose of the
course by defining its learning outcomes. According to Biggs [22], there is a constructive
alignment of a course’s learning outcomes with its teaching and learning activities, as well
as its assessment. The learning outcomes are the knowledge, skills, and attributes that
students attending this course are expected to gain. These should be specific, detailed,
and realistic with regard to the course’s time and resources. Moreover, the learning
outcomes can be classified based on the desired level of understanding from the students’
side. The CDIO initiative recommends the utilization of the Feiser—-Shmitz taxonomy [23]



Educ. Sci. 2021, 11, 348

50f 18

for the categorization of a course’s learnings outcomes. This taxonomy consists of five
levels of understanding, including defining, computing, explaining, solving, and judging.
It is clear that students have a long path to knowledge from the description and the
interpretation of a problem to its solution and evaluation. The teaching and learning
activities are all activities that help students to acquire the intended learning outcomes.
These activities must support active learning (Standard 8) and, thus, should always embrace
practical examples and applications of the presented theoretical concepts. In addition,
the students should reflect on their experiences and give constructive feedback. Finally,
the assessment is a measure of the extent to which the students have reached the desired
learning outcomes. According to Standard 11, the applied assessment methods depend
on the course’s outcomes. For example, the preferred evaluation of learning outcomes
related to design and implementation skills uses the measurement of recorded observations
rather than traditional written tests. Examples of such observations could be the delivery
of design artifacts or a portfolio of assignment results.
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Figure 2. The course design procedure based on the CDIO Syllabus and the work of Crawley,
Malmgqvist, Ostlund, Brodeur and Edstrom [19].

TO can be considered either as an individual course or as a crucial module related to
disciplinary engineering courses at the bachelor or master level. A topology-optimization-
based learning (TOBL) under the prism of the CDIO approach is presented in this paper.
The development of the TOBL will mainly be based on the first section of the CDIO Syllabus
at its second level of detail, as well as the section’s Standards 1-4. Furthermore, dependen-
cies between the TOBL and an integrated CDIO curriculum will be identified. Open-source
ideas and resources provided by the CDIO Initiative assist the rapid adaptation and smooth
facilitation of the CDIO approach for any engineering university, including those with
limited resources. Therefore, open-source TO tools that can support the TOBL will be
presented in this research work. The development of the TOBL and its framework will be
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described in Section 5, but first, Section 3 will present the general structural optimization
problem, followed by an example of active learning tools in Section 4.

3. The General Structural Optimization Problem

Before the development of a TOBL, it is crucial to review the general optimization
problem. The general optimization problem is described by the following mathematical
formulation [24]:

minimize/maximize f(x,y) with respect to x and y
(50) g(y) <0, behavioral constraints on y
subject to{ g(x) <0, design constraints on x
g(y), g(x) =0, equilibrium constraints.

)

where:

f(x): objective function f;
x: design variable;

y: state variable.

The objective function of a structure can usually measure the cost of production, stress,
weight, compliance, and displacement, among other things. The numerical value of this
function is used as a criterion for the evaluation of the possible design solutions. In the case
of the minimization of an objective function, for example, the minimization of its weight,
the lightest design will be chosen as the optimal solution. The design variables (x) are either
functions or vectors that describe the design and can be changed during the optimization.
They represent a characteristic of the design, such as a geometric characteristic or the
chosen material. Finally, the state variables (y) are either functions or vectors that represent
the response of the optimized mechanical structure, such as stress, strain, force, and
displacement [24].

Furthermore, the behavioral and design constraints can be combined and written as g
(x,y). In addition, in a linear discretized problem, the equilibrium constraints are [24]:

K(x)u = F(x) )

where:

K(x): stiffness matrix;

u : the displacement vector;
F(x): the force vector.

Thus, u = u(x) = K(x) ' F(x) can substitute for the state variable y while the equi-
librium constraints can be left out from the optimization problem. Hence, the nested

formulation of (1) is:
minf(x,u(x))
(SO)""SW{ subject to g(x,u(x)) <0 ®

The objective function used in traditional TO is the total compliance of the structure’s
elements. The compliance is the reciprocal of the stiffness, and thus, by minimizing the
compliance of the structure, one can increase its robustness. Thus, by formulating the
stiffness optimization problem, a density-like variable is assigned to the finite elements
created, and thus, x = p. Hence, Formulation (3) is transformed into [24]:

minf (o, u(p))
(SO)”“W{ subjecft:gp(p,u(p)) <0 @

In the case of an integer problem, the binary values (0, 1) are used for p, where 1 means
material and 0 is void. A classical method for solving discretized structural optimization
problems is the optimality criteria method [24]. However, due to the solutions” complexi-
ties and challenges, such as in the checkerboard problem (structural discontinuities), in
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optimized design solutions, the discrete values of p are replaced with continuous vari-
ables, and thus, 0 < p < 1. In this case, finite elements with intermediate densities are
created. Gradient-based algorithms are utilized for the solution of continuous optimization
problems. In addition, interpolation methodologies are used for the calculation of the
properties of material. The most commonly implemented interpolated method is the SIMP
method [24], where the Young modulus of the material is expressed in a continuous setting
by using the following power law:

E=Ey+ p”(El — Eo) 5)

where:

E: Young’s modulus;
p: penalization factor, usually with the values 1-3.

Furthermore, it is very common for there to exist more than one objective function
in an optimization problem. For example, a structure could be optimized for both its
weight and maximum strength. In other words, the goal of this optimization problem is
the identification of the lightest design with the smallest maximum stress. In this case,
the optimization problem becomes a multi-objective mathematical problem that can be
formulated as [24]:

minimize/maximize (f1(x,y), f2(x,y), ..., fu(x,y)), (6)

where 7 is the number of the objective functions, and the constraints are the same as for
(1). Tt is clear that the different objective functions do not take their max/min values at the
same x and y. Thus, in order to calculate the optimal solution of (6), Pareto optimality [25]
is enforced. This solution, which is also called Pareto optimal, is found for x = x* and y = y*
and satisfies, in the minimization case, the following constraints [24]:

filx,y) < fi(x*,y%), foralli=1, ..., n, (7)

filx,y) < fi(x*,y"), for atleastonei € (1, ..., n). 8)

A transformation of (6) into a scalar objective function contributes to the identification
of the Pareto optima by varying the weights in the following formula [24]:

n
Y wifi(x,y), )
i=1

where w; > 0 fori=1, ..., nindicates the weigh factors that satisfy )/ ; w; = 1. Inter-

ested readers are directed to the works of Bendsee and Sigmund [2] and Christensen and
Klarbring [24] for more analytical calculations.

4. Examples of Active Learning Tools in Topology Optimization

TO could be introduced to students by using active learning tools that help students’
intuition and comprehension, such as figures, interactive exercises, and games. Figure 3
depicts the initial and topologically optimized designs of a cantilever beam.

Students could be asked to discuss and choose among the proposed design solutions
based on their strength, mass, and quality. In addition, they could be divided into small
groups that try to build the lightest and strongest optimized cantilever beams by using
readily available materials, such as cardboard and MDF. For the building process, the
parameters used should be based on the given boundary conditions and constraints, while
the groups try to identify the load paths and the critical areas in the beam’s structure. All of
the developed beams are then checked for their strength and weight, and the best solution
is announced. Another example could be the use of TO applications/games, such as 2D
and 3D interactive TopOpt apps for handheld devices and web, where the students can
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change the load cases and the boundary conditions themselves and can monitor the design
solutions and interact with them [26,27], as shown in Figure 4.

J

Figure 3. Topology optimization of a cantilever beam: (a) the initial design, (b) the TO geometry, and
(c) the redesigned geometry for CMP.

(a) (c)

(@ (b)
Figure 4. TO games for handheld devices: (a) 2D TopOpt app [26] and (b) 3D TopOpt app [27].

All of these activities are intended to excite students’ curiosity about TO and bring
forth an elaboration of how a designer can evaluate the strength of a structure and how
he/she can reduce its weight without compromising its strength. From these exercises, the
students can understand the advantages afforded by the implementation of TO and, at the
same time, they combine their essential knowledge in mathematics, physics, and mechanics.

The introduction to the fundamental theory of TO could be conducted by using
scientific literature about SO, such as “An Introduction to Structural Optimization” [24]
and “Topology Optimization: Theory, Methods and Applications” [2]. In addition to these,
the utilization of basic scripts, such as the 99-line script for TO by Sigmund [28] written in
Matlab or the equivalent 200-line Python script, which can be used in open-source software,
could support the theory presented in Section 3 with a numerical implementation. The
different sections of the code could be presented, and relevant optimization exercises for
simple structures could be given. The script’s flexibility affords the opportunity to students
to practice with the code and the essential equations of TO by changing the geometry, the
boundary conditions, the load cases, and the material with respect to the models given
in the exercises. Furthermore, they are challenged to confront the checkerboard problem
and understand the need for continuous variables in the solution of the TO problem,
as well as the reduction of the intermediate elements, by using the SIMP method with
different penalization factors. An example of a more advanced exercise is the presentation
of different optimization filters, such as sensitivity filtering [29,30] and black-and-white
(Heaviside) filtering [31], which are presented in the updated 88-line Matlab script by
Andreassen, et al. [32]. Finally, the new generation of the 99-line Matlab code for compliance



Educ. Sci. 2021, 11, 348

90f 18

topology optimization and its extension to 3D by Ferrari and Sigmund [33] could be used
in more advanced exercises. A TO example of a cantilever beam using the aforementioned
Matlab scripts is depicted in Figure 5.

2D 2D

(b) ()

Figure 5. Topology optimization of a cantilever beam with a mesh size of 100 x 50 (horizontal x
vertical) using Matlab scripts [28,32]: (a) checkerboard problem, (b) sensitivity filter, and (c) Heavi-
side filter.

In this exercise, students can optimize simple structures by using these codes and
can try to identify differences in their optimized results. In addition, they can import the
derived optimized designs into CAD software, such as SolidWorks or Fusion360, where
they can use them as a canvas for the 3D modeling and the FEMs of the results, which
would contribute to the learning of different CAD and FEM tools. The most popular
commercial software for topology optimization is still based on the core 99-line Matlab
code [28]. Fusion360 may be preferred due to the fact that it contains a free student license
that includes a topology optimization module. Different exercises can be conducted in a
CAD environment, where students can practice using tools for TO, FEM, and CAD through
the design of the initial design concepts and the redesign of the optimized design solutions.
In addition, postgraduate students can explore the impact of the designers’ input on the
optimized results, as by Tyflopoulos and Steinert [34].

An example of an optimization procedure is presented in Figure 6, where the students
were asked to optimize a cantilever beam for its mass based on the given boundary
conditions and load cases.

§ CAD geometry

Validation study

FEM geometry

2 .
Design for CPM e .
Post Geometry o Pre
processing Shift processing
L Design for AM

Mathematical medel

TO geometry FEM model

TFLEM results

Figure 6. The TO-procedure of a cantilever beam based on Tyflopoulos, et al. [35].
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On the one hand, the students practice both the pre-processing and the post-processing
phases of the optimization procedure. In the pre-processing phase, they have to identify the
boundary conditions and load cases of the given structures, create mathematical models,
and conduct the required FEMs. In the post-processing phase, they redesign the optimized
solutions for X, where X is either AM or CMP. For AM, the design solutions should be
prepared for 3D printing, while for CPM, additional parameters should be added to
support the manufacturability by conventional means. These two options will introduce
the fundamentals of 3D printing and the traditional production methods, respectively.
Finally, numerical validation studies using FEMs should be implemented at the last step
in the optimization methodology presented in Figure 6. The production of the design
solutions, as well as their experimental validation, could support the numerical analysis
and offer students a complete product development process. A qualitative and quantitative
comparison between the numerical and the experimental results could help students to
identify the challenges and limitations of TO and improve their skills.

On the other hand, as a more advanced exercise, they could explore these limitations
and challenges. For example, Figure 7a presents the impact of the design space utilized
in TO with a desk as an example. From this example, the students could understand that
by increasing the design space, the flexibility of the optimized algorithm is also increased,
leading to better-optimized solutions. Another example of TO could be the integration
of design-of-experiment (DOE) practices in its methodology and the presentation of its
sensitivity to the given parameters. Figure 7b presents the sensitivity of the algorithm to
changes in the boundary conditions. Small failures in a designer’s inputs can easily lead to
a lack of feasible design solutions. It is crucial for students to understand that TO can be
used for both design inspiration and manufacturing by using the appropriate inputs.

4
TIX

(a) (b)

Mass: 8.6 Kg Mass: 38 Kyt
Max stress: 0.3 MPa Max stress: 0.026 MPa
FOS: 66.7 FOS: 755

y

Mass: 2 Kg Mass: 2 Kg
Max stress: 5 MPa Max stress: (.3 MPa
FOS: 4 FOS: 11.6

Figure 7. Examples of advanced TO exercises: (a) TO of a desk: impact of the utilized design
space [36]; (b) TO of a wall bracket: the sensitivity to the given boundary conditions; adapted
from [34].

In addition, projects that use real-life products in cooperation with industry could
be used for the in-depth understanding of TO. In this way, students can apply their
knowledge to real projects and optimize existing products for both their own benefits and
the companies’ sake. Some examples are the optimization of a ski binding [35] and the
optimization of the brake calipers of a student racecar [37], as shown in Figure 8.
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Figure 8. Examples of TO projects conducted by undergraduate students: (a) optimization of a ski binding [35] and

(b) optimization of brake calipers [37].

5. A Teaching and Learning Framework for TOBL

In this section, a teaching and learning framework for topology-optimization-based
learning (TOBL) is presented under the prism of the CDIO approach. The goal of this
framework will be to educate under- and postgraduate engineering students in order for
them to acquire the skills of modern CAD designers. This TOBL framework is a collection
of useful theoretical fundamentals, as well as examples of open-access TO tools, exercises,
and assignments, thus enabling its adoption in any study program in CAD engineering.
The process used here follows the guidelines provided by the CDIO Initiative for the
development of both course and integrated curricula, as presented in Section 3. For the
identification of the needs and goals of TOBL, the process begins with the description of
the attributes expected of a contemporary CAD designer.

5.1. The Goals of a Study Program in CAD Design Based on the Necessary Attributes of a
Contemporary CAD Designer

Modern design is challenging because of the multitude of characteristics expected
in newly developed products, which should be robust, attractive, and environmentally
friendly. The continuous integration of new technologies in product design development
has generated an increasing demand for different skill sets. Hence, the responsibilities
and, consequently, the needs of CAD designers have dramatically changed. It is important
to understand that a contemporary designer should not only design, but also engineer.
In this section, the needs of a CAD designer are identified based on his/her contribution
to the product development process. The product development process presented in
this paper follows the model of Eppinger and Ulrich [38]. According to this model, the
product development process is divided into six phases: planning, concept development,
system-level design, detail design, testing and refinement, and production ramp-up.

During the planning phase, the designers should investigate the market and the
technological changes and should generate new product ideas with respect to both the
industry’s strategies and societal needs. In addition, they should be able to identify the
key stakeholders who are interested in a product, understand their needs, and translate
them into product specifications, in addition to making business and project plans. These
tasks increase the need for designers’ skills to include problem solving, innovation, project
management, and entrepreneurship.

The second phase is the conceptualization of the dominant product ideas. At this
point, the designers create several design concepts based on the stakeholders’ needs
and by utilizing different design tools and algorithms. The CAD software is the most
commonly implemented design tool because it increases designers’ productivity with the
flexibility of their design [39]. Furthermore, the designers are able to both create and test
experimental prototypes. These prototypes can be both numerical and physical. On the one
hand, numerical prototypes are CAD designs. These designs can be tested and validated
using FEMs. On the other hand, physical experimental prototypes can be developed with
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inexpensive materials, such as cardboard and MDF. Hence, a CAD designer should have
good design, computer, and building skills.

The system-level design addresses the product’s architecture, as well as its decom-
position into subsystems and components. In addition, the product’s boundaries and
relationship with the operating environment should be defined. This phase helps design-
ers to create a clear overview of the end product without building or developing a fully
detailed system design. However, in this phase, many important decisions are made, such
as the identification of both the functional and physical elements of a product, the way that
the elements will be combined to make an assembly, and possible manufacturing methods
for each of them. These activities demand both design and engineering skills, such as
knowledge and simulation of both the additive and conventional production methods that
use CAM tools and knowledge of mechanics and dynamics, to mention a few.

In the detail design phase, CAD designers should develop technical drawings that
include tolerances and materials for each of the product’s components and “translate”
these into machine movements by using software coding. A detailed list of all components
should be created, including all in-house and purchased parts, as well as their numbers
and descriptions. Furthermore, the Design for Excellence (DfX) parameter should be taken
into account, where X can represent the manufacturability, cost, robustness, and other traits
or features [40]. High design and engineering skills are also demanded here, such as for
material choices and production methods.

The testing and refinement phase involves the production and evaluation of multiple
preliminary versions of the product. Here, the CAD designers test and compare their
designs with the numerical ones and make possible changes and modifications. Moreover,
additional optimizations, such as TO, can be conducted with a focus, for example, on the
reduction of the weight or cost of the product.

Finally, the final design solutions are gradually transformed into new realities in the
production ramp-up phase. The CAD designers should monitor the manufacturing of the
products and should be prepared to insert last-minute changes. In addition, the collection
of feedback from the key stakeholders can help to identify possible product errors and
omissions in early qualification of the production. The modification of the designs based
on this feedback can lead to possible product improvements.

Ultimately, designers work in teams, which means that they communicate and collabo-
rate with other engineers during the entire product lifecycle. Thus, there is a great need—as
for any engineer—for communication and teamwork skills that support disciplinary co-
operation and design activities. It is clear that the boundaries and the skills described are
relevant in all product development phases. Hence, in order to list the necessary attributes
of a CAD designer, the product development process should be seen holistically.

To conclude, a designer should understand and implement the whole product de-
velopment process by using different tools (drafts and CAD), making concepts, building
prototypes, testing, validating, and optimizing (SO). This is akin to the CDIO’s “conceive,
design, implement, and operate” activities. Hence, a study program that adapts the CDIO
Syllabus can educate a student to become an effective modern CAD designer. A presenta-
tion of the needs of a CAD designer that combines the product development process of
Eppinger and Ulrich [38] and the CDIO approach is depicted in Table 1.

The CDIO approach has the goal of educating students to be able to develop new
products, processes, and systems by utilizing the deeper working knowledge of technical
fundamentals that they acquire and by considering the impacts of research and technology
on society [19]. Thus, TOBL must offer a deep working knowledge by using active learning
TO tools that can lead to conceptual understanding of CAD design [41]. Students following
a TOBL study program utilize their knowledge to design and develop optimized CAD
products that integrate technological changes and satisfy societal needs. In addition, the
material savings provided by the TO could support the production of products that mini-
mize raw material resources. Until recently, traditional design placed both the refinement
and optimization of the products at the latter phases of product development (phase five
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in the model of Eppinger and Ulrich). According to our proposed framework, designers
could avoid design fixation and offer optimized designs from the beginning, thus saving
valuable time and money.

Table 1. The attributes of a contemporary CAD designer.

Problem solving and innovation

Planning . .
P t tand ent h
Conceive roject management and entrepreneurship
Concept Development Good. d.e51gn, computer, and building skills
Creativity
. CAD and CAM
System-Level Design Engineering fundamentals
Design Design and engineering skills
Detail Design Material choice
Production methods
. . FEM and Optimization
Implement Testing and Refinement Physical testing
Monitoring the manufacturing
Operate Production Ramp-up Logistics

Maintenance

5.2. CDIO Syllabus for a CAD Designer

As mentioned in Section 1, the CDIO Syllabus can be adapted to any CAD design
study program based on its distinct needs. In particular, it is mainly the first part of the
syllabus—the collection of the disciplinary knowledge and reasoning—that can deviate,
while the other three—the personal and interpersonal skills and attributes, as well as
the CDIO philosophy—are required, for the most part, from all engineering graduates
regardless of their study program.

The first part of the syllabus is divided into three categories at its second level of de-
tailed content—i. knowledge of underlying mathematics and sciences, ii. core engineering
fundamental knowledge, and iii. advanced engineering fundamental knowledge, methods,
and tools. These are further elaborated upon in the following.

i. Any engineer, including a CAD designer, requires mathematics as underlying knowl-
edge in his/her education. Specifically, a designer following TOBL should be familiar
with algebra, calculus, analysis, and, indisputably, geometry and topology, as these
can be considered as prerequisites for CAD and TO. In addition, dynamic systems
with differential equations and mathematical physics with a focus on classical mechan-
ics support the FEM courses. Furthermore, the theory of applied statistics provides
fundamentals for parametric and non-parametric statistical models while introducing
DOE to the students. Basic physics and chemistry with a focus on classical mechanics
and stereochemistry support the core engineering fundamental knowledge. Finally,
basic knowledge of programming languages and computer programing will help new
designers to develop their own scripts and understand the different TO algorithms.

ii.  The core fundamental engineering knowledge is almost the same in any engineer-
ing undergraduate study program. However, the focus should be adapted to the
students’ needs. Concerning the studies of a CAD designer, mechanics, dynamics,
thermodynamics, material science, and structural analysis are important for the under-
standing of basic engineering concepts and can be used in the design parametrization
of CAD models, the implementation of FEM simulations and validations, the material
selection, and the solutions of optimization problems. In addition, knowledge of
conventional manufacturing processes (CMPs) and additive manufacturing (AM)
will be utilized in the testing and refinement step of product development, and both
should be accounted for in the optimization process.
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iii. A special focus on the 3D printing, CAD, FEM, CAM, and TO methods and tools
constitutes the advanced engineering fundamental knowledge, methods, and tools.
In addition, statistical and computer programming software are demanded, among
other things. All of these will help students to apply the theory learned, to develop
projects, and to learn through application. The active learning tools, algorithms, and
assignments presented in Section 4 will make significant contributions to this section
of the syllabus.

The other three parts contain the more generic knowledge, skills, and attributes
that all engineering graduates should possess, and they are described thoroughly in
the CDIO Syllabus. In general, a CAD designer should be able to identify, understand,
model, and solve any kind of optimization problem by utilizing different optimization
methods and approaches while working either alone or in teams and communicating and
cooperating efficiently with other team members. Thus, good personal, professional, and
communication skills are demanded. Contemporary CAD designers should communicate
continuously with other engineers, such as industrial and AM engineers, during a product’s
lifetime. Good communication can lead to effective product development and reduces the
uncertainty among its phases, resulting in better products and minimizing the need for
rework and waste. Finally, the syllabus should be in accordance with the philosophy of
CDIO and TOBL and, thus, educate students to function in and contribute to an enterprise
in a societal and environmental context.

5.3. Course Design and Integrated Curriculum in TOBL

The development of both TO courses and an integrated TOBL curriculum is a de-
manding procedure, and these should be seen together. On the one hand, an integrated
TOBL curriculum should be developed by the corresponding faculty with respect to the
necessary skills of a contemporary CAD designer and the participation of all of the related
key stakeholders. The courses involved should cover the disciplinary knowledge men-
tioned in Abstract. Of course, this knowledge can vary from program to program based
on the students’ specializations. A balance between mandatory courses and a plethora of
elective courses can offer several topics that can cover every designer’s future needs for
knowledge and skills. On the other hand, the planning of a TO course should begin with
the definition of its learning outcomes, followed by the teaching and learning activities,
as well as the course’s assessments. The learning outcomes of a TO course should be seen
as a part of an integrated curriculum and not independently. In addition, they can be
categorized with respect to their difficulty and level of understanding. The teaching and
learning activities of a TO course should be aligned with the tools presented in Section 4.
These active learning tools, together with the implementation of real-life optimization
problems, will promote the practical application of TO. Finally, suitable assessments could
both measure students’ understanding of TO and evaluate the individual courses, as well
as the integrated TOBL curriculum.

An example of a teaching and learning framework for TOBL based on the findings of
this research work is presented in Table 2. This framework could be used in the process
of the development of an integrated curriculum in any TOBL study program in the scope
of five academic years. Table 2 recommends the essential knowledge that can support
TOBL, examples of teaching and learning activities, and intended learning outcomes and
assignments. In addition, the learning outcomes are classified with respect to the academic
year and the Feisel-Shmitz taxonomy.
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Table 2. Example of a teaching and learning framework for topology-optimization-based learning (TOBL).

Teaching and learning framework for TOBL

Underlying/Essential Knowledge that Can Support TOBL

Mathematics Mechanics Thermodynamics Material Science Chemist
Physics Dynamics Programing Statistics vy
Bachelor: Core Eng. Knowledge Master: Advanced Eng. Knowledge
Teaching and learning activities
1st Year 2nd Year 3rd Year 4th Year 5th year
. . Theory and examples
F.1g.u?es/Examp .les. with of different SO methods
initial and optimized Matlab/Python and aleorithms
designs exercises: different Bachelor dissertations Exercisesgcombinin Individual Master
Interactive games and scripts in groups: SO with DOE an dg thesis: Design and
apps CAD/FEM exercises Optimization of real sensitivity analvsis optimization of real
Matlab/Python Applications in products in cooperation A licz};ions ?n products in cooperation
exercises: 99-line script structural problems with industry SEEC tural and with industry
CAD/FEM exercises Small group projects . .
Small group projects multi-physics problems
Small group projects
Intended Learning Outcomes
Exate curiosity apd TO seript
increase motivation In-depth
. TO challenges In-depth -
Introduction to - understanding of SO
. TO for AM vs. TO for understanding of TO .
programming SO scripts and software Create, analyze, and
CPM Create, analyze, and K
languages ; Advanced CAD evaluate different
) . Moderate CAD evaluate different o
Mechanical design A Advanced FEM optimization problems
. Moderate FEM optimization problems
Introduction to 3D K ) DOE Plan, prepare, lead, and
. Parametric design Plan, prepare, lead, and . . i
modeling . . . Sensitivity analysis manage projects
. Statistical analysis manage projects . . .
Introduction to FEM . Statistical analysis Contribute to research
. Product development  Contribute to research
Introduction to CMP . . and development work
Reverse engineering ~ and development work
and AM . L
Design thinking
Assessment
Exercises/Exams Exercises/Exams Group Bachelor Exercises/Exams Individual Master
Small group projects Small group projects dissertations Small group projects dissertations
Level in Feisel-Shmitz taxonomy
Define Compute Explain Solve Judge

6. Discussion

The TOBL framework developed here includes all of the educational aspects of TO.
Hence, to answer the RQs posed in the beginning of this paper, it can be stated that:

e TOis a useful multi-educational tool that can be effectively utilized to introduce and
teach the different educational elements that constitute a degree in CAD engineering,
such as CAD, FEM, CAM, AM, and CPM. In addition, its application to real-life
products can offer theoretical insights to the students about product development,

design thinking, and reverse engineering.

e  There are a plethora of open-source active learning tools concerning TO that could
easily facilitate both its introduction and in-depth understanding among under- and
postgraduate students. A study program that supports TOBL under the prism of the
CDIO initiative offers a learning and educational method that can create contempo-
rary CAD designers who can design and develop optimized products aligned with

technological changes and societal needs.

e  The prerequisite knowledge that is demanded and that can support TOBL consists of
the basic fundamental engineering knowledge that is included in any undergraduate



Educ. Sci. 2021, 11, 348

16 of 18

engineering program. However, additional focus on special topics related to TOBL
should be covered, such as topology, mathematical physics, classical mechanics,
computer programing, and applied statistics.

e  TO can be taught to both undergraduate and postgraduate students studying CAD
engineering from their first academic year. However, theoretical topics, exercises,
applications, and projects with a gradually increasing difficulty can be used during
the different academic years, leading to increased levels of understanding of TO.

There are just a few previous works in the literature that either promote TO as a teach-
ing tool in engineering [42—44] or implement the CDIO Syllabus in the development of
engineering courses [45-47]. On the one hand, de Oliveira, Steffen, de Moraes Vasconcellos
and Sanchez [42] and Mullins, Kirkegaard, Jessen and Klitgaard [43] proposed practical
and simplified models based on TO that could be easily integrated into the undergraduate
architecture, while Sangree, Carstensen, Gaynor, Zhu and Guest [44] explored the potential
role of TO as a teaching tool in structural engineering education. On the other hand, Quist,
Bhadani, Bengtsson, Evertsson, Malmqvist, Enelund and Hoffenson [45] developed an
engineering design and optimization course based on the CDIO Standards. In addition,
Deweck, Kim, Graff, Nadir and Bell [46] presented an undergraduate design and rapid pro-
totyping course in the Department of Aeronautics and Astronautics at MIT that combined
CAD/CAE/CAM and CDIO. Finally, in their research paper, Zhong, Chiu and Lai [47]
measured students’ cognitive load and flow experience by using CDIO engineering in a
flipped programming course.

However, the research work conducted in this paper was the first attempt to bridge
the educational benefits of TO and the CDIO Syllabus, resulting in a novel educational
framework, the TOBL framework, which can be easily applied in both curriculum and
course development in any program of CAD engineering study.

7. Conclusions

The possibility of using TO as an educational tool for CAD, FEM, CAM, AM, and CPM
for under- and postgraduate students in CAD engineering studies is explored here. TO is
shown to be adaptable and relevant in all academic years, either as an individual course
or as an integrated curriculum. The CDIO Syllabus, together with the implementation
of open-source active learning tools about TO, such as figures, interactive exercises, and
games, offers the students different levels of understanding of TO. The findings in this
paper resulted in a novel learning and teaching framework for topology-optimization-
based learning, the TOBL framework. The underlying knowledge that can support TOBL,
its teaching and learning activities, and its intended learning outcomes was presented in
detail. The TOBL framework can educate contemporary CAD designers who can conceive,
design, implement, and operate optimized products. With this approach, traditional CAD
design, where the refinement of the developed products was one of its last phases, is now
replaced with a design methodology that is oriented towards optimization. In this way, a
contemporary designer avoids the design fixation that leads to known CAD geometries
and is able to explore new, lighter, and more robust design ideas while saving material
and development time. Finally, the authors encourage the TO community to exchange
ideas, knowledge, and experience that can contribute to TOBL in any study program that
involves CAD engineering.
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Abstract: Topology optimization (TO) is a mathematical method that optimizes the material layout
in a pre-defined design domain. Its theoretical background is widely known for macro-, meso-, and
microscale levels of a structure. The macroscale TO is now available in the majority of commercial
TO software, while only a few software packages offer a mesoscale TO with the design and optimi-
zation of lattice structures. However, they still lack a practical simultaneous macro-mesoscale TO.
It is not clear to the designers how they can combine and apply TO at different levels. In this paper,
a two-scale TO is conducted using the homogenization theory at both the macro- and mesoscale
structural levels. In this way, the benefits of the existence and optimization of mesoscale structures
were researched. For this reason, as a case study, a commercial example of the known jet engine
bracket from General Electric (GE bracket) was used. Different optimization workflows were imple-
mented in order to develop alternative design concepts of the same mass. The design concepts were
compared with respect to their weight, strength, and simulation time for the given load cases. In
addition, the lightest design concept among them was identified.

Keywords: topology optimization; lattice structure; design

1. Introduction

In the literature, the structure of a component can be categorized with respect to its
physical size, from bigger to smaller, and to macro-, meso-, and microscale structures [1].
However, there are no specific size limits that separate one from the other. The macroscale
is considered the external layout of a structure, while its infill is the mesoscale structure.
The elements that constitute the infill are usually unit cells creating a periodically ordered
pattern [2]. The structure of the unit cells is a good example of a microscale structure.
According to the theory of composite materials, a unit cell is the smallest volume that can
be measured to give a representative value of the entire structure [3,4]. Hence, it is as-
sumed that the continuum mechanics can be applied to the macro-, meso-, and microscale
levels of a structure [1]. Figure 1 shows the three structure levels of a hollow plate where
its mesoscale structure consists of uniform cubic cells.

Microscale

Macroscale Mesoscale

o (R

Figure 1. The macro-, meso-, and microscale structure of a hollow plate, based on [5,6].
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It is very common to use cellular structures inside the components to reduce their
weight or affect their physical and mechanical properties [7]. The cellular structures can
be classified into foams, honeycombs, and lattice structures [8]. The foams can be either
open or closed and are randomly generated [9]. Mesoscale structures of bones and shells
are two characteristic examples of foams. Honeycombs are cellular designs consisting of
unit cells such as hexagons with regular shape and size. They usually are two-dimensional
designs that can be extruded in the third direction. Finally, lattice structures are three-
dimensional unit cells, such as cubic and octahedral unit cells, arranged periodically, com-
posing a porous material structure of interconnected struts and nodes [2]. An advantage
of the lattice structures compared to foams and honeycombs is that they are flexible de-
signs that can be easily optimized to satisfy specific requirements. The desired material
property of a lattice structure can be achieved by changing the size, the orientation, the
struts, and the nodes of its cells [10]. Many researchers agree that the lattice structures
outperform foam and honeycomb cells due to their high stiffness, strength, energy ab-
sorption, heat dissipation, and damping [2,11]. Due to their good mechanical properties,
they can be widely applied in various industries such as the aerospace, automotive, and
biomedical industries [12].

According to Bendsee [13], structural optimization (SO) can be classified into shape,
size, and topology optimization. The topology of a design can be optimized in any of its
levels, i.e., at the macro-, meso-, and microscale levels, using different optimization meth-
ods [14]. The solid isotropic material with penalization (SIMP) [13,15], the level set [16],
the bi-directional evolutionary structural optimization (BESO) [17], the smooth-edged ma-
terial distribution for optimizing topology (SEMDOT) [18], and the floating projection to-
pology optimization (FPTO) [19] are some notable methods for the optimization of the
macroscale. On the other hand, the homogenization-based topology optimization
(HMTO) and the size gradient method (SGM) are two popular methods for the optimiza-
tion of the mesoscale. Finally, the aforementioned methods can be easily adapted on a
microscale level [1].

There are plenty of research papers about TO, either on the macroscale or mesoscale
level. In addition, many works deal with the concurrent multiscale optimization [20].
Watts et al. [21] modified Sigmund’s 99-line Matlab code [22] to solve a three-dimensional,
multiscale compliance problem via polynomial interpolation of stiffness tensors. The coat-
ing approach combined with the compliance TO by Clausen et al. [23] resulted in designs
with improved buckling load. Kato et al. [24] proposed a micro-macro concurrent TO for
nonlinear solids with a multiscale decoupling analysis. Hoang et al. [25] presented a direct
multiscale TO approach without material homogenization at the microscale but using
adaptive geometric components instead. Liu, Chan, and Huang [5] developed a concur-
rent two-scale TO algorithm based on the BESO method for maximizing the natural fre-
quency of structures. White et al. [26] developed a multiscale TO using neural network
surrogate models for spatially varying lattices. Despite the fact that there are some ap-
proaches of multiscale TO, its practical application is in its beginning since there is not a
commercial program that implements it automatically.

In this research paper, a two-scale TO was conducted in ANSYS software utilizing
manually the homogenization theory at both the macro- and mesoscale levels. The applied
algorithms for the macro- and mesoscale optimization were the traditional compliance
SIMP and the HMTO, respectively. Through the current study, the authors answer the
following research questions: What is gained by the existence and optimization of the
mesoscale structure? How should a combined macro- and mesoscale TO be practically
performed? For this reason, a case study of the notable jet engine bracket from General
Electric (GE bracket) was used [27]. Five different optimization workflows (mentioned as
optimization methods) of the GE bracket were implemented, trying to determine the most
efficient method in terms of structural strength. In addition, the impact of the type and
the orientation of the cells in the mesoscale structure were explored. Finally, the lightest
design solution was identified and presented among these workflows.
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The structure of the rest of the paper is as follows: in Section 2, the theoretical back-
ground of the used approaches for the topology optimization of both macroscale and
mesoscale is introduced. In Section 3, the implemented methodology is presented in de-
tail. The findings in this research work are displayed in Section 4 and discussed thor-
oughly in Section 5. Finally, Sections 6 and 7 encompass the conclusion and the possible
future research, respectively.

2. The Structural Optimization Problem for Macro- and Mesoscale Structures

The optimization of the macroscale structure can be described by the general SO
problem as it was presented by Bendsee [13]. The SO problem is broadly known in its
translation to a standard minimum compliance problem with a volume constraint. The
following discretized problem is based on the homogenization theory and the interpola-
tion method of SIMP [28]:

[nin c(p,U(p)) 1)

subject to: ¥N_; v,p, = vTp < V* )
9 UP)<g;, i=1..,M 3)
0<ppn<p<1e=1,.,N 4

K(p)U =F ()

E(p.) = piEo, p 21 (6)

where

¢ compliance;

0: material density;

U: global displacement;

g:  volume constraint;

pe:  element density;

v,: element volume'

V*: maximum allowed volume (volume of the design space);
K: global stiffness matrix;

F:  external loading vector;

E: overall structure elasticity;
p: penalization factor;

Ey: Young’s modulus.

For the current optimization problem, Equation (1) is the defined objective function,
which in this case corresponds to the compliance of the structure. Furthermore, there are
four constraints in this minimum compliance problem. The first constraint, Equation (2),
is the total design volume whose value should be equal to or less than the volume of the
design space. The constraints denoted by g; (Equation (3)) represent other possible be-
havioral and design constraints. At the third constraint, Equation (4), the values of the
element density are bounded between zero and one, where the former represents void
and the latter represents material. The fourth constraint, Equation (5), is the equilibrium
equation, which is further described by the elastic scaling law (Equation (6)).

According to Pan, Han, and Lu [2], the cellular shape and size of the mesoscale struc-
ture, and thus the lattice structure, can be either uniform or nonuniform. On the one hand,
the design and optimization of uniform lattice structures can be conducted by three dif-
ferent design approaches: (1) computer-aided design (CAD), (2) design based on mathe-
matical algorithms, and (3) design based on TO. On the other hand, the design and opti-
mization of the nonuniform lattice structures can be conducted either by functional
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gradient design or by SO [2]. The SGM [29] and the HMTO [30] are two notable ap-
proaches in each of these cases. The HMTO is applied in this paper.

For the HMTO, variable-density cellular structures are used in the creation of the
mesoscale structure. This method uses the homogenization theory to obtain the real me-
chanical properties of the infill as a function of the relative density of its lattice cells [4,31].
In general, the cellular structure has anisotropic behavior. In the HMTO method, the fol-
lowing scaling law describes this behavior [30]:

o =Ce 7)

where the stress, o; the strain, ¢; and the elasticity, C, can be written in matrix form:
G = [0110'220330'120130'23]T (8)
& = [£11622€33€12813823]7 )

c= (10)

The o;; and ¢;; are the scalar components of the stress and strain, respectively. The
homogenization method utilizes the micromechanics theory, where the FEA results of one
unit cell with different relative densities are used to predict the behavior of the entire
mesoscale structure. The scaling law of structure’s elasticity can be described by the pol-
ynomial function with the best fit of the computational data between the elastic constants
and the arbitrary relative densities of the cell [30]. A general form of this polynomial is the
following:

Cpy) = a1p, + azpf + -+ + anpt (11)

This polynomial represents the real mechanical properties of the mesoscale as a func-
tion of the relative density p, [4]. For the optimization of the mesoscale structure, a sim-
ilar formulation to the SO problem is applied:

N
min c(p,) = u'Ku = Z ulk,u, (12)
U€eU,py
e=1
subject to: Ku = f (13)
¢ =cpp) (14)
Yot =V (15)
0< Pmin = Pr S Pmax S 1 (16)

Here the derived intermediate elements from the SIMP method are replaced by cells
with corresponding densities creating a graded lattice structure [30]. In addition, the pol-
ynomial scaling law, Equation (14), replaces the fictitious elastic scaling law (Equation (6))
of the SIMP method. Analytical calculations for the TO of both the macroscale and
mesoscale are omitted for brevity. Interested readers should be referred to the research
works of Bendsege and Sigmund [28,32] and Cheng, Zhang, Biyikli, Bai, Robbins, and To
[30].

Figure 2 presents an example of the HMTO method of a hollow cantilever plate. The
hollow plate is fixed on its right face, and a 5000 N vertical force is applied on its top face.
In the first case, uniform cubic cells were used for its mesoscale structure, while the HMTO
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method was implemented in the second case resulting in an infill with a graded cubic
structure.

Uniform lattice structure

g o

Graded lattice structure

. Force: 5000, N
B Fixed Support

Mesoscale

structure \

Figure 2. The difference between uniform lattice structure and graded lattice structure.

The authors use the term lattice optimization (LO) when they refer to the HMTO
method. Both the described SIMP and LO methods are applied for the optimization of the
macro and mesoscale structure, respectively, in this research work.

3. Methodology

The presented case study in this paper is the known jet engine bracket by General
Electric, also called the GE bracket. This model was used by General Electric as a design
challenge in 2013 [27]. The participants in this challenge were asked to reduce the weight
of an existing aircraft engine bracket without compromising its strength. There were 629
entries, and the winner could reduce the initial weight of the bracket from 2.033 Kg to 327
g, which corresponds to nearly 84% weight reduction. The authors decided to use this GE
bracket as a case study in this paper due to its popularity and its known load cases and
boundary conditions. The given load cases were the following:

e Load case 1 (LC1): a vertical static linear load of 35,586 N;

e  Load case 2 (LC2): a horizontal static linear load of 37,810 N;

e  Load case 3 (LC3): a static linear load 42,258 N, 42 degrees from vertical;

e  Load case 4 (LC4): a static torsional load of 564,924 Nmm horizontal at the intersec-
tion of the centerline of the pin and the midpoint between the clevis arms.

The bracket was fixed with four bolts, and a 19.05 mm diameter pin was placed be-
tween the clevis. Both the load cases and the boundary conditions are illustrated in Figure
3.
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Figure 3. The 3D model of the GE bracket, the used load cases, and the boundary conditions: (a) LC1, (b) LC2, (c) LC3, (d)
LC4, and (e) the boundary conditions.
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The applied material was Ti-6Al-4V with 903 MPa yield strength. Its density, Young's
modulus and, Poisson’s ratio versus temperature are depicted in Figure 4.
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Figure 4. Properties of the Ti-6Al-4V: (a) density, (b) Young’s modulus, and (c) Poisson’s ratio.

The CAD model of the GE bracket was given by General Electric in an IGES file for-
mat and was downloaded from the company’s homepage. This model was used as a ref-
erence model and was imported to ANSYS software for FEA, TO, and numerical valida-
tion. The FEA of the GE bracket was conducted in ANSYS Mechanical. The same software
was also used for both TO and LO. According to the challenge, the intended production
method was additive manufacturing (AM). Thus, the optimized designs were not rede-
signed but instead were prepared for 3D printing in ANSYS SpaceClaim. In addition, AN-
SYS SpaceClaim was used for the creation of the uniform mesoscale structure. Finally, the
numerical validation studies were implemented in ANSYS Mechanical, where only the
designs with an FOS > 1 (Factor of Safety) against yield were accepted. The used finite
elements in all simulations were 3 mm tetrahedrons. The chosen size of the elements was
decided after a convergence study conducted in ANSYS Mechanical.



Designs 2021, 5, 77

7 of 15

3.1. Optimization of the Macroscale

The macroscale structure of the GE bracket was optimized using TO. The applied
method was SIMP with compliance and minimization of mass as objective function and
response constraint, respectively. Firstly, the GE bracket was topologically optimized for
each of the four load cases separately and then for all of them together. The authors’ in-
tention was two-fold. On the one hand, we wanted to show the sensitivity of the TO-re-
sults to the load changes. On the other hand, we wanted to manually identify the worst
load case, which in this case study was LC4. An implementation of a p-norm or related
soft-max function could automatically identify the worst-case scenario via the calculation
of maximum displacement due to random combinations of the given load cases. The best
design solutions in terms of weight were identified and further tested for their strength in
validation studies.

3.2. Combining the Macro- and Mesoscale Optimization

At this point, a lattice infill was added inside the structure. The applied cell structure
was a 12 mm cubic cell oriented in the z direction. Designs with either uniform or variable-
density lattice infill were used. The LO method presented in Section 2 was used for the
optimization of the mesoscale structure. Five different optimization workflows were con-
ducted for a 50% weight reduction. The load cases were gradually added to the TO of the
bracket. The authors intended to compare the derived design solutions by different opti-
mization combinations at the same weight, as well as observe the change in the designs
by adding load cases. The used optimization methods in this research paper were the fol-
lowing;:

Lattice: Initial layout with uniform lattice infill;

LO: Topology optimization of the mesoscale with variable-density lattice infill;

TO: Topology optimization of the macroscale;

TO_Lattice: Topology optimization of the macroscale and uniform lattice infill;
TO_LO: Topology optimization of the macroscale and topology optimization of the
mesoscale with variable-density lattice structure.

G

On the one hand, a multibody part was created based on the original IGES file of the
GE bracket for the Lattice and the TO_Lattice methods. This part consisted of the main
body, the bolt areas, and the clevis arms. Bonded contacts were applied between the bod-
ies. Both the lattice infill and the TO density were limited to the main body, while the bolt
areas and the clevis arms were used for the application of the boundary conditions and
the load cases, respectively. Hence, in the Lattice method, the clevis arms and bolt areas
were 100% solid, while in the TO_Lattice, they were used as ‘frozen area’ for the TO. On
the other hand, for the remaining three methods, LO, TO, and TO_LO, a similar multibody
part was used, but in this case, pin areas were created instead of the whole clevis arms.
The two different multibody parts are shown in Figure 5.
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Bolt areas

Bolt areas Clevis Arms

Pin areas

/ Main Body

Bolt areas

(@) C)
Figure 5. The multibody parts used both for the FEA, the optimizations, and the validation studies:

(a) multibody part for the Lattice and TO_Lattice, and (b) multibody part for the LO, TO, and
TO_LO.

3.3. In the Pursuit of the Best Design Solution in Terms of Weight

The same optimization methodologies were implemented in the identification of the
lightest design solutions with FOS>1. However, a preliminary research of the cell type and
orientation was conducted. Three different lattice cells were checked with the same crite-
ria in the X, y, and z orientation. These were the cubic, the octahedral, and the octet. A 6
mm internal thickness was used for the bracket. In addition, the applied strut thickness in
each cell was 4 mm, while the cell size was chosen in a way that all three infills could
result in a 50% weight reduction. Hence, 12, 16, and 24 mm cell sizes were used in the
cubic, octahedral, and octet cells, respectively. The lattice cell, as well as its orientation
with the best FOS, was used in the Lattice, LO, and TO_Lattice, and TO_LO methods. The
lightest design was identified among the five implemented methods for the load cases
applied simultaneously. The results for FEA, optimizations, and validation studies are
presented in the next section.

4. Results

As described in the methodology, a TO of the bracket’s macroscale structure was
conducted in the first step for independent and combined load cases. The design solutions
were compared for maximum weight reduction. In the second step, multiscale optimiza-
tions, combining macro and/or mesoscale optimization, were carried out using the Lattice,
LO, TO, TO_Lattice, and TO_LO methods for 50% weight reduction and gradually added
load cases. A research study of the cubic cell type (cubic, octahedral, and octet) and cell
orientation was conducted in the third step. Finally, the identified cell type, including its
orientation with the best solution, was adapted to the optimization methods for the crea-
tion of the lightest design solutions.

4.1. FEA of the GE Bracket

The FEA of the GE bracket was conducted before the optimization of the design. The
maximum von Mises stress as well as the FOS against yield were determined in each load
case and in the case of the combined load cases (LC1234). The results are shown in Figure
6. The horizontal static linear load (LC2) and the static torsional load (LC4) resulted in the
lowest (1.46) and the highest (2.77) FOS, respectively. The FOS of the combined load cases
was 2.71, which is close to the result of the LC4. It seems that the load path created by the
static torsional load dominates the load paths by created the other three load cases. In
addition, all the results of the FOS were higher than one, showing that there was place for
optimization.
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Figure 6. The FEA of the original design in each load case and at all load cases: (a) LC1, (b) LC2, (c) LC3, (d) LC4, and (e)
LC1234.

The maximum von Mises stress, the minimum FOS against yield, and the simulation
time of the FEA of the GE bracket are summarized in Table 1.

Table 1. The FEA results of the GE bracket.

Load Case Max Von Mises Stress (MPa) Min FOS Time (sec)
LC1 590 1.53 14
LC2 618 1.46 14
LC2 568 1.59 14
LC4 326 2.77 13

LC1234 333 2.71 83

4.2. Exploring the Different Load Cases

The design solutions from the TO of the GE bracket’s macroscale structure in each of
the LC and in all of them combined are shown in Figure 7. In addition, Table 2 presents
the results of the weight, maximum von Mises stress, FOS against yield, and simulation
time in each case.

Figure 7. The best T -solutions in each load case and at all load cases: (a) LC1, (b) LC2, (c) LC3, (d)
LC4, and (e) LC1234.
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Table 2. The results of the validation studies of the TO of the macroscale structure.

Load Case Weight (g)

Weight Reduction (%) Max Von Mises Stress (MPa) Min FOS  Time (sec)

LC1

638

68.7 822 1.1 348

LC2

674

67.0 760 1.19 378

LC2

543

73.4 869 1.04 566

LC4

475

76.7 472 1.92 1332

LC1234

492

75.9 624 1.45 1935

As it is observed in Figure 7, each load case led to a completely different design so-
lution. The initial weight of the GE bracket was 2.033 Kg. The best solution in terms of
weight was achieved in the LC4 with a 76.7% weight reduction (475 g). The optimized
design for all load cases (LC1234) gave a solution with a slightly higher weight (492 g).
Furthermore, the design solutions presented in Figure 7 show the sensitivity of the TO.
An eventual change either in the load cases or the boundary conditions could lead to a
completely different design.

4.3. Identification of the Best Optimization Method

The next step was the optimization of the GE bracket with the implementation of the
five optimization methods presented thoroughly in Section 3: (1) Lattice, (2) LO, (3) TO,
(4) TO_Lattice, and (5) TO_LO. The optimization goal in all methods was the reduction of
the bracket’s weight by 50%. The GE bracket was optimized, while the four LCs were
gradually added in each optimization method. Thus, 20 simulations were conducted at
this point. Figure 8 depicts the derived design solutions in the case where all the LCs were
applied. Table 3 presents the results of the minimum FOS against yield from the validation
studies in each case.

Figure 8. The design solutions in the five different methods for a 50% weight reduction in all LCs:
(a) Lattice, (b) LO, (c) TO, (d) TO_Lattice, and (e) TO_LO.

Table 3. The FOS results of the validation studies of macroscale and mesoscale TO.

Load Case

Method

Lattice LO TO TO_Lattice TO_LO

LC1

1.01 1.15 1.29 1.42 1.57

LC12

1.27 1.29 1.3 1.4 1.58

LC123

1.17 1.47 1.48 1.75 1.84

LC1234

2.06 2.13 2.15 2.33 2.84

The Lattice method with the use of uniform lattice infill resulted in the lowest FOS
among all the optimization methods. Both LO and TO with the optimization of the
mesoscale with variable-density lattice infill and the optimization of the macroscale, re-
spectively, had similar results. The fourth method (TO_Lattice) with the optimization of
the macroscale and the uniform lattice infill outperformed the previous methods. Finally,
the TO_LO with both the optimization of the macro- and mesoscale resulted in stiffer so-
lutions in each case. It seems that the use and the optimization of the infill in the topolog-
ically optimized layout of the bracket strengthen its structure.



Designs 2021, 5, 77

11 of 15

4.4. A Preliminary Research of the Cell Type and Orientation

The results of the preliminary research for the cell type and orientation of the
bracket’s infill are presented in this section.

4.4.1. Cell Type

The first step in this preliminary research was the optimization of the GE bracket
using three different cell types: 12 mm cubic, 16 mm octahedral, and 24 mm octet for its
uniform lattice infill. The Lattice method was also conducted here with a 50% weight re-
duction. A section view of each design is depicted in Figure 9.

Figure 9. Three different cells in the z orientation: (a) cubic, (b) octahedral, and (c) octet.

4.4.2. Cell Orientation

In addition, the orientation of the bracket was changed from z to both x and y, result-
ing in the different orientations of the lattices. Hence, nine optimizations were carried out
in total. The octet infill in the z orientation gave the highest FOS (2.54). Figure 10 shows
the uniform octet infill of the bracket in the three orientations. In addition, Table 4 presents
the results of the validation studies.

(a)

Figure 10. Three different orientations of the octet cell: (a) x orientation, (b) y orientation, and (c) z orientation.

Table 4. The results of the validation studies of the different cell types and their orientation.

FOS
Orientation/Cell Type  Cubic (12mm)  Octahedral (16 mm)  Octet (24 mm)
X 2.06 2.40 2.45
y 2.06 2.36 2.39
z 2.06 243 2.54

4.5. The Best Design Solutions in Terms of Weight

The identified cell type and its orientation from the previous section (24 mm octet
with z orientation) was used for the infill in the Lattice, LO, TO_Lattice, and TO_LO opti-
mization methods. Figures 11 and 12 show the best design solutions and their FOS plots,
respectively, in each method.
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Figure 11. The best design solutions in the different optimization methods: (a) Lattice, (b) LO, (c)
TO, (d) TO_Lattice, and (e) TO_LO.
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Figure 12. The FOS in the five different optimization methods: (a) Lattice, (b) LO, (c¢) TO, (d) TO_Lattice, and (e) TO_LO.

The analytical results of the simulations are presented in Table 5. Both TO_Lattice
and TO_LO gave design solutions that were lighter than the winner of the challenge in
2013 (327 g). The TO_LO gave the best solution with only 290 g, which corresponds to an
85.8% reduction of the initial weight of the GE bracket. It seems that both the use of uni-
form lattice structure and the optimization of it with LO could give better design solu-
tions. However, the TO gave the quickest optimized design with a 1.04 g/sec weight re-
duction ratio. Hence, when the optimization goal is the biggest weight reduction, both
TO_Lattice and TO_LO are suggested, with the former resulting in a quicker design solu-
tion. On the other hand, the TO is the best option when a designer wants to find a quick
solution with sufficient weight reduction and high strength (FOS = 1.45 in our case).

Table 5. The results of the validation studies of the five optimization methods.

Method Weight (g)

Weight Reduction Max Von Mises Stress

Min FOS Time (sec)

Weight Reduction Ratio

(%) (MPa) (g/sec)
Lattice 589 71.1 822 1.07 2015 0.68
LO 535 73.8 760 1.06 2998 0.49
TO 492 75.9 869 1.45 1935 1.04
TO_Lattice 314 84.6 472 1.01 2037 0.81
TO_LO 290 85.8 624 1.02 4646 0.37

5. A Comparison of the Optimization Methods

Five optimization methods were implemented for the optimization of the GE bracket:
(1) Lattice, (2) LO, (3) TO, (4) TO_Lattice, and (5) TO_LO. From these methods, the Lattice



Designs 2021, 5, 77

13 of 15

and the TO_Lattice with the uniform lattice structure were applied to a multibody bracket
where the clevis arms were excluded from the optimization. On the other hand, a pin area
was excluded, instead of the clevis arms, from the optimization of the other three meth-
ods. In addition, bolt areas were used in both cases for the boundary conditions. The dif-
ference in these two multibody parts also shows the difference between these two groups
of methods. Using either the TO, the LO, or the combination of them, TO_LO, a designer
can identify the load paths and the critical areas in the structure, wherein the GE bracket
is the clevis arms. From the derived designs of these methods, as depicted in Figure 11,
we can see that the main part of the clevis arms’ material was not removed in the TO.
Furthermore, the infill in this area was almost solid at the LO and TO_LO. The optimiza-
tion algorithm could identify the crucial areas automatically, while in the Lattice and
TO_Lattice method, the designer had to preserve the vulnerable areas of the structure
based on the load paths identified by the TO.

The Lattice method gave designs with the lowest FOS against yield both in the inde-
pendent and in the combined load cases. In addition, its best-identified solution had the
worst weight reduction among the other methods. However, the size of the used octet cell
for the lattice infill was big (24 mm) for computation time reasons. It is expected that a
smaller cell size could give better solutions. However, it is not clear if homogenization can
be used to investigate the effect of varying cell size since it assumes an infinitely small cell
size. Thus, higher-order methods are required to confront this ‘scale effect’ [33]. Addi-
tional research is recommended regarding the choice of the ideal cell type, as well as its
properties such as size and strut diameter. The design of the uniform lattice structure can
be conducted either in CAD software where the validation of the design is also possible
or using the infill properties of slicer software during the 3D printing preparation of the
design. The removal of the remaining powder of the 3D material has to be taken into ac-
count in the case of selective laser sintering (SLS) as a 3D printing method. For this reason,
the front and the bottom of the solid wall of the bracket were removed.

The LO could give better design solutions than the Lattice both in terms of FOS and
weight reduction. The optimization of the mesoscale with variable-density lattice infill
placed the cells with the higher density in the critical areas and the cells with the smaller
densities in the less crucial areas. This arrangement of the cells resulted in a stronger infill
structure compared to the uniform infill. An advantage of both the Lattice and LO meth-
ods was that the outer geometry of the bracket was preserved with their optimized solu-
tions.

From the exploration of the different load cases using TO, it was shown that the top-
ologically optimized results are vulnerable to the designer’s choices. A small change to
load cases, boundary conditions, and preserved areas could give different designs. How-
ever, a rough TO is suggested at the beginning of the optimization process both for the
identification of the load paths and design inspiration. In addition, the TO was the quick-
est among the other optimization methods, making it the ideal option when a rapid solu-
tion is demanded.

The combination of the TO with the uniform lattice infill, TO_Lattice, could further
reduce the weight of the bracket without compromising its strength. The creation of the
infill structure can be also conducted here either in CAD software for validation or directly
in the slicer software. This method utilizes the ideal identified layout of the structure as a
base for the application of the lattice infill. On the other hand, when variable-density lat-
tice infill is used instead of uniform, the optimization could lead to even lighter designs.
Both of these methods led to lighter design solutions compared to the winner of the chal-
lenge. The TO_LO method resulted in a design that was 7.6% lighter than the design of
the TO_Lattice. However, the optimization time of the latter was only a little bit higher
compared to the TO, but half that of the TO_LO. Thus, the TO_Lattice method gave the
best results in terms of optimization time and weight. The TO_LO is recommended when
the main goal of the optimization is weight reduction and in the cases where every gram
counts. Finally, the removal of any solid side of the bracket was not possible in these two
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methods, making SLS 3D printing inappropriate for these designs. Thus, fused deposition
modeling (FDM) could be used as an alternative 3D printing method (Figure 11d,e)).
However, the diameter of the cells’ struts should be designed to be not smaller than the
recommended minimum thickness of the 3D printer.

6. Conclusions

In this paper, the benefits of the existence and optimization of the mesoscale structure
were researched. For this reason, a jet engine bracket from General Electric (GE bracket)
was optimized for its weight using five optimization methods: (1) Lattice, (2) LO, (3) TO,
(4) TO_Lattice, and (5) TO_LO. The bracket was optimized either for its macroscale (TO)
or its mesoscale (LO) structure, or for both of them (TO_LO). The results showed that
when the optimization of the macroscale structure is combined with the use of uniform or
variable-density lattice infill, it could lead to interesting lightweight solutions. The lightest
identified design weighed 290 g, 85.8% less than the initial design. In addition, this design
was 11.3% lighter than the winner of the design challenge in 2013. The proposed design
was topologically optimized, and then its layout was used as a design space for a variable-
density lattice infill consisting of 24 mm octet cells. Furthermore, the TO is suggested for
rapid optimization of structures, while the TO_Lattice and TO_LO are recommended for
the highest weight reduction based on the practical insights of this research work.

7. Future Research

The integration of microscale optimization in the presented optimization methodol-
ogies, the adaption of multiple lattice cells in the lattice infill [34], or further exploration
of other lattice cells and triply periodic minimal surfaces (TPMS) are interesting topics for
further research that could possibly improve the identified designs in this paper. In addi-
tion, the smoothness of the topological boundaries could be further improved using new
element-based algorithms, such as the SEMDOT and FPTO. Finally, a commercial optimi-
zation platform that can conduct simultaneous multiscale optimization of structures could
be a useful tool for CAD designers looking for new lightweight structures.
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Abstract: Topology optimization (TO) has been a popular design method among CAD designers in
the last decades. This method optimizes the given design domain by minimizing/maximizing one
or more objective functions, such as the structure’s stiffness, and at the same time, respecting the
given constraints like the volume or the weight reduction. For this reason, the companies providing
the commercial CAD/FEM platforms have taken this design trend into account and, thus, have in-
cluded TO in their products over the last years. However, it is not clear which features, algorithms,
or, in other words, possibilities the CAD designers do have using these software platforms. A com-
parative study among the most applied topology optimization software was conducted for this re-
search paper. First, the authors developed an online database of the identified TO software in the
form of a table. Interested CAD designers can access and edit its content, contributing in this way
to the creation of an updated library of the available TO software. In addition, a deeper comparison
among three commercial software platforms—SolidWorks, ANSYS Mechanical, and ABAQUS—
was implemented using three common case studies—(1) a bell crank lever, (2) a pillow bracket, and
(3) a small bridge. These models were designed, optimized, and validated numerically, as well as
compared for their strength. Finally, the above software was evaluated with respect to optimization
time, optimized designs, and TO possibilities and features.

Keywords: topology optimization; commercial software; design; lightweighting

1. Introduction

Topology optimization (TO) is an optimization technique where the material distri-
bution of a structure is spatially optimized by minimizing or maximizing one or more
objective function(s), such as stiffness and cost with respect to given constraints, for ex-
ample, a specific weight reduction [1]. Structural optimization (SO), in general, has been
well described over the previous decades in the literature [2—4]. In these works, the theo-
retical background, as well as the different types of SO, are presented in detail. According
to Bendsee and Sigmund [1], the SO consists of size, shape, and topology optimization. A
more analytic representation of these optimization categories, together with their sub-cat-
egories that were introduced in the following years, is depicted in Figure 1.
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Figure 1. The different types of SO adapted from [5].

In Figure 1, each of the three main categories of SO, which are size, shape, and topol-
ogy, are further divided into sub-categories. The size optimization consists of global size
optimization and local size optimization, which can be also referred to as topometry opti-
mization. In topometry optimization, each element of the structure can be optimized in-
dependently [6]. At the topology optimization category, there is both the traditional TO
at the macroscale level and the lattice optimization at the meso- and microscale levels of
the structure [7-9]. Generative design, with its flexibility, could be added to this category
[10]. Finally, the shape optimization can be either parametric, non-parametric (free form),
or topographic, also named bead optimization. The latter can be considered a special case
of shape optimization where the surface of a structure can be optimized independently
[6].

A practical representation of the TO workflow in a TO software platform is shown in
Figure 2.

% CAD geometry

Validation study
: Design for CPM
Post Geometry
processing Shift
Design for AM

FEM geomelry

-

Pre
processing

Mathematical model

TO geometry FEM model

TTM results

Figure 2. A common TO workflow adapted from [11].
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In Figure 2, the TO is divided into two main tasks—pre-processing and post-pro-
cessing. On the one hand, the pre-processing of the design consists of the design phase,
the implementation of the finite element method (FEM) with the definition of the mathe-
matical model, and the discretization of the design space into finite elements. This task is
concluded with the presentation and evaluation of the results. At this point, the computer-
aided design (CAD) designer has to decide if there is room for optimization, which opti-
mization method should be followed, and which TO software can satisfy his/her needs.
On the other hand, post-processing is the second task where the optimized designs are
prepared for production either by conventional production methods (CPM) or additive
manufacturing (AM).

Thus, during the TO workflow, there are many decisions that have to be taken, re-
ferred to as the CAD designer’s inputs. These inputs can be classified into four clusters—
the design constraints, the supports and connections, the loads, and the geometric re-
strictions due to manufacturing constraints [12]. The design constraints are all the geo-
metrical dimensions that form the size and shape of the CAD model. The supports and
connections restrain the degrees of freedom of the model. In other words, they define the
relationship between the model and its environment, such as its interaction with other
components. The loads are all the load cases that a CAD designer has to take into account
in the optimization task. Finally, the geometric restrictions due to manufacturing con-
straints can be considered a subcase of the design constraints with a focus on the manu-
facturability of the CAD model. Different restrictions should be taken into account in the
case of CPM compared to AM. In addition to these four clusters, a fifth cluster could be
added regarding the properties and features of the TO software.

The first numerical method of TO was a 99-line script by Sigmund [13]. This can be
considered the first form of a TO software platform and the kernel of many optimization
platforms. The script was written in MATLAB and is based on the solid isotropic material
with penalization method (SIMP) [2,14]. On the one hand, there is a plethora of open
source software/scripts based on the 99-line script and SIMP, such as the top88 [15] and
the top3D125 [16]. In addition, there are some scripts that implement different optimiza-
tion methods, such as the CalculiX [17], which uses the bi-directional evolutionary struc-
tural optimization (BESO) [18], or the Allaire_Scilab [19], which applies the level set
method [20]. Furthermore, there are a few open source platforms that offer a toolbox of
TO scripts, such as the FreeFem [21] and the Firedrake [22]. On the other hand, the com-
mercial CAD/FEM platforms have integrated TO over the last years due to the lack of
computational power. The majority of them use the traditional compliance TO with SIMP,
such as SolidWorks [23], ABAQUS [24], Siemens NX [25], and Altair Optistruct [26], while
some others use different algorithms, such as AMEBA [27], which is BESO-based, or AN-
SYS Mechanical [28], which includes the level set method in addition to SIMP.

TO in commercial software is in its development since new design values that can be
chosen both as objective functions and constraints, such as frequency and buckling, are
gradually included in their TO modules. However, the authors could find only a few rel-
evant TO studies in the literature. Zhou et al. [29] presented the casting and extrusion
manufacturing constraints in TO software, newly introduced in 2002. In 2006, Schramm
and Zhou [30] discussed the developments in the implementation of TO in commercial
software. Reddy K et al. [31] compared and categorized twenty different commercial and
educational (open source) TO software platforms for AM, based on their capabilities in
2016. It seems that literature is missing a recent library of the available TO software plat-
forms, including their capabilities and limitations. Furthermore, a common CAD de-
signer’s problem is the time spent, before optimization, looking for the ideal CAD/FEM
platform that can support his/her optimization problem.

Hence, this research paper closes this scientific gap by the development of an online
library of the most implemented TO software platforms (70 software platforms) in the
form of a table. The library encompasses the name, company, availability (commer-
cial/open source), and optimization types and methods that the software uses together
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with the available objective functions and constraints. In addition, when it was possible
to identify, references and representative literature using the presented software were in-
cluded. This TO library constitutes a useful tool for CAD designers interested in TO. In
addition, it is accessible online for reading, editing, and updating its content. In Sections
4-6 of this paper, the authors present an in-depth comparison among a few of the TO soft-
ware platforms found previously in the created library. This comparative study was lim-
ited to the commercial software. The choice of the software was made based on the au-
thors” accessibility to the software’s TO modules via the student licenses provided by their
affiliated university. Thus, three commercial software platforms were picked —Solid-
Works, ANSYS Mechanical, and ABAQUS. The utilized software platforms were com-
pared with respect to their optimization time, optimized designs, pre- and post-pro-
cessing of the results, as well as their features and optimization capabilities. For this rea-
son, three common geometries found in the literature, including a bell crank lever, a pil-
low bracket, and a small bridge, were used as optimization case studies. Each of these
models represents a separate example category. The bell crank lever has limited design
space, the pillow bracket can lead to design solutions with an increased number of com-
ponents, and the small bridge has significantly increased design space. The optimization
of these structures was focused on simplicity, and thus, it was limited to the traditional
compliance TO based on the SIMP method. The lessons learned from the used case studies
and the applied research work within this comparative study offer useful insights to CAD
designers.

The rest of the paper is structured as follows. In Section 2, the general SO problem is
described together with some popular optimization methods. Section 3 presents the iden-
tified TO software and its features and capabilities. Section 4 describes the used case stud-
ies and their optimization workflow in this research work, and Section 5 presents the re-
sults. A comparison of the used commercial software is presented in Section 6. The results
of the conducted research work are discussed in Section 7. Finally, Sections 8 and 9 con-
stitute the conclusion and the future research, respectively.

2. Theory

According to Christensen and Klarbring [32], a general SO problem can be expressed
mathematically by an objective function f(x,y), a design variable (x), and a state variable
(¥). The objective function is a function that is used to classify the designs and can usually
measure compliance, weight, and displacement. On the one hand, the design variables are
related to the geometry of the structure or the chosen material. On the other hand, the
state variables represent the response of the structure, such as stress and strain. In addi-
tion, Christensen and Klarbring [32] categorize the design constraints into behavioral, de-
sign, and equilibrium. The behavioral constraints are related to the state variable, while
the design constraints concern the design variables. Finally, the discretization of the de-
sign space () creates the need for equilibrium constraints, which, in a linear problem, have
the following representation:

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

where K(x), u, and F(x) are the stiffness matrix, the displacement vector, and the force
vector, respectively. In the traditional compliance TO, also described by Bendsee and Sig-
mund [4], the objective function measures the stiffness of the structure via compliance
(f(x,y) = c), and the design variable is a pseudo-density of the elements (x = p,), where
pe = 1 means material and p, = 0 is the void. In addition, a volume constraint, g;, is
used to express the maximum amount of the distributed material (g;). A nested represen-
tation of the compliance TO problem is as follows:

min c(pe,u(pe)) = [ o))V @
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subject to Go(pe) = [, pedV —Vp 3)
9i(pe, ulpe)) < gi,i=1,... M 4
K(pe)U = F(pe) (5)
_ (0 _
pe—{l,e—l,...,N 6)

However, the discrete formulation faces many problems, such as the checkerboard
problem and computational limitations. Thus, continuous variables are used instead of
binary ones. The elements’ densities can now attain values between zero and one [4], as
follows:

0<pmin<pe<1l,e=1,...N, pnin #0 (lower bound) 7)

The solution of this problem can be conducted by either gradient-based optimization
techniques (GTO), such as the optimality criteria (OC) and the method of moving asymp-
totes (MMA), and non-gradient topology optimization techniques (NGTO), such as ge-
netic algorithms [33]. Interpolation is used for the expression of the material properties in
a continuous setting. One of the most popular interpolation methodologies is the solid
isotropic material with penalization (SIMP). SIMP interpolates Young’s modulus of the
material (E) using the following power law [4]:

E(p,) = pYEy, p = 1, Ey # 0 (lower bound) ®)

where p is a penalization parameter for the elements with intermediate densities, which
usually takes a value between 1 and 3 [34]. Usually, the traditional density-based TO is
called simply SIMP in the literature. Other notable TO methods are the level set [20], the
evolutionary structural optimization (ESO) [35], the topological derivatives [36], and the
phase field [37].

3. Different TO Software Platforms

At this point, a thorough literature search was conducted for the identification of the
available software that can be used for the implementation of SO with a special focus on
TO. The result of this research was the creation of a library in a table form that contains 70
different TO software platforms. This library encompasses the name, company, availabil-
ity (commercial/open source), the optimization type (size, shape, topology), and methods
((parametric (P)/non-parametric (NP), TO (SIMP, RAMP, level set), lattice)) that the soft-
ware uses, as well as the objective functions and constraints of TO. The constraints are
categorized based on the four clusters of the CAD designers’ input presented in Section 1.
In addition, it is shortly described how TO results are presented in the software’s interface.
Furthermore, relative references and representative literature for each software platform
are included, if they are available. Table 1 presents a section of the developed TO library.
In this table, only the software platforms used in the comparative study presented later in
this paper are included, which are SolidWorks, ANSYS Mechanical, and ABAQUS. Inter-
ested readers can access and edit the library online at the following links:
https://docs.google.com/document/d/1CnQOA492EkOdX1gi59EWaPnr]BL-
fOQs/edit?usp=sharing&ouid=110678641076107916949&rtpof=true&sd=true (accessed on
15 December 2021 ) or www.mdpi.com/xxx/s1 [13,15,16,22-24,26-28,38-173]. The authors’
intention was to create an updated database of the existing TO software where every CAD
designer could add new or missing TO software.
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Table 1. A section of the table containing the TO software.

Name Optimiza-

A R .
(Company, Availability tion Type: Ob,] ective Constraints (TO) Results (TO) ep.resentatlve
- Functions (TO) Literature
Version) Method
Design: dimensions, mass
supports and conn?ctlons: Optimized de-
fixtures, contacts, displace- R
Size: P ment, frequency sign: faceted ~Lakshmi Srini-
lid- - ) i t Aa-
Solid . Comr.ner Shape: P Mass, stiffness, Loads: structural loads, geometty vas Jaya Aa
works, 3DS cial/Available at . Plots: element dityaa, Pratap
e Topology: displacement stress, FOS S
[23] student edition . density distri- Singh and Javed
TO (SIMP) Manufacturing: preserved .
. . bution, stress, [157]
region, member size, mold .
L displacement
(pull direction), symmetry
(planar)
Design: dimensions, vol-
ume, mass, center of grav-
ity, moment of inertia, lat-
tices (size, type, strut thick-
Size: P ness, density) . o
Shape: P Supports and connections: Optimized de-
ANSYS Commer IEI)P. ! fixtures, contacts, displace- sign: faceted
Mechani- cial/Available at Topology: Compliance, ment geometry Gunwant and
cal, ANSYS . Opology: mass, volume Loads: structural loads, re- Plots: element Misra [51]
student edition TO (SIMP, . . Lo
[28] Jevel set) action force, stress density distri-
7 Manufacturing: preserved bution
lattice . .
region, member size, mold
(pull direction), extrusion,
symmetry (planar, cyclic),
overhang (angle, 3D build-
ing direction)
Design: dimensions, vol-
Strain energy, ume, weight, center of grav-
| . finerti
V.O ume,. ity, moment o merFla Optimize d de-
weight, dis- Supports and connections: sion: faceted
Size: P placement, ro- fixtures, contacts, displace- gzc‘)metry
h, :P tati fre- t
ABAQUS Shape: P, tation, fre et Plots: element
Commer- NP, Topog- quency, reac- Loads: structural loads, fre- .. ... Tyflopoulos,
(Tosca) + density distri-
Isight 3DS cial/Available at ~ raphy tion force, reac- quency, reaction force, reac- bution Hofset, Olsen
& student edition Topology: tion moment, tion moment, internal force, " . and Steinert [40]
[24] stresses, dis-

TO (SIMP, internal force,

RAMP)  internal mo-

internal moment, rotation
Manufacturing: preserved

ment, center of region, member size, sym-

gravity, mo-

metry (planar, rotational,

ment of inertia cyclic, point), mold (pull di-

rection)

placement,
stress, strain,
displacement

Figure 3a shows that only 31% of the software is open source, and the rest is com-
mercial. However, 44% of the commercial software gives access to students to their TO
module by offering a free student license. Concerning the SO categories, the majority of
the software offers both size, shape, and topology optimization. It is worth mentioning
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that 17% of the software offers generative design, and 30% gives the possibility of design-
ing and optimizing lattice structures. The most popular TO method is the SIMP, with 83%,
while the level set and ESO methods are found in 20% and 17% of the software, respec-
tively (see Figure 3b). In addition, the authors could not identify any software that sup-
ports the methods of phase field and topological derivatives.

Phase Field 0%

# Commercial Available in student edfition

. - "
= Open Source Topolegical Derivatives (0%

44%
Generative Design

Lo
Lattice |INNNNZ0%
Level Set  INZ0%1

kso EE
"\ Not availablen student edition
SIMP

56%
0% 20%  A0%  60%  80%  100%
(a) (W]
Figure 3. (a) Commercial vs. open source software, and (b) the availability of the different TO meth-
ods in software.

The compliance/stiffness/strain energy is the most common objective function. How-
ever, some software platforms, such as ABAQUS and Altair Optistruct, offer a plethora of
objective functions. Another category that differentiates the SO software is the manufac-
turing constraints. A gradual increase in the manufacturing constraints in software shows
the trend in the companies of focusing on the post-processing of the results by bridging
the optimized designs with the manufacturing methods and CAM. Furthermore, the ma-
jority of the software allows the user to create a plot of the distribution of the elements’
density, while some generate stress, strain, and displacement plots of the optimized mod-
els. However, based on the authors” experience, these results are only some estimations
and not the actual values. Only numerical validations can offer a good approximation of
the stresses, strains, and displacements of the structures found through experiments.

As mentioned in Section 1, an in-depth comparison was conducted in this paper
among three TO commercial software platforms—Solidworks, ANSYS Mechanical, and
ABAQUS.

Solidworks offers size, parametric shape, and topology optimization in the student
edition. Regarding the TO, it uses the traditional compliance TO with the SIMP method
when mass, stiffness, and displacement can be used as objective functions. Furthermore,
it offers member size, mold (pull direction), and planar symmetry in addition to the stand-
ard manufacturing constraints. The optimized models consist of faceted geometries. Stress
and displacement plots can be created together with the plot of element density distribu-
tion.

ANSYS Mechanical supports the same optimization categories as SolidWorks. How-
ever, it also contains lattice and non-parametric shape optimization. Concerning the TO,
it applies both the SIMP and the level set methods. Compliance, mass, and volume are the
three available values that can be used as objective functions. Extrusion, cyclic symmetry,
overhang angle, and 3D printing direction are the four additional manufacturing con-
straints. The optimized models are also faceted geometries here, but the only available
plot is the element density distribution.

Finally, ABAQUS offers additional topography optimization. Furthermore, it con-
tains a plethora of objective functions and constraints that can be also used in combina-
tions. A faceted geometry represents the optimized designs again, while stress, strain, and
displacement estimations are available here. The optimization time, optimized designs,
and pre-and post-processing of these three software platforms are compared further in
this paper using the case studies presented in Section 4.
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4. Case Studies and Methodology

Three well-known structures found in the literature were used in this paper as case
studies—a bell crank lever, a pillow bracket, and a small bridge.

Abell crank lever is a crank that is used in aircraft, automotive, and bicycles for trans-
mitting motion between two parts meeting at an angle [174]. The arms of the used bell
crank lever were 150 mm in length and 15 mm thick. A pair of 500 N bearing forces were
applied at the end of each arm while the crank lever was fixed on its 60 mm/80 mm ful-
crum, as shown in Figure 4a. This case study is an ordinary TO with limited design space.
In other words, the main design of the product was known from the beginning, but a
material reduction was needed.

A pillow bracket, 130 x 52 x 52 mm, was used as the second case study. The pillow
bracket is a mechanical part designed to resist high bending forces [8]. The four holes of
the bracket are fixed while a pair of 1000 N forces is applied to the hole on its top, as is
depicted in Figure 4b. In this optimization case, the main design of the structure was also
known; however, the number of the components in the final solution can be differentiated,
as is presented in the results section.

Finally, the last case study was a small bridge (2500 x 500 x 600 mm). The authors
intended to use a bigger structure here for comparison reasons. The initial CAD of the
bridge was a hollow box, which was fixed at two sections to the left and right, as presented
in Figure 4c. Furthermore, a vertical force of 800 KN was applied at the inner bottom sur-
face of the box. This example was an optimization problem where the structure’s design
space was increased significantly to let the optimization algorithm decide the final design.
The expanded design space increased the flexibility of the algorithm, leading to new and
better-optimized solutions, but also dramatically increased the optimization time [11].
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Figure 4. The three case studies: (a) bell crank lever, (b) pillow bracket, and (c) small bridge.

The CAD models were first designed in SolidWorks. ANSYS Mechanical was used
for both FEA at the pre-processing and post-processing steps with the validation of the
optimized designs. It was crucial to use the same FEA software for comparison reasons.
The TO was conducted in three different software platforms—SolidWorks, ANSYS Me-
chanical, and ABAQUS, with the same settings. The assigned material in all cases was a
structural steel with the following properties: elastic modulus (E) = 210,000 MPa, Poisson’s
ratio (v) = 0.28, mass density (o) = 7700 Kg/m?, and yield strength (oy) = 724 MPa. Both the
bell crank lever and the pillow bracket were discretized to 3 mm tetrahedral elements,
while 30 mm tetrahedral elements were used for the bridge. The element sizes were iden-
tified using mesh convergence studies in each CAD model. Figure 5 shows the results of
the conducted studies by presenting No. of Elements—-Max Von Mises Stress diagrams of
five FEA with different element sizes for each model. The tested element sizes are written
near the data points inside the diagrams.
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Figure 5. The conducted mesh convergence studies: (a) bell crank lever, (b) pillow bracket, and (c)
small bridge.

The used TO method was the traditional compliance optimization with SIMP. A 50%
weight reduction was used as a constraint for the first optimization case, while the lightest
designs were identified for the second one for a factor of safety (FOS) > 1.2. Specific man-
ufacturing constraints were used in each case study. An XY planar symmetry was used
for the bell crank lever. Both XY and YX planar symmetries were used for the pillow
bracket. The same planar symmetries were also used for the bridge together with a mini-
mum size member of 100 mm. The areas where the BC and loads were applied were pre-
served from the optimization region in all case studies. The designs were optimized for
AM; thus, they were not redesigned but were accordingly prepared for 3D printing.
Hence, smoothing tools in each software platform were applied in order to fix sharp edges
and overhangs and to eliminate stress singularities. The prepared models from Solid-
Works and ABAQUS were imported as STEP files to ANSYS Mechanical for numerical
validation. The software platforms were compared in both optimization cases with respect
to the optimization time, the used design cycles, the pre-and post-processing, as well as
the weight and strength of their optimized designs in all case studies.

5. Results

As mentioned before, three case studies, a bell crank lever, a pillow bracket, and a
small bridge, were optimized in this paper. The results of the optimizations, conducted in
SolidWorks, ANSYS Mechanical, and ABAQUS, are presented in this section for both op-
timization cases—compliance TO with 50% weight reduction and compliance TO with
maximum weight reduction. Table 2 contains the number of the design cycles, the optimi-
zation times, the weights after TO and after 3D preparation in percentages of the initial
weight (IW), the maximum Von Mises stresses, and the minimum FOS against yield.

Table 2. The results of the optimizations and validation studies for 50%/maximum weight reduc-
tion.

Max Von
. Optimization Weight after Weight after 3D Prep- _ . .
Software Design Cycles Time (se)  TO (% of IW)  aration (% of IW) Mises Stress Min FOS
(MPa)
= Initial Initial weight
o - - - 11.7 61.9
3 design (IW): 1.965
-é SolidWorks 48/36 376/244 45.7/16.7 50.3/18.1 17.2/395.2  42.1/1.83
z ANSY!
E S _S 20/61 345/1088 50.4/18.2 50.2/12.5 18.6/526.7  31.2/1.37
Z  Mechanical
M ABAQUS 45/57 2441/2929 42.5/12.6 50.2/11.7 17.4/487.5  41.6/1.48
Initial Initial weight

g - - - 31.3 23.1
ks design (IW): 0.785
_g SolidWorks 22/30 83/123 47.8/15 50.4/15.3 29.0/348.4 25/2.1
E ANSY.S 18/27 123/175 55.4/22.2 50.3/14.4 59.7/307.8 12.1/2.4
£ Mechanical

ABAQUS 21/59 413/1047 42.7/14.8 49.7/14.1 29.3/314 24.7/2.3
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Small bridge

Initial

Initial weight

design i ) (IW): 2274.1 ) 157 4.6
SolidWorks 34/37 270/325 49.7/19.7 49.8/21 80.8/571.9 9/1.3
ANSY_S 21/27 787/999 55.5/25.5 50/22 125.7/527.3  5.8/1.4
Mechanical
ABAQUS 32/48 1543/8117 43/26 49.9/27.8 152.0/4142  4.8/1.7

In general, it was observed that in both optimization cases, ANSYS Mechanical used
the lowest number of design cycles in all CAD models, except for the maximum weight
reduction of the bell crank lever where Solidworks had fewer design cycles. The optimi-
zation time is dependent on the executed design cycles. Therefore, the more design cycles
used, the more optimization time is required. However, SolidWorks optimized the de-
signs in less time compared to the other software, except for the 50% weight reduction of
the bell crank lever where ANSYS Mechanical had the best optimization time.

Concerning the weight reduction of the models, it was noticed that there was a dif-
ference between the weight of the optimized designs and their weight after the 3D prep-
aration with the utilization of smoothing tools. In the first optimization case, the con-
ducted 3D preparation in SolidWorks and ABAQUS increased the weight of their opti-
mized designs from 0.3% for the bridge to 18.2% for the bell crank lever. On the other
hand, the 3D preparation in ANSYS SpaceClaim decreased the weight of the optimized
designs at a range of 0.4% of the bell crank lever to 9.8% of the bridge. It is important to
take into account these weight fluctuations with the choice of the weight constraint at the
optimization step. For example, for a 50% weight reduction of the bell crank lever, 56%,
47%, and 57.5% were the chosen weight constraints in SolidWorks, ANSYS Mechanical,
and ABAQUS, respectively. In the second optimization case, the 3D preparation in AN-
SYS SpaceClaim decreased the weight of the designs in addition to. In the pursuit of the
lightest design, the smoothing tools in ANSYS SpaceClaim gave the opportunity for
higher reduction, ranging from 13.9% for the bridge to 34.7% for the pillow bracket. The
designs in SolidWorks had higher weight again after the 3D preparation (0.13-10%). Fi-
nally, the 3D preparation in ABAQUS increased the weight of the bridge by 7%, while it
decreased the weight of the bell crank lever and the pillow bracket by 7% and 4.3%, re-
spectively.

The maximum Von Mises stresses, found with the FEA before TO, were 11.7 MPa for
the bell crank lever, 31.3 MPa for the pillow bracket, and 157 MPa for the bridge. In gen-
eral, the designs with 50% weight reduction had maximum stress at the same level or even
less than their initial designs, as was found in the validation studies. The maximum stress
for the lightest designs was higher, as expected, but always smaller than the yield strength
of their material. In the following sections, the results of each case study are presented in
detail.

5.1. Optimization of a Bell Crank Lever

Figure 6 shows the optimized designs of the bell crank lever for 50% and maximum
weight reduction. The general design of the model was not changed. However, holes were
created in the structure by removing useless material. The initial weight of the model was
1.965 Kg. It can be observed that the design solutions taken from SolidWorks and
ABAQUS are quite similar in both optimization cases, while the optimization in ANSYS
Mechanical resulted in different designs. In addition, ABAQUS could create the lightest
design with an 88.3% weight reduction compared to 81.9% and 87.5% maximum reduc-
tions in SolidWorks and ANSYS Mechanical, respectively. However, SolidWorks opti-
mized the model approximately five to ten times faster than ANSYS Mechanical and
ABAQUS.
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Figure 6. The optimized designs of bell crank lever for 50% and maximum weight reduction in (a)
SolidWorks, (b) ANSYS Mechanical, and (c¢) ABAQUS.

The FEA of the bell crank lever was conducted in ANSYS Mechanical with 3 mm
tetrahedral elements, resulting in 61,666 elements in total. The maximum identified stress
of the model was 11.7 MPa. Figure 7 depicts the maximum Von Mises stresses taken from
the validation studies in both optimization cases. The maximum stresses for the optimi-
zation case with 50% mass reduction ranged from 17.2 to 18.6 MPa. It seems that the
weight of the chosen bell crank lever could be easily reduced by half without compromis-
ing its strength. For the optimization case with maximum weight reduction, SolidWorks
resulted in the design with the lowest maximum stress, 395.2 MPa, compared to ANSYS
Mechanical and ABAQUS with maximum stresses of 526.7 and 487.5, respectively. How-
ever, ABAQUS gave the best solution for the combination of weight and strength against
yield.
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Figure 7. The results of the validation studies of bell crank lever for 50% and maximum weight
reduction in (a) SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

5.2. Optimization of a Pillow Bracket

As is shown in Figure 8, the optimization of the pillow bracket resulted again in al-
most identical designs in SolidWorks and ABAQUS, while the designs in ANSYS Mechan-
ical differentiated a little bit from them. The main observed difference in the first optimi-
zation case, with the 50% weight reduction, was that ANSYS Mechanical resulted in one
optimized part, while the other two software platforms created two optimized parts based
on the initial design. That was not the case in the optimization with maximum weight
reduction, where all software resulted in design solutions with two parts. The initial
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weight of the model was 0.785 Kg. ABAQUS again resulted in the lightest design equal to
0.111 Kg, which corresponds to a weight reduction of 85.9%. The second best design in
terms of weight was the optimized design by ANSYS Mechanical, with an 85.6% weight
reduction, and finally, SolidWorks could reduce the weight of the pillow bracket by 84.7%.
The optimization time in this case study was almost the same in SolidWorks and ANSYS
Mechanical, while in ABAQUS, it was approximately nine times more.

50%

Figure 8. The optimized designs of pillow bracket for 50% and maximum weight reduction in (a)
SolidWorks, (b) ANSYS Mechanical, and (c¢) ABAQUS.

The FEA in this case study was also conducted with the same finite elements, 3 mm
tetrahedral, resulting in 27,649 elements. The plots of the Von Mises stress in both optimi-
zation cases are shown in Figure 9. It was observed that the optimized designs taken from
SolidWorks and ABAQUS for 50% weight reduction had smaller maximum stresses (29
MPa and 29.3 MPa) compared to the original design (31.3 MPa). The lowest maximum
stress for the second optimization case was 307.8 MPa and was found in the validation
study of the optimized design created by ANSYS Mechanical. The maximum stresses of
the optimized designs in SolidWorks and ABAQUS were 348.4 MPa and 314 MPa, respec-
tively. It seems that ABAQUS again offered the best design solution in terms of weight
and acceptable yield strength.
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Figure 9. The validation results of the pillow bracket for 50% and maximum weight reduction in (a)
SolidWorks, (b) ANSYS Mechanical, and (¢) ABAQUS.

5.3. Optimization of a Small Bridge

The intention of the authors here was to optimize a bigger structure. In addition, they
used an increased design space in order to increase the algorithm’s flexibility. The weight
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of the initial design was 2274.1 Kg, which is higher compared to the weight of the previous
case studies. The design solutions of SolidWorks and ABAQUS were alike, as is shown in
Figure 10. However, some differences can be observed in this case study. For example, in
the optimization case with a 50% weight reduction, SolidWorks’ design contains six beam-
like geometries on each side of the bridge, while the ABAQUS design has eight. In addi-
tion, both designs have the same weight, but their beams have different diameters. It
seems that the software’s TO algorithm removed material from different regions of the
structure despite the fact that they are both using the SIMP method. Furthermore, their
designs in the second optimization case are also quite different. ANSYS Mechanical again
resulted in different design solutions, especially in the first optimization case. ABAQUS
came up with the heaviest bridge, 633 Kg, which corresponds to a 72.2% weight reduction,
while SolidWorks created the lightest design with 477.2 Kg (79%) and ANSYS Mechanical
with 500.6 Kg (78%).
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Figure 10. The optimized designs of the bridge for 50% and maximum weight reduction in (a) Solid-
Works, (b) ANSYS Mechanical, and (c) ABAQUS.

At the FEA, the CAD model has been discretized into 30 mm tetrahedral elements,
resulting in 101,108 finite elements in total. The maximum identified Von Mises stress was
157 MPa. In the first optimization case with a 50% weight reduction, all the designs had
smaller maximum stresses, as shown in Figure 11. Among them, SolidWorks resulted in
the strongest design solution. In addition, the derived SolidWorks solution in the second
optimization case had the higher maximum stress, 571.9 MPa. ANSYS Mechanical and
ABAQUS came up with stronger solutions with maximum stresses of 527.3 and 414.2
MPa, respectively, but much heavier designs (see Figure 11). Thus, SolidWorks’ design is
preferred in terms of weight and acceptable yield strength.

Figure 11. The results of the validation studies for the bridge for 50% and maximum weight reduc-
tion in (a) SolidWorks, (b) ANSYS Mechanical, and (c) ABAQUS.

6. Comparison of the Used Commercial Software

The three chosen software platforms, SolidWorks, ANSYS Mechanical, and
ABAQUS, were compared for their optimization capabilities and limitations during the
TO workflow. In addition, three case studies, a bell crank lever, a pillow bracket, and a
small bridge, were optimized using the above software and their results were compared
with respect to the number of used design cycles, the optimization time, their weight after
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TO, and 3D preparation, as well as their maximum Von Mises stresses and FOS against
yield.

6.1. SolidWorks

SolidWorks was chosen for the design of the models due to its user-friendly CAD
interface. The software provides a plethora of exporting methods of the 3D models, such
as the widely supported, standardized formats, IGES and STEP. The SolidWorks FEM
module for the pre-processing task is quite capable and includes any possible analysis.
However, ANSYS Mechanical was used for both the finite element analysis of the initial
designs and the numerical validation studies of their optimized designs. It was crucial to
use the same software for all FEA studies for comparison reasons. In addition, ANSYS has
different mesh capabilities and can easily repair bad geometries in a faceted geometry that
could possibly be created by TO.

The TO in SolidWorks is quite easy, but its TO module offers limited capabilities and
options. The supported objective functions are stiffness, mass, and displacement, while
displacement, mass, frequency, stress, and FOS can be used as constraints. Furthermore,
it offers member size, mold (pull direction), and planar symmetry in addition to the stand-
ard manufacturing constraints. The TO module creates stress, displacement, strain, and
FOS plots for the optimized designs. However, the software platform claims that these are
only rough estimates and recommends redesigning the model for a validation study. In
addition, the TO module gives the possibility to change the isosurface values (isovalues)
and, thus, remove/add more material from the optimized design by using elements with
a relative density higher than a specific number (element density distribution plot). The
isovalue is, by default, equal to 0.3. The optimized models in SolidWorks are faceted ge-
ometries that can be exported as STL files or transferred to a validation study.

Concerning the post-processing of the optimized designs, SolidWorks focuses mostly
on the design for CPM and not so much on the design for AM. It contains an automatic
smoothing tool with 11 cycles from coarse to smooth quality. The smoothed geometry can
be exported either as an STL file ready for 3D printing or as a graphics, solid, or surface
file for further editing. The optimized design can easily be imported to the CAD module
for redesigning. However, a complete 3D preparation module with manual smoothing
and facets editing tools is missing.

SolidWorks optimized the models in less time compared to ANSYS Mechanical and
ABAQUS. In addition, it gave the heaviest designs of the bell crank lever and pillow
bracket but created the lightest bridge with a big difference from the other two software
platforms. It seems that the TO module of SolidWorks is more effective for large struc-
tures.

6.2. ANSYS

ANSYS SpaceClaim, which is the ANSYS 3D modeling tool, has a user-friendly in-
terface with many capabilities. The created 3D models can be easily exported to different
file types or further analyzed in several ANSYS tools. ANSYS Mechanical is the primary
ANSYS FEM tool, which also contains the TO module. ANSYS Mechanical offers a com-
plete set of options that can be used in the pre-processing of the models.

The TO module in ANSYS Mechanical offers level set and lattice optimization in ad-
dition to the standard SIMP method. However, the available objective functions are lim-
ited to compliance, mass, and volume. On the other hand, multiple manufacturing con-
straints can be applied, focusing on design for both CPM and AM. Pull direction in mold,
extrusion direction, and symmetry are some examples of constraints related to design for
CPM, while the overhang angle and 3D building direction support the 3D preparation
and, thus, the design for AM. The optimized geometries also consist of facets here. The
TO module cannot create any type of plot for the optimized design. Thus, a proper vali-
dation study is needed in order to check and validate the design solutions. However, it
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offers a plot for the topology density (element density distribution plot). The derived den-
sity is divided into three density categories, as follows: 0.0-0.4 (elements that have to be
removed), 0.4-0.6 (elements with intermediate densities), and 0.6-1.0 (elements that are
crucial for the design and should be kept). The threshold of the elements with intermedi-
ate densities (isovalues) can be manually changed, creating alternative designs.

The post-processing of the optimized results is the main benefit of ANSYS. The rede-
sign of the optimized design in SpaceClaim is user-friendly. Furthermore, SpaceClaim
contains a plethora of tools that support the 3D preparation by checking, repairing, and
smoothing, both manually and automatically, the organic faceted geometries created by
TO. The smoothing tools are mainly applied for flattening the sharp areas that could be
potential areas for stress concentrations and singularities. However, they can be also used
for additional weight reduction. The smoothed designs can be either exported as STL files
for 3D printing or further transferred to a validation study. ANSYS creates an automatic
validation study in Mechanical where all the inputs of the initial FEA (BCs, load cases,
mesh properties) are copied in the validation study.

ANSYS Mechanical, in general, used the lowest number of design cycles for the op-
timization of the case studies. The derived optimized designs were close to the lightest
designs. Furthermore, its optimization time was reasonable. It can be stated that ANSYS
Mechanical offered balanced optimized designs in terms of weight reduction, optimiza-
tion time, and strength.

6.3. ABAQUS

The CAD module of ABAQUS is quite complex and demands many inputs from the
CAD designer. The created 3D models can be easily exported to different file types or
transferred to the FEM module for pre-processing. The FEM module here is also complex
and quite demanding. However, it contains any possible type of analysis, load case, and
boundary condition. In addition, it offers different finite elements as well as meshing
properties.

The TO module of ABAQUS is its strongest part. A plethora of design values, called
design responses, can be used for either objective functions or constraints, making the
ABAQUS TO module a powerful optimization tool that can solve complex multi-optimi-
zation problems. However, the available manufacturing constraints in the TO module are
only focused on the design for CPM and not for AM. The optimized designs are faceted
geometries and can be exported as STL files. Stress, displacement, and strain plots of the
optimized designs are available. However, as in the case of SolidWorks, these are estima-
tions and not the actual values found from a validation study. However, ABAQUS does
not have the appropriate tools to support either the redesign or the 3D preparation of the
optimized geometries. Thus, the post-processing of the results is not possible in ABAQUS,
making it dependent on other software for the implementation of the validation study.

ABAQUS created the lightest designs in all case studies except the bridge, where its
optimization solution was the worst in terms of weight reduction compared to the other
two software platforms. Furthermore, the TO in ABAQUS is time demanding since the
optimization of the models lasted five to eight times more than the other software.

The authors’ intention with this comparison was not to promote one software plat-
form above another but to present the capabilities and limitations of their TO modules.
All three of these software platforms are competent and provide the CAD designer with
useful design, analysis, and optimization tools. As general guidance, it could be claimed
that ABAQUS is more of a TO software platform due to its plethora of available options.
Complex multi-optimization problems can be solved here. However, the solution of the
optimization tasks is time demanding in ABAQUS. On the other hand, ANSYS is a simu-
lation platform with many capabilities. The ANSYS TO module contains level set and lat-
tice optimization, which are not available in the other two platforms. ANSYS creates bal-
anced designs in terms of weight and optimization time. Furthermore, it offers remarkable
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post-processing tools for the optimized designs for both CPM and AM. Finally, Solid-
Works is more of a CAD/FEM platform. The SolidWorks TO module is quite new and is
limited to a few optimization options. However, it is quite efficient in terms of time and is
recommended for big structures, such as the optimized bridge in this paper, where Solid-
Works created the lightest design.

7. Discussion

The goal of this paper was two-fold—first, to develop a novel library of the most
applied open source and commercial TO software, and secondly, to focus on the practical
implementation of TO via a comparative study of three commercial software platforms
using three well-known CAD models as case studies. The results of this research work
provide CAD designers with a better understanding of TO and advise them through rec-
ommendations to avoid common pitfalls.

On the one hand, the developed TO library consists of 70 software platforms, 22 open
source and 48 commercial, that encompass TO in their modules. This novel library could
be considered an updated version of the library developed by Reddy K, Ferguson,
Frecker, Simpson, and Dickman [30]. However, its content is broader, including more soft-
ware packages and additional information. The identified software platforms were inves-
tigated and categorized based on their capabilities in a table together with their name,
company, availability, and optimization types and methods, as well as the objective func-
tions and constraints that they provide. In addition, a column in the table contains all the
available designer inputs categorized into four clusters —design constraints, supports and
connections, loads, and geometric restrictions due to manufacturing constraints. Further-
more, information about the presentation of the TO results in the software interface, as
well as representative literature, was included. Moreover, it was the authors’ intention to
create an updated online database of TO software. Thus, the library can be accessed online
where interested readers can both read and edit its contents, contributing in this way to
the creation of an updated library of the available TO software. This database could be a
practical manual for CAD designers interested in TO and can conserve valuable time in
their pursuit of the ideal software that can support their optimization case.

Comparing the developed TO library in this paper with the relevant identified TO
studies conducted in 2002 [29], 2006 [30], and 2016 [31], it seems that new objective func-
tions and design constraints have been introduced in the TO software over the last years,
with a particular focus on the manufacturing constraints. The authors observed that there
are continuous introductions of new manufacturing constraints in the commercial soft-
ware. The software companies try to provide adequate manufacturing constraints that can
support the manufacturability of the topologically optimized designs from both CPM and
AM. However, the derived design solutions cannot be directly manufactured. There is still
a need for manual interpretation of them by the CAD designers, as also stated by Reddy
K, Ferguson, Frecker, Simpson, and Dickman [31] in 2016. In the comparison study con-
ducted by the authors, all case studies, including a bell crank lever, a pillow bracket, and
a small bridge, were oriented to AM. In this way, the redesign of the optimized solutions
demanded by the CPM, in order to mitigate the created organic shapes by TO, could be
omitted. However, manual checks and repairs of the faceted geometries were inevitable
in order to address the mesh discontinuities in the validation studies.

On the other hand, three different commercial software platforms, SolidWorks,
ABAQUS, and ANSYS, were used in the comparative study in order to compare their user
interfaces and TO outputs. Despite the fact that each of the aforementioned CAD models
was optimized in the above software using the same TO method, mesh quality, as well as
designer inputs and constraints, the derived optimized designs were not identical. Solid-
Works and ABAQUS resulted in a similar optimized bell crank lever and pillow bracket,
but their design solutions in the small bridge displayed differences. Furthermore, tetrahe-
dral finite elements of the same size were used in all simulations; however, the number of
the discretized finite elements differentiated among the software packages. It seems that
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the discretization of the CAD models was conducted in different ways. That could be a
reason for the different optimized designs. Regardless of the fact that all software plat-
forms use the same TO method, their TO algorithms and implementation are different, as
it was shown both from the different derived solutions and their optimization times. In
addition, each software applies different smoothing tools to fix sharp edges and over-
hangs and to eliminate stress singularities of the faceted geometries. In spite of this, these
tools changed both the shape and the weight of the optimized designs; in the case of Solid-
Works and ABAQUS, they increased their weight, while in ANSYS, they decreased them.
CAD designers should take into account these parameters at the beginning of the TO im-
plementation. It is known that the TO results are sensitive to designers’ inputs; however,
in some cases, the optimization can lead to unintended designs, such as the design solu-
tion of the pillow bracket by ANSYS, which comprised two parts instead of one, while the
other software resulted in one optimized part. An additional design constraint could eas-
ily avoid the separation of the component. For example, adding the faces between the
holes of the pillow bracket to the ‘frozen areas’” could preserve the removal of material
from them and thus prevent the part split. Despite the fact that all these issues can be
avoided using proper design and manufacturing constraints it seems that the commercial
software can sometimes still be a ‘black box’ for CAD designers. Moreover, all these ad-
ditional constraints demand manual input by the CAD designers and decrease the avail-
able design space for optimization, and thus, algorithms’ flexibility.

8. Conclusions

A comparative study of the application of different TO software was conducted in
this research work, and, thus, a table containing 70 existing TO software platforms was
created. The table is available online and was developed in a way that could be changed
and edited by readers interested in TO. In this way, an updated library of the available
TO software platforms was developed, offering useful information about them, such as
their availability, optimization types and methods, objective functions, constraints, and
representation of the results. A search of the literature showed that the most applied TO
method is the compliance optimization with the SIMP method at 80%.

Three commercial software were chosen for further comparison—Solidworks, AN-
SYS Mechanical, and ABAQUS. The software was compared for its TO workflow and re-
sults using three commercial models—a bell crank lever, a pillow becket, and a small
bridge. The small differences in their workflows, such as the 3D preparation, led to differ-
ent optimized designs despite the fact that the same TO method (SIMP) and properties, as
well as CAD designer inputs, were used in all of them. The software could reduce the
models’ weight in remarkable percentages, 88.3% for the bell crank lever, 85.9% for the
pillow bracket, and 79% for the bridge without compromising their strength. ABAQUS
gave the best designs in terms of the weight of the bell crank lever and the pillow bracket,
while SolidWorks created the lightest bridge. In addition, SolidWorks was the most effi-
cient software in terms of optimization time.

The existing TO software provides the CAD designer with many different options
for both optimization type, objective function, constraints, and representation and analy-
sis of the results. In this way, the software supports the CAD designer in all steps that
constitute the TO workflow. However, each platform has its capabilities and limitations
that differentiate it from the other. Both the CAD designer’s inputs and the small details
in a TO software platform could affect the geometry, the weight, and the strength of the
final designs. Thus, these have to be taken into account during all the steps of the TO
workflow. Finally, the lack of an ideal TO platform causes CAD designers to work with
different software in order to get a design that fulfills the desired requirements.



Appl. Sci. 2022, 12, 611 18 of 23

9. Future Research

The comparative study in this paper was limited to commercial software, and, thus,
it will be of high interest to implement an analogous study among the open source soft-
ware platforms. In addition, differences and similarities could be studied between the
commercial and open source software platforms. Furthermore, in order to check the opti-
mization limits of the software, other case studies could be investigated using alternative
and multiple objective functions except for compliance, such as frequency and buckling.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/app12020611/s1, Table S1: Library of TO software.
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